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Abstract	

High internal pressure induced through openings in buildings is one of the major causes of 

building related damage during strong wind conditions. In combination with external 

pressure, it can exacerbate the net load on the building envelope leading to its failure, either 

in whole or in part. Although, various aspects of the “internal pressure problem” have 

received attention since the 1970’s, scope for further understanding of its effects continues to 

be repeatedly felt during major post-cyclone forensic investigations around the world even 

today. This thesis attempts to investigate some of the issues related to this problem in detail, 

using a combination of analytical, numerical, wind tunnel and full-scale studies, with a goal 

of proposing realistic design provisions of internal pressure for a range of building volumes 

and opening sizes. 

The thesis begins with a discussion on the wind loading chain of internal pressure induction- 

and goes on to explain the load transfer mechanism from the turbulent approach flow on to 

internal pressures, induced through dominant openings in buildings, using a multi-stage 

admittance process and mechanical admittance approach.  

A detailed investigation of the effect of opening size, location, terrain roughness and wind 

direction on internal pressure in rigid, non-porous buildings using volume-scaled wind tunnel 

experiments is carried out in combination with complementary numerical analysis. The 

numerical predictions of mean and fluctuating internal pressures are found to conform well to 

the experimental results. In particular, the internal pressures are found to exhibit a dynamic 

response to external pressures near the opening resulting in Root Mean Square (RMS) and 

peak internal pressure values in excess of those predicted by the quasi-steady analysis. The 

size and location of the opening are found to have a considerable influence on the mean and 

fluctuating internal pressures induced inside the building. Calibration of loss coefficients by 

the way of a spectral match between the measured and predicted spectra resulted in values 

ranging from 6 to 36 with increase in opening size. 

Investigations into the effects of envelope flexibility in a building with an opening are 

conducted using a generalized two-degree-of-freedom dynamic model and its simplified 

counterpart, the single-degree-of-freedom quasi-static model, available in literature. The 

models predict a reduction in the Helmholtz resonance frequency with increase in envelope 

flexibility along with an associated increase in the damping of internal and net envelope 

pressures. This is indicated by the lowering of the resonant peak in the internal and net 
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pressure linearized admittance functions, consequently resulting in a somewhat smaller Root 

Mean Square (RMS) as well as peak internal and net roof pressures relative to the case of a 

rigid building. Some wind tunnel experiments are carried out to validate the model 

predictions. 

Treatment of the influence of background porosity on internal pressure is based on the 

development of a simplified and computationally efficient analytical model based on certain 

simplifications, such as lumping the leakages in the leeward side and usage of a temporo-

spatial leeward mean external pressure coefficient, shown to be adequate for all practical 

purposes. The presented model adequately linearized is used to develop closed form non-

dimensional design solutions for estimation of the ratio of internal to external pressure 

fluctuations and gust factors for a range of building volumes, opening sizes and porosity 

ratios. Experiments carried out with different combination of leakages, lumped and uniformly 

distributed on the roof and leeward wall, in the presence of dominant openings of various 

sizes are used to justify the simplifications adopted in the derivation of the model and to 

validate the model predictions. A performance analysis of the model carried out in 

conjunction with some approaches, found in the literature on benchmarking data, exhibits the 

relative advantage of the model in terms of accuracy, practical usage and computational 

efficiency. 

Significant research efforts are directed towards developing a generic analytical model of 

internal pressure by combining the effects of skin flexibility and background leakage in the 

building envelope. Two variants of the model, which includes the effect of roof external 

pressure characteristics, are developed; that for a building with a dynamically flexible and 

leaky envelope and the more simplified quasi-statically flexible and leaky envelope. The 

linearized model and the analytical transfer function estimates are used to numerically 

quantify the combined damping effects of flexibility and leakage for a range of roof 

flexibility and leakage combinations representative of real building envelopes, and compared 

with the quasi-steady predictions. The model predictions of internal pressure and the damping 

due to flexibility and building porosity are validated using wind tunnel experiments involving 

a flexible Styrofoam roof and uniformly distributed background leakage. 

A generalized theoretical model of internal pressure dynamics in a building with multiple 

openings on a single wall with highly correlated external pressure is developed. Analytical 

and wind tunnel studies on a model building for the case of two closely spaced dominant 
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openings in a single wall showed that internal pressure in such configurations increase with 

increase in the ratio of opening sizes, and become almost equal to, but slightly less than that 

for the most critical single opening configuration under normal onset flow, when the 

combined area of the two openings become double the critical single opening size. For 

oblique wind angles between ±40-60º, the RMS and the peak ratio internal pressure 

coefficients for the two-opening configuration of area ratio unity are found to be much higher 

than the most critical single opening configuration. This is thought to be due to a 

comparatively stronger “tangential flow excitation” compared to single opening 

configurations. 

A theoretical and experimental investigation of the net dynamic load on the partition wall 

resulting from the internal pressure in a compartmentalized building with and without an 

internal opening is undertaken. The fluctuating net load on the wall, predicted using a spectral 

model, is validated using wind tunnel experiments. The net dynamic load on the partition 

wall is found to decrease with an increase in the size of the internal opening. While the mean 

load on the partition wall with an internal opening is found to be predictably low due to 

pressure equalization on either side of the wall, gust load factors in the range of 2-3 in 

combination with Helmholtz resonance observed in the study can have severe implications on 

the direct and fatigue wind loads on partition walls, not usually designed to withstand such 

loads. Large mean and fluctuating loads due to Helmholtz resonance of internal pressure is 

also observed for the limiting case of a sealed partition wall without an internal opening.  

A comprehensive investigation of the transient response of internal pressure and the likely 

level of overshoot experienced by buildings, following suddenly created openings during 

severe storms, is studied by numerically simulating the analytical models of internal pressure 

at different temporal proximities to the occurrence of a peak instantaneous external pressure 

near the opening. Different combinations of envelope flexibility and background porosity for 

the Texas Technical University (TTU) test building are used for the study. Computational 

Fluid Dynamics (CFD) modelling is used to calibrate the ill-defined coefficients in the 

internal pressure analytical models. The level of overshoot is predicted to be higher than the 

pre-sequent and subsequent steady state resonant response when the openings are created 

zero to one oscillation period preceding the occurrence of that peak external pressure. Non-

dimensional overshoot factors of internal pressure for a range of building volumes and 

opening sizes, obtained by numerically simulating the non-dimensional governing equations 

for different envelope flexibility-leakage combinations, are presented in the form of design 
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curves. The results show that while the overshoot phenomena may be significant for buildings and 

structures with very small internal volumes and comparatively large openings (like small garages and 

garden sheds), it gets damped out in large industrial structures with flexible porous envelopes, even 

when a sudden dominant opening is created rapidly during the occurrence of a strong gust. 

Efforts into addressing the codification issues related to the steady state resonant response of 

internal pressure involves estimation of influence factors for a range of building volumes and 

opening sizes. The approach requires determination of the correlated fluctuating external 

pressure field around the opening as well as the internal pressure fluctuations from the 

measured data in order to evaluate the influence factors using the covariance integration 

approach coupled with Eigenvalue analysis technique. The results are used to empirically 

develop non-dimensional design equations of internal pressure influence factors, for a normal 

onset wind flow, that are sensitive to the opening size and location as exhibited in the 

measurements. 

Research into the different factors influencing internal pressure finally culminates in a field 

study involving internal pressure measurements in an industrial warehouse with a single 

dominant opening of different size. A range of wind directions are investigated at moderate 

wind speeds. Evidence for resonance of internal pressure for a windward opening situation is 

found. Resonance, if any, is found to be hardly discernable at other opening configurations. 

This lack of resonance is attributed to the inherent leakage and flexibility in the envelope of 

the building. Numerical validation of the measured data and particularly, the importance of 

correctly parameterising the different dampers are exhibited, absence of which is shown to 

result in an unrealistically high value of the opening loss coefficient. Ratios of the fluctuating 

and the peak internal to opening external pressure obtained in the study are found to compare 

well with other reported full scale measurements and adequately covered by the non-

dimensional design equation available in the literature. 

The results and conclusions of this study are expected to be useful in further recognizing the 

importance of internal pressure as a significant parameter in building design considerations 

and pave the way for more comprehensive design provisions of internal pressure in wind 

loading standards of the future. 
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Chapter	1 :	Introduction		

 

1.1. Background 

The safety and integrity of a building structure depends no less on internal pressures as it 

does on the external pressures induced by wind. Internal pressure induced through opening(s) 

during high wind events impact directly on the performance of individual building 

components (walls, roof and internal partitions) and claddings, and therefore has an indirect 

influence on the safety of the entire structure. In particular, damage to window and doors 

during cyclones can create a dominant opening and allow large internal pressures that may 

lead to the failure of the roof system. While the relevance of internal pressures have been 

recognized since the early days of wind engineering, its importance as a contributor to 

building damage first came to light during the investigations [1] conducted in the aftermath of 

cyclone Tracy in 1974. The investigation showed that three factors had contributed to most of 

the cladding related damage: 

(1) Fatigue failure of cladding fasteners, 

(2) Internal pressures not allowed for in design, and 

(3) Lack of design for racking forces. 

Codal provisions of the time for regions outside of cyclonic areas also failed to recognize the 

importance of internal pressure in design. This was followed by a sudden impetus in research 

during 1980’s and 1990’s resulting in improved provisions for internal pressures in 

subsequent wind loading standards. In spite of this, scope for further understanding of its 

effects continues to be felt during major post-cyclone forensic investigations around the 

world even today. It is therefore not surprising that internal pressures induced through a 

dominant opening were found by Boughton et al. [2] to be a major implicator in building roof 

damages caused recently by cyclone Yasi in Northern Australia in February, 2011. A 

consequence of window failure registered during cyclone Yasi is shown in Figure 1.1 in 

which windows, 7.7m wide, were blown in. The loss of windows allowed the wind to 

internally pressurise the units causing loss of the roof cladding and failure of the first internal 

beam connection to the wall. 
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Figure 1.1: Roof damage following a windward window failure 

These along with other reported widespread wind related damage, such as during hurricanes 

Hugo [3], Andrew [4], Iniki [5] and Katrina [6], in the US, and Cyclone Larry [7] in 

Australia, have shown that internal pressure is a major damage contributor in building 

structures.   

The dynamics of building internal pressure induced by the wind through dominant openings 

can be broadly divided into two categories: The overshoot transient response following a 

sudden opening in the building envelope and the steady state (including resonant) response of 

internal pressure under the effects of wind azimuth, wind speed, geometry and location of 

opening(s) on the walls and the roof, internal partitioning, effective internal volume, 

background leakage and envelope flexibility. Though there have been some studies on each 

of these aspects of internal pressure, the scale of research on internal pressure has however 

been significantly lower than that of external pressure. As a result, a number of aspects of the 

problem need further consideration. For instance:  

While it is generally accepted that the most significant effects of internal pressure occur in 

the presence of a single dominant opening, how does envelope flexibility and background 

leakage alter the dynamics separately or in combination?   

Or how does the magnitude of internal pressure fluctuations induced through multiple 

dominant openings on a single wall compare with those induced through a single opening? 

Do external and internal openings alter the dynamic load on a partition wall, if yes, in what 

manner?  

What should be the realistic design provision for internal pressure in ‘real’ buildings, with 

different internal volumes and opening sizes, for overshoot and steady-state response?   
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How good do analytical models of internal pressure with the inclusion of the effect of 

envelope flexibility and background leakage comply with full-scale measurements from a real 

flexible porous building, located in a ‘mixed’ immediate terrain surrounded randomly by a 

number of other structures of wide ranging dimensions?  

The purpose of this thesis is to answer some of these key issues in relation to the 

characteristics and influence of internal pressure on buildings, and where appropriate, to 

identify the need for further research. This introductory chapter presents a brief description of 

the more important design philosophies of internal pressure in the current wind loading 

standards, motivation, scope and objective of this research as well as a brief delineation of the 

theses contents in general.  

1.2. Current Design philosophy of Internal Pressure 

Of particular concern from the point of view of codal provisions and of much interest to the 

design industry is the philosophy associated with consideration of internal pressure for design 

purposes. Design philosophy of internal pressure is based on the principle of internal and 

external pressure acting on a surface at the same time with all combination of possible 

openings and leakage paths. This principle which includes the case of elective dominant 

openings (openings which are normally closed but dominant when open, for e.g. windows) 

makes it harder by putting the onus on the designer to anticipate the pattern of use to which 

the building may be put by the eventual owner(s). While all possible combinations are to be 

examined, the determinate limits to the range of internal pressure are set by the enclosed but 

leaky buildings on the one hand and open sided buildings or buildings with large dominant 

openings on the other. 

Different definitions exist in different wind loading standards so far as to what constitutes a 

dominant opening; not helped by the broader classification of buildings as open, partially 

enclosed/open [with dominant opening(s)] and sealed/enclosed (but leaky/permeable) being 

dealt differently in different standards.  

Of the wind loading standards reviewed by the author, AS/NZS 1170.2 [8, 9] appears to have 

the most comprehensive classification of buildings: those with a single dominant opening on 

a wall and the others nominally sealed but with uniformly or non-uniformly distributed wall 

permeability. While the designer is expected to have some prior knowledge of permeability 

(ranges typically between 0.01% and 0.2% for residential and office buildings in temperate 
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climates of Australia and New Zealand) and likelihood of creation of a dominant opening, the 

worst combination for determination of internal pressure needs to be worked out. In tropical 

cyclone areas (Regions C and D in AS/NZS 1170.2 [8]), prevalence of wind borne debris is 

well-recognized and internal pressure under a large dominant opening often becomes the 

design criteria in the absence of impact-resistant cladding elements. For large dominant 

openings (with areas more than twice the sum of other openings including permeability) the 

codal philosophy is based on the assumption that internal pressure is directly related to the 

external pressure at the location of opening i.e. Cpi = Cpe(opening).  

The classification of buildings in terms of opening size in the United States wind loading 

standard ASCE/SEI 7-05 [10], on the other hand appears to be the most ambiguous. 

However, considerable simplification is made by providing a single pressure coefficient value 

with implicitly incorporated gust factors for each opening classification applicable to the 

entire 360˚ wind angle range. Thus a peak internal pressure coefficient (GCpi) of 0, ± 0.55, ± 

0.18 are directed to be utilized for open, partially-enclosed and enclosed buildings 

respectively. Both positive and negative values of internal pressure coefficients are applied to 

all internal surfaces in combination with external pressure coefficients to determine the 

critical design loads. 

The internal pressure provisions of ISO 4354:1997 (E) [11], which is intended to be a model 

for drafting national standards, clearly classifies enclosed structures as (a) buildings with 

large openings like sheds with an open side or an industrial building with a shipping door (b) 

buildings with openings less than 1% of the total wall area like most low and medium rise 

buildings with windows and doorways that cause significant imbalance in leakage and (c) 

buildings without large openings, and only small openings less than 0.1% of the total wall 

area like high rise commercial buildings mostly sealed and mechanically ventilated or say 

windowless warehouses with doors designed to withstand the wind force or debris impact. 

The code provides a product of aerodynamic shape factor (Cfig,int) and dynamic response 

factors (Cdyn,int) based on gust factor approach to be used as design internal pressure 

coefficient of ±1.4, ±0.7 and 0/-0.3 for cases (a), (b) and (c) respectively. A revised version of 

the same standard ISO 4354:2009 (E) [12] however, presents provisions which closely 

resembles those of AS/NZS 1170.2 [8, 9] for both nominally sealed buildings and those with 

a dominant opening. Small differences exist in the classification of buildings with a dominant 

opening due to a subtle difference in the definition of the area ratio (i.e. the ratio of the 

dominant opening area to all other opening areas in any one or all other surfaces). While the 
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shape factors of internal pressure in ISO 4354:2009 (E) [12] for openings, with area ratios 2 

and 3, in the leeward wall appear slightly higher than those of AS/NZS 1170.2 [8, 9], a 

dynamic response factor of 0.85 proposed to be applied to these values renders them almost 

similar. 

The Eurocode 1 [13], which defines a building face to be dominant when the area of openings 

at that face is at least twice the area of openings and leakages in the remaining faces of the 

building, proposes to use internal pressure coefficients as a fraction of the external pressure at 

the dominant opening. Thus for an area ratio of 2, the code provides an internal pressure 

coefficient of around 75% of the external pressure coefficient at the dominant opening with a 

linear increment to 90% for an opening area ratio of 3. For buildings without dominant 

openings, a chart is provided for determining the internal pressure coefficient as a function of 

the fraction of the area openings where the external pressure is negative and the height to 

depth ratio of the building. 

It is a normal practice among designers to take all elective openings as being closed when 

assessing the ultimate limit state, but to consider them open when assessing serviceability 

[11]. While it is reasonable to expect the elective openings to be closed during design 

maximum wind storm for buildings such as those used for commercial purpose with an 

established building services and maintenance protocol, the same cannot be said of residential 

buildings irrespective of whether they are located in the cyclonic region or not. Hence, it is 

safe to design a residential building assuming dominant openings either as an accidental 

design situation from an ultimate limit state perspective or as a ‘characteristic combination’ 

[11] from serviceability limit state point of view. 

Commercial and industrial buildings normally operate on established protocols as mentioned 

earlier and can be designed for internal pressure with more certainty. For such buildings 

located in non-cyclonic regions, provided there are no purpose provided outlets which may 

act as elective dominant openings, the author believes that it is sufficient to assume the design 

internal pressure as that of nominally sealed but leaky buildings guided by the ultimate limit 

state considerations. However for such structures located in the cyclonic region, as directed 

by the provisions in the current wind loading codes, full consideration of internal pressure for 

dominant openings should be made, provided the glazing/openings are not protected as per 

standard provisions. Even for buildings with impact-resistant designs, the author believes that 

instead of treating them as nominally sealed buildings, design philosophy should involve 
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them being treated as buildings with potential for dominant openings so that the design 

internal pressures is obtained by multiplying the internal pressure for buildings with dominant 

openings by some relaxation factor (<1). The rationale for doing so is to accommodate for 

unforeseen events involving tropical cyclone conditions, such as water surges and flooding, 

forcing people to evacuate the buildings in a short span of time during which doors/windows 

may be left open.  

It must be pointed out the internal pressure provisions of the current loading standards are 

based on wind tunnel and full scale studies for a limited number of building volumes and 

opening sizes; hence these do not encompass the whole range of building volume and 

opening area combinations encountered in normal design practices. The provisions might 

therefore be realistically conservative for some buildings while non-conservative for others; 

an issue this research has attempted to address.    

1.3. Research motivation 

The significantly low volume of research on aspects of building internal pressure has led to 

less than comprehensive understanding of the different causative factors and their effects on 

building loads. This has further led to inadequate codal provisions [14, 15], consequences of 

which are far reaching. The widespread roof/wall damage loss reported after every major 

cyclone or high wind event even today is therefore no surprise. While attributing the majority 

of losses to shoddy constructions make it easier for the claimant to receive compensation, as 

pointed out by Davenport [4], there are a large number of technical issues that require 

attention of wind engineers. The author derived his motivation from the “knowledge gaps” he 

observed with respect to the understanding of the effects of loads generated by building 

internal pressure under real conditions and more importantly how well can the knowledge be 

disseminated in a form suitable for consideration in the future wind loading codes. The author 

also took note of the fact that losses are more common in low and medium rise buildings built 

on modest budget, where the high cost of wind tunnel study cannot normally be afforded, and 

the designers simply accept the pressure coefficients presented in the relevant code of 

practice. This served as an additional motivation for this research on internal pressure that in 

turn may save millions of people from financial and social trauma. 
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1.4. Scope 

From the foregoing discussions, it is abundantly clear that the issue of wind induced internal 

pressure needs further investigation in specific areas with knowledge gaps. In light of this 

situation, this Ph.D. research has attempted to find solution to the following issues: 

1. Factors that affect internal pressure of low and medium rise buildings significantly in 

stationary high winds and have still not been comprehensively understood or otherwise 

investigated. 

2. Development of new analytical models to predict internal pressure response of real 

buildings by taking into consideration the effect of factors hitherto not included in the 

present models. Validation of the models using subsequent computational and wind 

tunnel studies. 

3. Field validation of the predictions of such analytical models with internal pressure 

measurements in buildings located in real i.e. mixed environment. Presentation of the 

full-scale internal pressure statistics in a useful non-dimensional format for database 

assisted design for representative buildings in future. 

4. Comprehensive design provisions of internal pressure for a range of realistic building 

volumes and opening areas based on comprehensive theoretical and experimental 

investigations. Presentation of such provisions in a user friendly non-dimensional format 

using charts and/or design equations. 

Building architects/designers, city planners and regulatory authorities are expected to be 

benefited from the outcome of this work that aims to place a stronger emphasis on pre-

emptive problem identification right at the design stage rather than prescriptive solution after 

the occurrence of damage. 

1.5. Research Objectives 

The basic objective of this research has been to study the different aspects of wind induced 

internal pressure in buildings and understand the effect of its causative factors that have not 

already been investigated  in the past. A combination of analytical, wind tunnel and full-scale 

studies has been used to this effect. Although experimental investigations involving 

nominally sealed buildings have been carried out in places, more emphasis has been given on 
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the dominant opening situation due to its design significance. The research goal can be 

further explained with the help of the following objectives met in this research: 

1.5.1. Benchmark experiments of internal pressure in a rigid non-porous building 

A series of idealized wind tunnel experiments involving rigid non-porous buildings have been 

carried out for different terrain conditions, wind direction, opening size and location. This 

was done to ascertain the validity of the simplified analytical models available in literature 

against experimental data and for calibration of certain ill-defined parameters such as the 

opening loss coefficient.  

1.5.2. Investigating the effect of envelope flexibility on internal pressure in a building 

Since most real buildings have flexible envelopes, it is imperative to investigate its effect on 

internal pressures induced through openings in buildings. To this end, theoretical models [16] 

of envelope flexibility is revisited and experimental investigations involving a building with a 

flexible roof were undertaken. In addition, numerical simulations to quantify the influence of 

envelope flexibility of different magnitudes on the internal and net roof pressure dynamics 

are reported. 

1.5.3. Investigating the effect of background leakage on internal pressure in a building 

Background leakage resulting from normal construction tolerances and small purpose 

provided vents is the other factor that is inevitably present in a real building envelope. Hence 

influence of envelope porosity on internal pressure dynamics needs proper understanding 

before realistic design provisions of internal pressure can be proposed. For this purpose, 

detailed analytical, numerical and experimental investigations of the effect of such leakage on 

the internal pressure dynamics were carried out. In particular, a closed form computationally 

efficient non-linear model and its linearized analogue of internal pressure response for a 

building with a porous envelope are developed based on the “lumped leakage” approach. A 

non-dimensional design solution of the Root Mean Square (RMS) internal to external 

pressure ratio for leaky buildings is proposed and validated using wind tunnel experiments.   

1.5.4. Investigating the combined effect of background leakage and envelope flexibility on 
internal pressure in a building 

The most complicated but nonetheless the most realistic representation of a real building 

envelope is the one which is both intrinsically leaky and flexible. Models based on such 

envelope systems are hence expected to provide the closest predictions of internal pressure as 
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occurs in most real buildings. For this purpose a generalized analytical model of internal 

pressure for a flexible porous building is developed and validated against wind tunnel 

experiments. Some numerical investigations of the dynamic internal pressure for quantifying 

the combined damping effect of these two factors are carried out using the validated model 

for a range of envelope flexibilities and background porosities in a building.    

1.5.5. Study on the effect of multiple dominant openings in a single wall on internal 
pressure in a building 

Multiple delivery doors in close spatial proximity on the single wall of an industrial building 

are very common. Failure of all or some such doors by debris impact or by direct wind 

loading during a severe storm in not unusual, and presents a scope for investigating the 

resultant internal pressure in comparison with the single opening situation. A generalized 

analytical model of the internal pressure induced through multiple openings located on a 

single wall of a low rise building has thus been developed for this purpose. The model 

predictions are compared and validated with wind tunnel studies involving an industrial 

building with two windward dominant openings.  

1.5.6. Quantification of the dynamic load on an internal partition wall with an external 
opening 

Failure or breach of external envelope in a building during strong winds leads to a loading of 

the internal walls in a partitioned building. Presence of internal openings such as doors 

further modifies the internal pressure dynamics and hence the net load on the partition walls. 

Quantification of the presence of internal and external openings of different size on the net 

dynamic load on the partition wall is carried out using a proposed spectral model based on the 

concept of Helmholtz resonators in series. The model predictions are validated 

experimentally in the wind tunnel.  

1.5.7. Investigation of the overshoot response of internal pressure in a building  

Sudden openings caused in a building envelope during strong winds either by debris impact 

or direct loading usually initiates a transient response of internal pressure. The magnitudes of 

such overshoots, besides the building envelope characteristics usually depend on the timing 

and rapidity of the opening creation with respect to strong gusts in the approach flow. A 

numerical investigation of the effect of these factors on the overshoot response of the TTU 

test building [17] with different envelope flexibility and leakage considerations has been 

carried out to ascertain the severity of the overshoot vis. a vis. in comparison to the steady 
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state dynamic response. Non-dimensional overshoot factors of internal pressure for a range of 

realistic building volumes, opening sizes, envelope flexibility and leakage are numerically 

generated and presented in a useful non-dimensional format. 

1.5.8. Design Influence factors for internal pressure in a building with a dominant opening 

Influence factors of steady-state internal pressure calculated from external pressures near the 

opening using the covariance integration technique [18] for a range of cavity volume-opening 

areas have been presented in a useful non-dimensional format and compared with analytical 

and empirical models available in literature. A non-dimensional empirical design model of 

internal pressure that matched the measured data in terms of RMS and peak internal to 

external pressure ratios and sensitive to opening size and location have been developed.  

1.5.9. Field measurements of internal pressure in a warehouse and validation of the 
proposed analytical models for real building envelopes 

Field measurements of internal pressure, with various factors such as envelope flexibility and 

background leakage acting in combination, have been carried out in an industrial warehouse 

at moderate wind speeds and different wind directions. This building is located in a mixed 

terrain, surrounded by similar structures and obstructions, unlike other long term full-scale 

test setups such as the TTU building [17], hence expected to be much more representative of 

real buildings. The measured data is used to validate the analytical model predictions of 

internal pressure in real flexible porous buildings. The importance of correctly modelling the 

different dampers is also demonstrated, absence of which has been shown to result in an 

unrealistically high calibrated value of the loss coefficient.  

1.6. Thesis Outline 

The research work, carried out in the order of objectives mentioned in the preceding section, 

is sequentially documented in this thesis. Research process and its various outcomes are 

described by organizing them into twelve chapters including the current one. Each chapter 

has its own literature review that introduces the current state of the art in that aspect of the 

problem before going on to tackle it in detail. 

Chapter 2 describes the load transfer process from the external wind flow to the building 

interior through an opening. A brief mathematical formulation of the simplified and rigorous 

quasi-steady approach that attributes all fluctuations in surface pressure to fluctuations in the 

speed and direction of the wind flow (or free-stream turbulence) is presented. A multi-stage 
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aerodynamic admittance process involved in transfer of the turbulent fluctuations in the 

approach flow to surface pressure fluctuations is described. The dynamic component of the 

internal pressures induced through an opening in a building is brought under the ambit of this 

wind loading mechanism using a mechanical admittance function, much like the buffeting 

response of a structure to turbulent external pressures. The chapter concludes with a brief 

discussion on the different factors affecting the wind induced internal pressure in buildings. 

Chapter 3 introduces the state of the art on the subject of mean and fluctuating internal 

pressures in rigid non-porous buildings, and in particular, discusses the differences in opinion 

that exists between different groups concerning the appropriate form of the governing 

equation with regards to the usage of the ill-defined parameters. A comparison between the 

different linearization approaches of the non-linear governing equation is presented in terms 

of the RMS internal pressures for the TTU building [17] with different opening areas. 

Internal pressure gust factors for a rigid non-porous building are provided as a function of 

opening area ratio (opening area to wall area) for different turbulence intensities, wind speeds 

and internal volumes. A detailed experimental investigation of internal pressures in two 

different terrain categories using five different opening sizes and locations are presented in 

terms of mean, RMS, peak pressure coefficients and spectral estimates, and compared with 

the analytical predictions to calibrate the ill-defined opening loss coefficient in the governing 

equation. 

In Chapter 4, the generalized dynamic model proposed by Sharma [16] and a relatively 

simplified version of the model based on the assumption of quasi-static envelope flexibility 

[19] is presented. Comparisons between the two models for different roof flexibilities are 

presented in terms of the transfer functions, spectra and RMS of predicted internal and net 

roof pressures. Wind tunnel experiments involving internal pressure characteristics of an 

industrial building with a flexible Styrofoam roof is discussed and compared with the rigid 

roofed model to validate the theoretical predictions. Some tests to characterize the stiffness 

and frequency response of the flexible Styrofoam roof using fan induced forced vibration test 

are also discussed. 

Chapter 5 presents a simplified and computationally efficient non-linear analytical model of 

internal pressure for a building with leakage and a dominant opening. A linearized form of 

the model is provided and used to develop a closed form solution for the ratio of RMS 

internal to external pressure fluctuations. A non-dimensional form of the solution suitable for 
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use in the codes of practice is also formulated. Wind tunnel studies to validate the model 

predictions are reported. Finally, advantage of the proposed model in terms of usage, 

accuracy and computational efficiency in comparison to some other approaches are exhibited 

using benchmarking data. 

A unified analytical model of internal pressure in a flexible and leaky building with an 

opening is introduced in Chapter 6 by coupling the equations for flexible roofs with the 

theory of “lumped leakage”. A linearized analogue of the model is proposed and used to 

develop linearized transfer function estimates.  Comparisons of the dynamic internal and net 

roof pressures are provided for a range of roof flexibility and background porosities in terms 

of transfer functions, spectra and RMS pressure coefficients as predicted by the dynamic and 

the quasi-static flexibility model. Some wind tunnel experiments to validate the model 

predictions are further discussed.  

Chapter 7 presents a comparative theoretical and wind tunnel study of the building internal 

pressure dynamics between a single opening and multiple openings on a single wall with 

highly correlated external pressure. In particular, wind tunnel studies to complement the 

theoretical predictions of the internal pressure response of an industrial building with one and 

two dominant openings in a single wall are presented. Internal pressure gust factors for a 

range of external opening area ratios are presented for different building volumes, wind 

speeds and turbulence intensities.Comparison with the internal pressure provisions of 

AS/NZS 1170.2 [9] to design for such situations are presented for the entire 360° wind 

direction.  

A new spectral model of the net load on an interconnected partition wall (one with an internal 

opening) in a compartmentalized building with an external opening has been developed in 

Chapter 8, based on the theory of two Helmholtz resonators in series, and validated using 

wind tunnel experiments. Transfer functions and gust factors for a range of internal to 

external opening area ratios are presented for different building volumes, wind speeds and 

turbulence intensities. Theoretical and experimental comparison with the load on a non-

interconnected partition wall is discussed. Some comparisons with the newly introduced 

provisions of load on partition walls in AS/NZS 1170.2 [9] are made for a range of wind 

directions.   

The content of Chapter 9 is directed towards developing a set of non-dimensional design 

solution of the internal pressure overshoot response following a sudden opening with high 
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external pressures. A numerical investigation of the overshoot response of the TTU building 

[17] with different envelope flexibility and leakage considerations is presented by initiating 

the creation of opening at different temporal proximities to the occurrence of high external 

pressure near the opening. Effect of the suddenness of opening, involving different extents of 

opening creation, carried out to determine the window of time necessary to accomplish a high 

level of overshoot is discussed. Non-dimensional overshoot factors of internal pressure for a 

range of building volumes and opening sizes, obtained by numerically simulating the non-

dimensional governing equations for different envelope flexibility-leakage combinations, are 

presented in the form of design curves. 

Chapter 10 focuses on the other aspect of internal pressure design issue: that of the steady 

state resonant response of internal pressure following an opening creation. Influence factors 

of internal pressure obtained by covariance integration of the fluctuating external pressure 

field around the opening are presented for a range of building volumes, opening sizes and 

wind speeds using non-dimensional design parameters available in literature. A non-

dimensional empirical model that matches the measured data in terms of RMS and peak 

internal to external pressure ratios and sensitive to opening size and location is developed and 

further simplified using hard-coded values of the relevant parameters to make it suitable for 

use in wind loading codes. 

Chapter 11 presents a case study of the full-scale measurements of internal pressure in a 

warehouse for a range of wind speeds, directions and opening sizes. The building with a 

flexible and leaky envelope is representative of real buildings encountered in design practice. 

Comparisons with the relevant analytical models are used to parameterize the ill-defined loss 

coefficient. In particular, the importance of correctly modelling the different dampers are 

exhibited, absence of which is shown to result in physically unrealistic values of the loss 

coefficient. The measured data of the ratio of RMS and peak internal to external pressure are 

presented in non-dimensional format for comparison with other reported full-scale 

measurements and the non-dimensional design model proposed in recent literature [20]. 

Finally Chapter 12 concludes all the important results obtained from the present research 

work. In addition to the outcomes and conclusions, this chapter outlines the directions of 

future research intended to help prospective researchers.  

During the course of this thesis, several publications in international journals and conferences 

were being produced. Several sections of thesis are therefore based on these publications.
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Chapter	2 :	Wind	loading	chain	of	Internal	Pressure	

 

Due to the turbulent nature of the wind velocities in the Atmospheric Surface Layer (ASL), 

the wind pressures (and loads) acting on structures are also highly fluctuating. Pressure 

fluctuations on the surface of buildings are caused either by free-stream turbulence such as on 

the windward wall, or affected by body-induced turbulence in the regions of separated flows 

and wakes as on the roof, the side walls and the leeward wall. 

Davenport [21-23], in some seminal papers in the 1960’s outlined an approach to the wind 

induced response of structures based on random vibration theory. The approach uses the 

concept of the stationary random process to describe wind velocities, pressures and the 

resulting responses of structures. Due to complexities in the process that prohibits a 

deterministic evaluation of the forces and responses during a thunderstorm or a cyclone, 

average quantities such as the standard deviations, correlation coefficients and spectral 

densities are used to describe the main features of both the exciting forces and the structural 

response. A graphical illustration of this spectral approach [22], now referred to as the “Alan 

G. Davenport Wind loading chain” is provided in Figure 2.1. 

As per the approach, the mean square fluctuating response is computed from the spectral 

density of the response. The latter is calculated from the spectrum of the aerodynamic forces, 

which are, in turn calculated from the wind turbulence, or gust spectrum. The frequency 

dependant aerodynamic and mechanical admittance functions form links between these 

spectra. The amplification at the resonant frequency corresponding to the fundamental 

frequency of the structure will result in an increased mean square fluctuating and peak 

response. 

The internal pressure induced through a dominant opening in the building can be 

characterized as the buffeting response to turbulent external pressures near the opening and as 

such can be included in the ambit of the “Wind loading chain” process. This chapter, in 

general, deals with the different aspects of this complex load transfer process from the 

turbulent approach wind to the internal pressure response of a building. Also discussed 

briefly are the different mechanisms of internal pressure induction in a building along with a 
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summary of the relevant theoretical and experimental work reported in literature to 

understand some of these mechanisms. 

 

Figure 2.1: The Alan G. Davenport Wind loading chain [22] 

2.1. Wind loading chain of internal pressure 

Internal pressures in buildings are induced by the turbulent external pressures on the surface 

of openings or leakages. These surface pressure fluctuations in turn, are primarily caused by 

turbulence (free-stream and body-induced) in the external boundary layer flow. The entire 

process resembles a complete loading chain involving increased transfer of energy at certain 

scales of turbulence while attenuation at others. The following sub-sections deal with the 

different stages of this loading chain leading to internal pressures inside a building with this 

so-called load transfer process summarized using a flow-chart [24] in Figure 2.2.  
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Figure 2.2: Flowchart illustrating the wind loading chain of internal pressure (Sharma and Richards [24]) 

2.1.1. Quasi-steady theory 

The quasi-steady theory attributes all fluctuations in surface pressure to fluctuations in the 

speed and direction of the wind flow or free-stream turbulence and represents the process that 

converts wind velocity into surface pressures in Figure 2.2. In the context of the “Wind 

Loading Chain” proposed by Davenport, the aerodynamic admittance, which translates the 

gust velocities into fluctuating wind forces, is considered to be unity at all frequencies. Kawai 

[25]  and Letchford et al. [26] have presented a review of this theory for the limited case 

where the components of onset turbulence were assumed not to be correlated, and the 

variation of mean pressure coefficients with wind elevation was assumed to be negligible. 

Sharma and Richards [27] extended the theory to include the effect of uw  Reynolds stress on 

building surface pressures. The magnitude of this stress though typically much smaller than 

variances for wind velocity components in the atmospheric boundary layer was shown to 

have a significant influence in suppressing roof pressure fluctuations. Experimental evidence 

for this observation was provided by a wind tunnel investigation of roof pressures on a 1:50 

scale model of the Texas Tech University (TTU) test building and used to explain the over-

prediction of Root-Mean-Square (RMS) roof pressure coefficients by the more simplified 
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theory. The theory additionally was also used to explain the apparent loss of mid-frequency 

response and the phenomena of shear layer instabilities related to roof pressures. 

The application of the quasi-steady relations is shown in Figure 2.3 [16] where surface 

pressure fluctuations at a location on the windward face of the building are found to be 

produced by onset wind velocity fluctuations in magnitude and direction at that height. For 

roof pressures however, due to flow separation (and deflection) at the windward edge, the 

correct height of the onset flow that produces fluctuations in pressures is below the roof-

height. Due to difficulties in being able to exactly correlate surface pressure fluctuations to 

the correct height of the onset flow, the reference height is usually taken to be equal to the 

ridge height of the building for all calculations. 

 

Figure 2.3: Streamlines on the central plane of a low-rise building (Adapted from Sharma [16]) 

The quasi-steady relations between the onset dynamic flow and the surface pressure 

fluctuations can be derived using a simplified approach assuming an independence of the 

instantaneous magnitude and direction of approach flow fluctuations, or using a more 

rigorous approach with the inclusion of additional Reynolds stress terms. 

2.1.1.1. Simplified Approach 

A simplified estimate of the quasi-steady theory assumes an independence of the magnitude 

and direction of the instantaneous wind velocity fluctuations in quantifying their respective 

contributions to wind pressure fluctuations on a building. For low-rise buildings, the 
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influence of the approach flow elevation angle ( w ) is limited by the presence of the ground 

and the mean pressure coefficient  zpC ,  expressed as a function of the mean azimuth ( ) 

can be written as 

   
z

z
zpzp q

pp
CC 0

,,


                      (2.1) 

where zp  is the mean surface pressure at a height z, 0p  is the reference mean pressure and 

zq  is the mean dynamic pressure, which reflects the magnitude of the wind speed vector. The 

mean pressure coefficient  zpC ,  measured during an observation period is the average 

effect of a band of wind directions ( ). These variations in wind direction may be due to 

changes in the mean wind direction (long time scales) or due to the transverse component of 

turbulence (short time scales), but will both effect the observations and make a direct 

contribution to the variance of pressure even for a constant wind speed.   

It therefore follows from the argument that the standard deviation of the observed pressure 

coefficients can be written [28] using Equation (2.1) as 
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where σq is the standard deviation of the wind velocity magnitude fluctuations and  

     2,,
2  zpzpCp CC                       (2.3) 

It may be noted that the right hand side of Equation (2.2) contains two terms. The first term is 

the contribution to the variance of pressure which results from fluctuations in dynamic 

pressure alone while the second term, though containing the variance of dynamic pressure, is 

primarily associated with directional variations which cause fluctuations in the pressure 

coefficient. The second term would thus disappear if the wind direction and hence the 

pressure coefficient were constant. 

2.1.1.2. Rigorous Approach 

A more rigorous quasi-steady approach entails decomposition of the significant terms 

  wzp tC  ,,  and qz into mean and fluctuating components to bring out the contribution of 
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each term in a way that is physically more insightful. Such an exercise carried out by 

Letchford et al. [26] by neglecting terms with higher order cross-coupling in perturbation 

leads to the following expression for the mean pressure coefficient as 
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Sharma and Richards [27] assuming a dependence between the longitudinal (u) and vertical 

(w) velocity components further deduced an expression for the variance of surface pressure 

fluctuations 
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which is much more rigorous than the one presented in Equation (2.2). In the equation, 2
u , 

2
v  and 2

w   are the variances of the u, v and w fluctuating components of the wind at height 

z, and uw  is one of the Reynolds stresses of turbulence at the same height. Letchford et al. 

[26] presented a slightly simpler version of the model by neglecting the influence of the uw  

Reynolds stress (i.e. the last term of the right hand side of Equation 2.5) in their studies.  

While full scale studies by Hoxey and Richards [29] and wind tunnel studies by Fong [30] 

using typical values of azimuthal and elevational gradients of mean pressure for the 

windward wall and roof of a low-rise building concluded the relative insignificance of the 

two Reynolds stress components uv  and vw , the uw  Reynolds stress component was found 

to be of much significance by Sharma and Richards [27]. The inclusion of this term, which 

involved estimation of the elevational gradient of the mean pressure coefficient using a novel 

model-tilting technique, is shown by the authors to provide answers to some hitherto 

unanswered phenomena observed in roof pressure measurements. These include observations 

such as the suppression of the mid-frequency region response of the roof pressure 

fluctuations, possibility of peak positive pressures in the separated flow region of the roof 

with high mean negative pressures as well as the extreme suctions and asymmetry between 

the maximum and minimum pressures about the mean observed for near leading edge/corner 

locations on the roof. 
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While each of the terms in the above equation is significant for predicting the roof leading 

edge/corner locations, in the context of internal pressurization in buildings through 

opening(s) near the stagnation point on the windward wall, the most common occurrence 

during strong winds, all but the first term on the right hand side of Equation (2.5) is 

negligible. The surface pressure variance for such situations can be simplified to     
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and the spectrum of longitudinal velocity fluctuations [Su,z(f)] transmitted to the surface 

pressure spectrum [SCp,z(f)]  can be written using Equation (2.6) as 
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Some simplifications are also possible for locations on the vertical symmetrical axis of the 

wall, and possibly at off-centre stagnation-height locations also. 

2.1.2.  Aerodynamic admittance 

In the context of internal pressures, ability to predict spatial surface pressures on some 

significant area, of say a windward wall, such as that for a door or a window is essential to 

understand the behaviour the resulting internal pressures when such elements of the building 

have resulted in an opening either deliberately or by chance. This is because of the fact that 

external pressure averaged over the extent of the opening is the correct forcing function for 

internal pressure, as shown by Sharma and Richards [24], than the usually accepted and used 

point external pressure forcing. 

While the quasi-steady theory describes the mechanism of overall load transfer from the 

onset flow to surface pressures on a building, past observation have shown that not all 

fluctuations in onset velocity are effectively transmitted to the building surface pressures. In 

other words, the overall load fluctuations on the building surface are found to be an 

attenuated form of the fluctuations in the turbulent onset flow or those derived from quasi-

steady predictions. 
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The concept of aero-dynamic admittance resulting from the pioneering studies of Davenport 

[21] and Vickery [31] can be used to explain this load and surface pressure attenuation effects 

which in turn shall help to accurately describe the loading resulting from internal 

pressurization in buildings. 

In attempting to understand the characteristics of area pressure fluctuations necessary for 

internal pressure investigations, Sharma and Richards [24] hypothesised the concept of a 

multi-stage admittance process. According to this hypothesis, the admittance of area 

pressures may be considered to consist of two distinctly separate processes. The first stage 

involves a poorly understood flow process that gives point pressure admittance, while the 

second involves a purely mechanical process of spatial averaging of point pressures over the 

extent of the opening. The characteristics of point pressure fluctuations is inherently 

incorporated in area pressure fluctuations that depend on the cross correlation of pressures at 

various points over the opening area. The basic postulates of the hypothesis are further 

explained using the individual and the resulting multi-stage admittance functions. 

2.1.2.1. Point pressure admittance 

In addition to the attenuation in the overall load fluctuations observed by Vickery [31] for a 

plate for which he suggested the application of lattice theory, Bearman [32], Vickery and Kao 

[33] and later Kawai [25] also found similar attenuation in point pressure fluctuations at 

higher frequencies. Hunt [34] explained this point pressure attenuation using the rapid 

distortion theory by attributing such effects to the distortion and blockage of turbulence 

eddies by the presence of the body. Kawai [25] proposed an admittance function for 

fluctuating pressure at the stagnation point in grid turbulence, which has been shown using 

the rapid distortion theory to be dependant only on the reduced frequency UAf , decaying 

at f--4/3. The expression was used match the measured admittance of stagnation point pressure 

on a model of a tall building. Full scale studies by Hoxey and Richards [29] confirmed the 

observations in wind tunnel model-scale experiments that point pressures are attenuated in 

the high frequency region. The writers attributed this to building pressure field effects. 

Holscher and Niemann [35] introduced the concept of a multiple pressure admittance based 

on linear system theory that relates the surface pressure spectra to longitudinal and lateral 

velocity fluctuations and accounts for the body-induced component by a residual noise 

spectrum. Thomas et al [36] attempted a similar approach but with the inclusion of second 

order terms as in the study by Letchford et al. [26]. Sharma and Richards [24] hypothesised 



Wind Loading chain of Internal pressure 

22 
 

that, in addition to the attenuation effects of distortion and blockage of turbulence, the size 

and shape of the pressure field in front of a bluff-body with respect to the eddy size plays an 

important role in the admittance process.  

The authors argued that larger eddies, of the same order of size as the body itself, with a large 

velocity field by virtue of their inertia and size are effectively able to penetrate the pressure 

field of the bluff-body and hence influence the point pressures on a linear one-to-one basis. 

Smaller eddies however are only able to produce localised changes in velocity that along with 

the distortion effects taken together gets cancelled over a large extent resulting in a much 

reduced intensity of surface pressure fluctuations. The writers attributed the attenuation in 

point pressure fluctuations at higher frequencies to this effect. In addition to the eddy size 

relative to that of the body, the attenuation levels in point pressures were also argued to be a 

function of the location on the frontal face of the body. In fact a decrease in attenuation level 

for locations away from the centre of the wall was postulated and experimentally verified. 

2.1.2.2. Area-Averaged pressure admittance 

Area-averaged pressure admittance, which represents the second stage of the area admittance 

process hypothesised by Sharma and Richards [24],  is attributed to the filtering effects of the 

integration process resulting in the attenuation of the pressures or loads over an effective area 

(equal to the size of the opening A0) for internal pressure admittance considerations. The idea 

that point and area-averaged pressure spectra are expected to display distinct differences in 

attenuation levels as well as cut-off frequencies for averaging areas smaller than the wall 

(Awall) or projected area i.e. A0<Awall was verified experimentally. It was argued that for 

averaging area A0 equal to that of the wall (Awall), the two distinct cut-off frequencies exactly 

coincide and the two-stage process is not immediately apparent. 

2.1.2.3. Multi-stage Pressure admittance functions 

Combining the point pressure admittance and area-averaged admittance process results in the 

multi-stage aerodynamic admittance concept [24], that can be applied to the quasi-steady 

predictions (Equations 2.6-2.7) to determine the appropriate surface pressure forcing for 

internal pressure investigations in a building. Sharma and Richards [24] verified the model 

predictions through a wind tunnel study of the fluctuating external and internal pressures 

using a 1:50 scale model of the TTU building. Various locations on the windward wall and 

on the roof separation bubble were investigated. 
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Consequently, the authors proposed an expression for the point pressure admittance (first 

stage) as 
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with a high frequency exponential decay rate of -10/3. The equation is based on a new 

reduced frequency xn ~,1 that incorporates the “distance from the edge” effect and defined as 
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where )2//(~ wdx  , [d = distance from the vertical edge of the wall, and w = width of the 

wall], is the non-dimensional horizontal distance and hyy /~  , [y = distance from the edge of 

the roof, and h = ridge height] is the non-dimensional vertical distance. 

The second stage corresponding to the point to area-averaged admittance function based on 

the cut-off frequency n2 was proposed as 
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The final form of the two stage pressure admittance function thus written by combining 

Equations (2.8) and (2.10)  
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was found to predict the measured admittance at different locations on the windward wall 

fairly well in combination with the quasi-steady model presented in Equation (2.7).  

Figure 2.4 [24] presents an expected form of the two-stage admittance function and its 

component admittances at a cut-off frequency of n1 = 0.1. 
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Figure 2.4: Expected admittances for point and area-averaged pressures (Sharma and Richards [24]) 

2.1.2.4. Internal pressure admittance 

Since the relevant forcing for the internal pressure is the external area-averaged pressure over 

the opening, the two-stage admittance process along with the internal pressure mechanical 

admittance function can be used to relate the onset flow fluctuations to the fluctuations in 

internal pressure transmitted to the building interior. 

The dynamic response of internal pressure to turbulent external forcing, averaged over the 

area of the opening, for a rigid non-porous full scale building can be re-presented by the 

model of Sharma and Richards [37] originally proposed by Holmes [38] in a slightly different 

form. For small laboratory structures with additional viscous losses through the periphery of 

the opening, Guha et al. [39] following the work of Sharma and Richards [37] and Oh et al. 

[15] have proposed an analytical model that matches the CFD predictions. The differential 

equations governing the internal pressure response in a full-scale building and laboratory 

model respectively are as follows: 

For a typical full-scale building [37] 
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For a small laboratory model [39] 
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In the equations, ρa is the density of air, γ is the ratio of specific heat capacities, Pa is the 

atmospheric pressure, q is the ridge height dynamic pressure, c and CL are the flow 

contraction and loss coefficient of flow through the opening of area A0 with an effective slug 

length of le and perimeter P, Ve is the effective building volume, μeff is the effective viscosity 

of air, Δr is the radial distance from the centre of the opening, piC , piC  and piC  are the 

internal pressure coefficient response of the building and its temporal derivatives and Cpe is 

the area averaged external pressure coefficient.   

The Helmholtz frequency equation is readily obtained from the governing differential 

equations and is given by [37]  

eea
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and is found to be dependent on the physical dimensions of the system such as the area of the 

opening (A0), effective building volume (Ve), and the effective length of the air slug le. 

Linearized version 

A linearization of the above equations, along the lines of Vickery and Bloxham [40] for a 

Gaussian process, leads to 
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where cj is the equivalent linear damping coefficient given by 

For a typical full-scale building [37] 
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For a small laboratory model 
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The linearized model can be used to develop the internal pressure admittance function over 

the area-averaged external pressure over the opening, similar to the mechanical admittance 
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functions of structural response to atmospheric turbulence buffeting. The admittance function 

 fpepi  obtained by Laplace transform of Equation (2.15) into the frequency domain 

results in [37] 
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in which ω=2πf and f is the angular frequency. The admittance function will have a resonant 

peak at fHH, at which the actual value of the admittance will be dependent on the magnitude 

of damping in the system. The internal pressure response of a rigid, non-porous building with 

a dominant opening being a single degree of freedom mechanical system, its admittance will 

have a peak near fHH, but at the same time will attenuate higher frequency fluctuations. As 

such, depending on the location of fHH with respect to the dominant frequencies in the free-

stream turbulence, and also on the magnitude of damping in the internal pressure system, the 

value of piC
~

 used to estimate cj in Equation (2.16) and (2.17) might be expected to be near or 

greater than peC
~

. A conservative estimate of upepi ICC 2
~

  [where peC  is the mean area-

averaged external pressure over the opening] based on quasi-steady assumption can be 

adopted for analytical simplicity.  

The internal pressure (coefficient) spectrum Spi(f) [SCpi(f)] may be related to the spectrum of 

external area-averaged pressure (coefficient) Spe(f) [SCpe(f)] using the admittance function, as 

in Equation (2.18)  

     

     fSffS

fSffS

peCpepipiC

pepepipi

2

2












                   (2.19) 

and to the ridge-height dynamic pressure spectrum Sq(f) by an additional admittance function 

for the area-averaged external pressure [  faa ] given by Equation (2.11): 
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Equation (2.20) establishes the wind loading chain for internal pressure experienced by a 

building with an opening under atmospheric turbulent buffeting.  

The wind loading chain thus clarifies the multi-stage load transfer process from the 

atmospheric wind to the building interior and can be used to determine the peak as well as 

dynamic loads on structural components and claddings. Figure 2.5 presents a typical 

realization of the spectra of dynamic pressure, external pressure at the opening and building 

internal pressure derived through the wind loading chain illustrated in Figure 2.2. 

Figure 2.5: Typical spectra of dynamic, external and internal pressure derived through the wind load 
chain 

The external pressure spectra (SCpe) averaged over the area of the opening in Figure 2.5 is 

found to get attenuated at higher frequencies relative to the spectrum of the onset dynamic 

pressure coefficient (SCq), due to a combination of point and area-averaged admittance 

process. The internal pressure coefficient spectrum (SCpi) shows a relatively higher response 

near the Helmholtz frequency of the building but drops off sharply thereafter.  

2.2. Factors affecting wind induced internal pressure in buildings 

Approaching wind flows generate a spatially and temporally varying external pressure 

distribution on the surface of the building. The pressure inside the building is dependent on 

this external surface pressure and therefore on the position, size and geometry of all openings 

connecting the exterior to the interior of the building. In addition, effective volume of the 

building, internal compartmentalization, fluid properties (density, viscosity), wind direction, 

turbulence in the upstream boundary layer as well as the flexibility of the building ‘‘skin’’ 

and structure can play a significant role in determining the exact nature of building internal 

pressure. There has been significant work done [15, 19, 38, 40-50], both theoretical and 
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experimental, regarding wind induced internal pressures. The relevant theoretical and 

experimental studies have been summarized in Appendix A along with their contributions. 

Non-neutral (non-zero) internal pressure is normally induced by the wind through the 

external pressure field in buildings via three mechanisms. These include transmission of 

external pressures through dominant openings (such as open or broken windows and doors), 

background leakages and/or flexibility of the building envelope. 

The most significant effects of internal pressure in buildings however are known to occur in 

presence of a single dominant opening. Cook [51] defines a dominant opening as an opening 

at least twice as large as the sum of the distributed permeability of the rest of the building. 

Typical doors and windows if left open (either purposely or inadvertently) easily fall into the 

category of dominant openings. Under favourable forcing by the external pressure (with 

enough turbulence energy) near the opening, the internal pressure can exhibit a resonating 

response at the Helmholtz frequency of the building cavity-opening combination. The 

resulting response, much like the dynamic response of a structure under the fluctuating wind 

load can exacerbate the net load on roof/cladding(s) for an opening on the windward wall and 

on the windward wall for an opening on the roof or sidewalls with the potential to cause its 

failure in whole or in part. 

Leakages in the building envelope include those around ill-fitted doors and windows, 

porosity in the walls, or the gap present between walls and roof in many residential and 

industrial buildings. Building permeability can be determined by the fan pressurisation 

method, in which a leakage rate across the building envelope is measured against a given 

pressure. In general, for a nominally sealed building with zero permeability, mean internal 

pressure will be neutral. However for a building with some background leakage, it can be 

expected that internal pressure will be non-neutral, the actual value being dependent upon the 

distribution of the leakages. If the leakages are uniformly distributed as will be the case for 

most buildings, internal pressure will be negative because the external pressure field, which 

controls the internal pressure, is negative on most surfaces barring the windward wall. 

Leakage paths, being typically small in size, are highly damped and do not in general 

compliment the external load on the building envelope on their own. But they can 

significantly alter the dynamics of internal pressure induced by a dominant opening in the 

building. 
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Transmission through the building envelope is the third means by which external pressure 

can communicate with the building interior, especially if the envelope is flexible. Even for a 

nominally sealed building with a flexible envelope, the diaphragm action of the flexible 

envelope induced by the fluctuating external pressure will compress and expand the internal 

air leading to fluctuations in the internal pressure. 

2.3. Summary and Conclusions 

A detailed discussion on the wind loading mechanism of internal pressure in buildings with 

openings is presented in this chapter. The different stages of this load transfer process from 

the onset turbulent wind to internal pressures through surface pressure fluctuations averaged 

over the opening area are discussed to clarify and explain this complex mechanism. The load 

transfer process from the surface to internal pressures induced through an opening is 

characterized using a mechanical admittance function to replicate the dynamic nature of the 

internal pressure response in a building.  A similar load transfer path has been followed in all 

subsequent chapters that deal with numerical investigations of the various aspects of internal 

pressure. 

A brief discussion of the important factors that influence the internal pressure inside 

buildings is discussed in this chapter; the objective of this research being to study some of 

these factors in detail, either in isolation or in combination, using analytical, wind-tunnel, 

full-scale and numerical techniques. In particular, the current research aims to present 

realistic values of internal pressure in a useful non-dimensional format for design 

consideration in future standards of practice as well as investigate the viability of the current 

provisions with respect to some of the experimental findings. 
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Chapter	3 :	Internal	pressure	in	a	rigid	non‐porous	

building	

 

The first papers on the subject of building internal pressure were published in the early 

seventies, and since then, a number of studies have increased our understanding of both the 

static and dynamic aspects of internal pressure in buildings. However, there are areas that 

require further attention, especially aspects of codification of internal pressure in the current 

wind loading standards of practice. This chapter deals in detail with the current state of the art 

on the subject of wind induced internal pressure in rigid non-porous buildings. Discussions 

pertaining to the linearization of the governing equation of internal pressure are provided. In 

particular, comparison between the mean square internal pressures predicted by the linearized 

equation using three different approaches for a building with a dominant opening is reported. 

Gust factors, as function of opening to wall area ratio for rigid non-porous buildings for 

different wind speeds, turbulent intensities and internal volumes, that incorporate the 

dynamic response of internal pressure are provided for design considerations. Finally, results 

of the wind tunnel tests of internal pressure involving a rigid model of a medium sized 

industrial building in two different terrain categories are presented. 

3.1. Mean Internal Pressure 

Earliest contributions on the subject were made by Euteneuer [52], Van Koten [53], 

Newberry and Eaton [54] and Liu [42], who studied the influence of the size and position of 

openings in a building surface on the mean internal pressure. Using the concept of mass 

conservation and by lumping the openings/pores into an equivalent positive external pressure 

(or windward wall) opening with area AW and the mean positive pressure coefficient peWC ; 

and an equivalent suction pressure opening (consisting of leeward, roof, and side walls) of 

total area Al and mean suction pressure coefficient peLC , the mean internal pressure 

coefficient piC  was shown to be given by: 
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Equation (3.1) shows that the mean value of internal pressure is simply an area weighted 

average of the mean values of the positive and suction pressures, the weighting being 

determined by the ratio of the opening areas AW and AL to the total area of openings. For a 

single opening, mean internal pressure is equal to the mean external pressure at the opening. 

Holmes [38] studied the mean internal pressure for a range of windward and leeward opening 

areas in building models in the boundary layer wind tunnel and obtained good agreement 

with theoretical predictions based on the above equation. Full scale internal pressure studies 

conducted at the TTU test building [55] with windward-leeward opening configurations also 

showed fair agreement with the predictions of Equation (3.1). While Equation (3.1) is strictly 

valid for two-opening situation, it nevertheless gives a good approximation for multi-opening 

configuration lumped into two equivalent openings. A more correct relationship between the 

mean internal pressure, opening areas, discharge coefficients and the mean external pressures 

at the openings based on the conservation-of-mass approach would require an iterative 

technique such as the Newton-Raphson method for solution. 

A rigorous theoretical treatment of the problem of mean internal pressure under steady and 

unsteady conditions was presented by Harris [56]. The work showed that Equation (3.1) is 

strictly valid when there are no fluctuations in external pressure. In unsteady situations with 

external pressure fluctuations, the mean internal pressure is slightly lower than the steady-

state values and given by: 
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in which 2
Wq  and 2

Lq  are the volume flow fluctuations through the windward and the leeward 

openings respectively, c is the orifice discharge coefficient, and hU  the reference ridge-

height velocity. The volume flow fluctuation at the windward opening would be larger than 

that at the leeward opening due to the larger fluctuations in external pressure there, meaning 

the average value of the internal pressure is somewhat lower than the steady-state case given 

by Equation (3.1). A qualitative agreement to this observation was obtained from the full-

scale studies by Yeatts and Mehta [55] in which the mean internal pressures measured are 

somewhat lower than the predictions of Equation (3.1). 

Womble et al. [48] conducted a comparative wind tunnel and full-scale study of internal 

pressure using the TTU setup that investigated the effects of building porosity, opening size 
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and location, internal volume, turbulent intensity, and building height on internal pressure. 

The mean internal pressures measured in the wind tunnel were found to be in good agreement 

with full-scale data. While the mean internal pressures were found to be independent of 

building volume, it was found to increase with increasing turbulence intensity. 

3.2.  Fluctuating Internal Pressure 

3.2.1. Governing Equations 

The transient response of internal pressure following a sudden opening associated with a step 

change in external pressure, as well as pressure changes at leakages, was investigated by 

Euteneuer [57] and later Vickery [58], Liu [59] Stathopoulos and Luchian [60], and Sharma 

and Richards [37]. The response time, τ, which is time in which the internal pressure reaches 

the level of external pressure Cpe for a rigid building with no background leakage was derived 

[59] using mass conservation, isentropic gas law of air, and orifice discharge equation to be 

given by: 
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                      (3.3) 

In this equation ρa and Pa are the density and pressure of ambient air respectively, V0 is the 

nominal volume of the building, γ is the specific heat ratio for adiabatic air, A0 is the area of 

the opening and Cpi0 the initial internal pressure coefficient prior to a sudden opening. Harris 

[56] while providing a rigorous theoretical base for the fluctuating internal pressure for a 

nominally sealed building involving windward and leeward lumped leakage openings showed 

that internal pressure responds exponentially rather than polynomially to changes in external 

pressure at the openings. The polynomial behaviour exhibited by Equation (3.3) is rather a 

numerical quirk produced by the assumption of AL=0.  

Jancauskas and Sharp [61] undertook boundary layer wind tunnel studies on mean internal 

pressures and also simulated windward wall window failures following the findings of 

Walker [1] as high internal pressures to be a major contributor to roof failures caused by 

cyclone Tracy in Darwin, Australia in 1974. This and the work of Kramer et al. [62] on 

response time measurements in the wind tunnel concluded that the differences from 

theoretical values were attributable to inertial forces of the air mass moving at the opening. 
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A seminal contribution to the current understanding on the internal pressure dynamics came 

from an innovative work of Holmes [38]. An analogy based on the Helmholtz acoustic 

resonator was used to describe the response of internal pressure in a rigid non-porous 

building by a second order non-linear differential equation that includes the effects of inertia 

forces: 
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                  (3.4) 

In Equation (3.4), 25.0 haUq   is the reference dynamic pressure based on the ridge-height 

velocity hU  and k is the discharge coefficient that quantifies the energy losses through the 

opening. The model as shown in Figure 3.1 below, assumes a “slug” of air of length el  

oscillates at the opening under the forcing of fluctuating external pressure. The stiffness is 

being provided by the internal volume of air acting as a pneumatic spring, while the damping 

term arises from the orifice discharge equation representing the irrecoverable energy lost in 

the discharge. The model, much like a mass-spring-damper mechanical system, predicts a 

damped oscillatory response of internal pressure under an external pressure forcing near the 

opening. 

 

Figure 3.1: Air slug model of Holmes [38] 

It was demonstrated in the wind tunnel that under turbulent wind, the internal pressure could 

be excited to resonate in manner similar to a building behaving as a Helmholtz acoustic 

resonator. It was shown that measured internal pressure spectrum exhibited distinct peaks 

associated with a Helmholtz frequency fHH obtained from Equation (3.4) as: 
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A numerical simulation of the governing equation, using fluctuating external pressures 

generated by the inverse FFT technique from the wind tunnel velocity record and an 

admittance function, was used to predict the internal pressure response and validated using 

the measured spectrum in terms of the resonant frequency and response. In order to match the 

Helmholtz frequency, a polytropic exponent of γ=1.2 was used together with the effective 

length of the air slug given by 

4
0A

le


                        (3.6) 

which is the potential flow solution for a sharp circular thin orifice connecting two large 

regions. The damping observed in the measured spectrum was determined by matching the 

measured and the predicted resonant response using an orifice discharge coefficient of about 

0.15, much lower than the value of 0.61 for a thin orifice in steady flow. A relatively 

pronounced Helmholtz resonance for larger openings as predicted by the governing equation 

was also experimentally demonstrated in the study. The necessity of volume scaling was 

further shown in order to maintain the correct relative position of Helmholtz frequency in the 

wind turbulence spectrum in the model scale, either by maintaining the model scale velocity 

in the wind tunnel equal to the full scale velocity or by distorting the model cavity volume by 

a factor equal to the square of the ratio of the full-scale to model scale velocities. 

Stathopoulos et al. [50] experimentally investigated the effects of background leakage on 

extreme, mean and root-mean-square (RMS) values of internal pressure and reported high 

cross-correlation between internal and external pressures. The internal pressures were also 

found to highly correlated over large areas inside the building except near dominant 

openings. 

A fluid mechanics treatment of the internal pressure system in a building with a single 

opening was presented by Liu and Saathoff [63] using the unsteady-isentropic form of the 

Bernoulli equation to arrive at an equation similar to Equation (3.4) 

  pepipipi

a

a
pi

a

ea CCCC
PcA

qV
C

PcA

Vl
 

2
0

2
0

0

0

2 





                  (3.7) 



Internal pressure in a rigid non‐porous building 

35 
 

The flow through the opening was assumed to be similar to flow through an orifice forming a 

vena-contracta; hence their model incorporated a contraction coefficient (c) in the inertial as 

well as the damping term. However, expression for the effective slug length proposed was 

similar to that of Holmes [38] i.e. ee ll  . They argued that the oscillations of air slug at the 

opening were rapid enough to assume the process to be isentropic with a specific heat 

coefficient (γ) of 1.4. The internal pressure response to a step change in external pressure was 

obtained by a numerical solution of Equation (3.7) using c= 0.6 to match that of Equation 

(3.4). The response time (τ) derived using an analytical approach was found to lie within 3% 

of the time constant (  hWUAV0 ). No experimental results supporting the theory were 

however presented. The corresponding Helmholtz frequency was given by [Eq. 2.14]: 
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Liu and Rhee [64] extended the work of Liu and Saathoff [63] by experimentally studying the 

characteristics of internal pressure at model scale in a wind tunnel for a range of opening 

areas. They found good agreement of Helmholtz frequency between model scale and the 

analytic model using a contraction coefficient of c= 0.88. While the damping term was not 

examined in the study through a spectral match between the measured and the predicted 

spectra, the effect of Helmholtz resonance was found to become more significant with 

increase in opening area in agreement with the study of Holmes [38]. 

Vickery [19] considered the fluctuating internal pressure for a nominally sealed building with 

rigid/quasi-statically flexible envelope and lumped windward and leeward leakages. A 

characteristic frequency fc: 
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                 (3.9) 

was derived, in which LK  is the loss coefficient for the opening and b= KA/KB, where KA is 

the bulk modulus for air while KB the bulk modulus for the building, was estimated to vary 

between 0.2 for stiff buildings to 5 for large span flexible buildings. The characteristic 

frequency can be looked upon as the cut-off frequency, fluctuations beyond which are 

effectively low-pass filtered into the building. For large flexible structures, fluctuations 

beyond fc can however be transmitted through the flexible building envelope. 
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Vickery [19] presented a model similar to the one derived by Holmes [38] and Liu & 

Saathoff [63] for the case of a dominant opening,, but additionally incorporated the effect of a 

quasi-statically flexible envelope. The equation        
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in which Ve = V0(1+b), differed from the equations of Holmes and Liu & Saathoff through 

incorporation of an arbitrary loss coefficient (CL) in the damping term instead of 1/k2, which 

is therefore believed to be applicable to any opening configuration. The definition of the 

effective length of the air slug at the opening, given by 00 ACll Ie   where l0 is the 

physical length of the opening and CI  is an inertia coefficient, is same as that of Holmes [38]. 

For a rigid building, b→0 as KB→∞ and Equation (3.10) reduces with a slight difference to 

Equation (3.4). Vickery [19] argued that there was no reason for flow separating past the 

opening in the unsteady situation. As such, a contraction coefficient c does not appear in the 

respective equations. The Helmholtz resonance frequency given by Vickery’s model is thus 
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The study concluded that the Helmholtz frequency will usually be in the tail of the wind 

spectrum in the inertial sub-range and the resonant amplification will be insignificant because 

of enhanced damping due to flexibility. 

Vickery and Bloxham [40] derived an expression for the ratio of standard deviation of 

internal ( piC
~

) to external pressure fluctuations ( peC
~

) following the linearization of Equation 

(3.10). The linearized equation is given by 
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and the assumptions involved a dominant contribution of the resonant (Helmholtz) 

component and separation of the ‘background’ low frequency fluctuations under the 

approximation of a ‘white noise’ as used in the calculation of dynamic response of structures 

to turbulent buffeting. The expression 
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where S0(fHH) and β are respectively defined as 
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was further improved upon by introducing an empirical term (αc = 1.5) for large building 

volumes resulting in 
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In Equation (3.14), z is the height of the opening centre above the ground and as is the speed 

of sound in air. The validity of these equations was established using volume-scaled wind 

tunnel studies of internal and external pressures involving rigid walled models. Vickery and 

Bloxham [40] also found good agreement between measured overshoot pressure and that 

predicted from Equation (3.10). Further study concluded that background leakage reduces the 

transient overshoot as well as the resonant response; however conservative estimates of 

internal pressure could be obtained using Equation (3.10) for background leakage less than 

10% of the opening area. 

Computational fluid dynamics (CFD) used for the first time by Sharma and Richards [37] in 

conjunction with wind tunnel and analytical modelling revealed the complex nature of the 

oscillatory flow past a dominant opening. Flow visualization using CFD revealed the 

formation of vena-contracta in the flow past the opening leading to flow separation and 

variation in the discharge area at different sections of the oscillatory cycle from its steady 

state separated flow value of 0.6A0 to an attached flow value of 1.0A0. Hence, it was 

considered appropriate to incorporate the contraction coefficient c in the inertial term as 

suggested by Liu and Saathoff [63]. However, it was also considered justified to quantify all 

the losses at the opening in terms of a loss coefficient CL in the damping term as suggested by 

Vickery and Bloxham [40] and not by the discharge coefficient k as was done by Holmes [38] 

and Liu & Saathoff [63]. The author’s argued that the discharge coefficient represents the 
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inertial momentum of the air slug past the opening and inaccurately represents the losses 

through the opening that cause damping. They presented a governing equation which blended 

the models of both Liu and Saathoff [63] and Vickery and Bloxham [40] of the form [Eq. 

2.12]: 
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It was suggested to use a contraction coefficient of c= 0.6 for orifice type openings (thin 

openings, l0/d<<1) and c= 1.0 for pipe like openings (long openings, l0/d>>1) while the 

effective length ( el ) was quantified depending on the location of dominant opening with 

respect to the prevailing wind direction. Comparison of numerical solutions to Equation 

(3.16) with CFD results as well as experiments produced a reasonable match with a loss 

coefficient (CL) value of 1.2 and 1.5 for thin and long openings respectively. The 

corresponding Helmholtz frequency is given by [similar to Eq. 2.14]: 
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For the case of scaled models or buildings with long openings such as vents, Sharma and 

Richards [37] modified Equation (3.16) by including an additional linear damping term to 

account for the significant aperture wall stresses along the periphery of the opening. The 

resulting equation 
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                                       (3.18)  

in which P is the perimeter of the opening, eff  is the effective viscosity and ∆r is a radial 

distance used to define the wall shear stress, was validated by comparing its numerical 

solution to the experimental results obtained using wind tunnel simulations on a model scale 

cylinder with a long opening.  

Oh et al. [15] carried out numerical and wind tunnel studies on a 1:100 scale building model 

with a dominant opening and uniformly distributed leakage holes using a Multiple Discharge 

Equation (MDE) approach to simulate internal pressure dynamics. Flow through the leakage 
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holes was considered to be laminar and the additional losses were modelled as laminar pipe-

friction type losses through leakage holes. Simulations carried out using the MDE approach 

was found to closely conform to the wind tunnel measurements. 

Recently, the author matched the results of his CFD simulations [39] on a scaled down thin 

walled cylinder model with a long opening (same configuration as investigated by Sharma 

and Richards [37]) with that of an analytical model by incorporating pipe-friction type losses 

included using the well known Darcy-Weisbach equation. The resulting model [Eq. 2.13] 
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is essentially of the same form as Equation (3.18) but with an additional factor of 8π being 

added to the linear damping term in Equation (3.19). 

Full scale studies at the Silsoe Structures Building (SSB) have also investigated the dynamics 

of internal pressure. Hoxey [65] showed that the measured internal pressure spectra and its 

admittance functions under an open door condition clearly exhibit a peak associated with 

Helmholtz resonance. The rafter strain gauge spectrum also showed a peak at the same 

frequency. 

Ginger et al. [66] measured the internal pressure spectra at the full-scale facility at TTU for a 

range of opening areas, all of which exhibited resonant peaks at frequencies that could be 

estimated using Equation (3.11). Like Holmes[38], in this study, internal pressure spectra was 

numerically simulated using the external pressure record as per Equation (3.4) but with an 

effective volume to account for the flexibility of the building. The damping in the system was 

found to match the measured spectra for values of discharge coefficient between 0.10 to 0.35, 

similar to the findings of Holmes [38]. 

Some recent theoretical and experimental work by Ginger et al. [67, 68] have been directed 

towards putting the internal pressure values for the dominant opening case in a non-

dimensional format. The necessity of these recent researches was realized from the 

limitations of the provisions for internal pressure in the current wind loading standards to deal 

with a wide variety of building volumes and opening sizes. They involved numerical 

simulation of the non-dimensional form of the governing Equation (3.4) given by 
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where t* is a non-dimensional time defined as UhUtt * [ λU is the ridge height longitudinal 

integral length scale of turbulence], for a range of cavity volume-opening area combinations 

for comparison with the measured full-scale and wind tunnel data. S* and 5  in Equation 

(3.20) are the non-dimensional parameters defined in Ginger at al. [68] and dependant on the 

building volume, opening area, approach wind speed and the longitudinal integral length 

scale of turbulence. The linearized analytical models of the ratio of RMS internal to external 

pressure fluctuations as proposed by Vickery and Bloxham [40] and RWDI [69] was found to 

over and under-estimate respectively, the internal pressure values for buildings with smaller 

volumes and comparatively larger areas. An empirical bi-linear non-dimensional model 

(Holmes and Ginger [20]) that matched the wind tunnel results, carried out for a large number 

of internal volume and opening area, was proposed for design considerations of internal 

pressure. 

3.2.2. Transfer function estimate of internal pressure 

In order to develop an expression for the frequency dependent transfer function of external to 

internal pressure fluctuations, the governing non-linear Equations (3.16) and (3.19) needs to 

be linearized. A linearized version of Equations (3.16) and (3.19) can be written as: 
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where cj is the equivalent linear damping coefficient per unit opening area of the non-linear 

system [Note: in Chapter 2, cj is defined as the equivalent linear damping coefficient without 

being normalized by the opening area]. 

Vickery and Bloxham [40] attempted a linearization of the internal pressure system by 

assuming a Gaussian distribution of internal pressure; a technique adopted from wave loading 

studies. The resulting expression for cj under the assumption is 
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for a full scale building as per Equation (3.16), and  
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for a scaled model with a long opening configuration as per Equation (3.19). Chaplin et al. 

[70] attempted the linearization of the same governing equation using the technique of 

statistical linearization. Their approach resulted in an expression for cj similar to one 

presented by Sharma and Richards [49] based on the energy dissipation equivalence between 

the non-linear and the equivalent linear damping term during an oscillatory cycle. A 

performance evaluation of the resulting expression for cj    
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for a full scale building, and  
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for a scaled model along with Equations (3.22-3.23) carried out by Chaplin et al. [70] showed 

the adequacy of both the linearization techniques for the narrow-band response of internal 

pressure typical in buildings. 

A linearized transfer function estimate of internal to external pressure fluctuations can now 

be developed from Equation (3.21) as 
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with a resonant peak at fHH, at which the actual value of the admittance will be dependent on 

the magnitude of damping in the system. Estimation of cj will however require an estimate of 

piC
~

, which can either be evaluated by numerically simulating the original non-linear equation 

or using the closed form expression [Equations (3.13-3.15)] developed by Vickery and 

Bloxham [40]. 

The closed form solution presented by Vickery and Bloxham [40] was based on the 

assumption of a strong resonance and weak damping, as might be expected for rigid non-



Internal pressure in a rigid non‐porous building 

42 
 

porous buildings. The RMS value of internal pressure in such cases will be different to the 

RMS value of the external pressure at the opening by an amount represented by the 

difference in the area under the two spectral curves. Sharma [16] attempted the linearization 

in a slightly different manner resulting in an equation for piC
~

 (and hence cj) that requires an 

iterative solution. He argued that while the variance of internal pressure may in fact be 

increased by the peak at fHH, it may at the same time be decreased by the attenuation at 

frequencies beyond fHH as shown in Figure 2.5 in Chapter 2. It was further argued that since 

the turbulent energy at amplification near lower frequencies is much greater than at the higher 

frequencies where attenuation occurs, a conservative estimate of piC
~

 anticipating an increase 

in internal pressure variance may be obtained by adding together an additional variance 

resulting from resonance amplification to the variance of external pressure near the opening. 

Using algebraic manipulations of the model 
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where ςj is the damping ratio of the system and  HHCpe fS  is the spectrum of external pressure 

fluctuations at fHH, along with Equation (3.22), Sharma [16] obtained an expression of piC
~

 for 

full-scale buildings. 

 
3

0

0
213

~
32

2
~

~

~

~

peL

hhpeCHHae

pe

pi

pe

pi

CqVcC

SPAl

C

C

C

C 






















               (3.28) 

Equation (3.28) can be solved iteratively, starting with an initial guess for piC
~

, until 

convergence to get an estimate of piC
~

 (and hence cj).  

Yu et al. [71] proposed a detailed iterative method for calculation of piC
~

, that involves 

estimation of the transfer function (Equation 3.26) using an assumed value of piC
~

 (hence cj 

using Equation 3.22) and subsequently using it along with the spectrum of external pressure 

fluctuations [  fSCpe ] to calculate piC
~

 as 
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The value of piC
~

 thus obtained can be re-substituted back in Equation (3.22) to calculate the 

new value of cj and the procedure continued until convergence.  

Table 3.1 provides a comparison of the value of piC
~

 predicted using the three approaches for 

the TTU building for different opening area size at the centre of the windward wall. The 

conditions for simulation are as follows: 

V0=500m3; Awall = 9.22m x 4m; hU =30m/s; Iu = 0.20; CL=1.2; c = 0.6; le = 40A ; x~ =1; 

y~ =1;      
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where |χaa(f)|
2 is the two stage external to internal pressure admittance function defined in 

Equation (2.11) of Chapter 2. 

Table 3.1: Comparison of piC
~

 for different opening areas using different predictive approaches 

A0(m
2) 

piC
~

 

Vickery & Bloxham[40] Sharma [16] Yu et al. [71] 

0.05 0.1823 0.1849 0.1224 

0.10 0.1898 0.1872 0.1564 

0.50 0.2109 0.2041 0.1953 

1.00 0.2116 0.2007 0.2373 

5.00 0.3172 0.3031 0.3049 

 

It can be seen that while the predictive models of Vickery and Bloxham [40] and Sharma [16] 

over-predict the value of piC
~

 due to over-estimation of the effect of resonance for smaller 

openings (0.05 and 0.10m2), the agreement of all the three approaches for the largest opening 

of 5m2 is appreciable. This goes to show the importance of the resonant effects in buildings 

with larger openings and the advantage of Vickery and Bloxham [40] model of being a closed 

form solution. 
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3.3. Internal pressure Gust Factor (γi) and Peak Coefficient ( piĈ ) 

Vickery [19] proposed design charts for internal pressure gust factor of nominally sealed 

buildings and those with dominant openings based on the frequency response of building 

cavity-opening combination but without considering the dynamic effects resulting from the 

dominant opening. It was stated that the frequency response of the building, rather than the 

spatial averaging effects was responsible for the high frequency attenuation of internal 

pressure fluctuations. Also provided was a design chart of peak internal pressure coefficient 

versus the mean internal pressure coefficient based on the distribution of openings in the 

building envelope. 

Sharma [16] proposed an expression for gust factors of internal pressure by taking into 

account the dynamic effects resulting from dominant openings. Also considered was the 

effect of spatial averaging of external pressure over the opening that further attenuated the 

high frequency components of the driving function. The peak internal pressure coefficient 

and the gust factor estimates were provided assuming a Gaussian response of internal 

pressure following the work of Greenway [72]. 
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where γi, ip̂  and piĈ  are the gust factor, peak internal pressure and its coefficient 

respectively, Sq(f) is the spectrum of ridge-height dynamic pressure and g  is the mean 

dimensionless peak factor given by 

   00 ln2/5772.0ln2 ttg                     (3.31) 

for a Gaussian distribution of extreme values, 0t is the averaging/observation period (say 600 

seconds) and   is the zero crossing rate of  tCpi  given by 
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These equations have been solved numerically by Sharma [16] to estimate the internal 

pressure gust factor (γi) as a function of the ratio of the opening to the wall area for different 

turbulence intensities, ridge height wind speeds and internal volumes. A similar exercise has 

been carried out in Figures 3.2(a), 3.2(b) and 3.2(c) for different turbulence intensities, ridge 

height velocities and internal volumes respectively, for the TTU building and flow conditions 

similar to the one used in section 3.2.2. An slightly modified expression for gust factors 

which matched the numerical estimates, originally provided by Sharma [16] with a 

coefficient of 0.296  against 0.62 is used here 
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in order to match the numerical predictions for an observation period (t0) of 600 seconds and 

a gust averaging period (tg) of 3 seconds.  

Typical values of gust factors are found to vary from 1.2 to 3.5 for smaller to larger opening 

ratios. The gust factors are found to be directly proportional to the turbulence intensity for all 

opening ratios in Figure 3.2(a). Similarly, the gust factors decrease with increase in wind 

speed and building volume in Figures 3.2(b) and 3.2(c) respectively due to the corresponding 

increase in the magnitude of damping at resonance in the system. 
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Figure 3.2: Internal pressure Gust factors vs. Open area ratio for different (a) Turbulence intensities (b) 
Ridge height wind speeds and (c) Internal building volumes 

3.4. Types of Internal pressure Response 

Openings in buildings may be created gradually (e.g. intentional opening of the door or 

window) or quite suddenly as in the case of window breakage due to impact of flying debris. 

The resulting response of internal pressure can be broadly categorised into two types:  

Transient overshoot response and the Steady-state resonant response. 

3.4.1. Transient Response due to a sudden opening  

The creation of sudden openings in extreme wind conditions is very common because of high 

wind speeds, and has the potential of producing a transient response. When a sudden opening 

is created on the windward wall under the condition of an initial-external pressure difference, 

then air from the higher external pressure (peW) region will accelerate into the building 

through the opening. This movement of air into the building will not stop as the internal 

pressure equalises with peW because of the inertia of air. Internal pressure pi will therefore 

exceed peW and continue to increase before inflow is decelerated and stagnated at the 

maximum overshoot value (pios). The direction of flow is now reversed and outflow causes 

the internal pressure to drop. Once again due to inertia, the flow will not stop when pi equals 

to peW but when pi becomes somewhat less than peW. The internal pressure thus exhibits a 

damped oscillatory response till energy is dissipated or when building failure occurs. Clearly 

the main concern will be the value of the overshoot internal pressure. 

The possibility of this type of transient response arising from the inertia of the air was first 

described by Holmes [38], and discussed further by Liu and Saathoff [63]. Various 

researchers [37, 55, 60], both in wind tunnel and in full-scale, have investigated this problem 

c 
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experimentally. The conclusion from these studies is that significant overshooting of internal 

pressure may be expected to occur only for a relatively large opening or under smooth flow in 

which the external pressure does not fluctuate. However, in real wind where fluctuations are 

present, the overshoot has been shown to get lost amidst turbulence induced fluctuations, and 

the steady-state fluctuations produce peaks that are always higher than the transient peak 

values of internal pressure. 

The fact that a sudden opening is more likely to be created when an extreme gust occurs, 

resulting in high external pressures near the opening, raises questions about the likelihood of 

the occurrence of overshoots that could possibly exceed the steady-state peak values. In 

response to a remark made by Professor Ted Stathopoulos on the relative importance of 

overshoot versus steady state response of internal pressure at the ICWE8 in 1991, Professor 

Barry J. Vickery made the following comment [73]: “If the failure of the window is assumed 

to be independent of the external wind speed, then the expected value of the peak 

immediately following failure is definitely less than that induced during some extended 

period following the failure. If however, it is assumed that the failure occurs during an 

extreme gust, then the peak immediately following failure may well exceed the peak achieved 

during the remainder of the storm.” Sharma [74] demonstrated the possibility of high internal 

pressure overshoot for a rigid non-porous building by analytically simulating a sudden 

opening occurring at peak gust using Equation (3.16).  

Figures 3.3(a) and 3.3(b) present a realization of the  transient response of internal pressure of 

the TTU building following the creation of a dominant opening, as obtained from full-scale 

measurements [55] and analytical modelling of Equation (3.16) respectively.  

It should be noted that the sudden opening in Figure 3.3(a) was created at an arbitrary time 

during the data acquisition run in full scale while the overshoot response in Figure 3.3(b) is 

analytically triggered during the occurrence of peak gust. A detailed investigation of the 

overshoot phenomena during strong gusts in terms of the timing and duration of opening 

creation and the likely implications of this are presented in Chapter 9. 
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Strong gust

Figure 3.3: Transient response of internal pressure obtained from (a) full scale measurements and (b) 
analytical modelling for TTU building 

3.4.2. Steady-state Resonant Response 

Once an opening has been established in the building envelope either by debris impact or by 

direct wind loading, the building cavity is known to behave like a Helmholtz acoustic 

resonator. This was first described and mathematically modelled by Holmes [38] with 

supporting spectral measurements in a boundary layer wind tunnel. A model of an oscillatory 

air slug at the opening was proposed, which when moving inwards compresses the air in the 

building against a pneumatic spring leading to an increase in internal pressure. When the slug 

moves outwards, the air in the building cavity expands and its pressure decreases. These 

oscillations have a natural frequency referred to as the Helmholtz frequency, which have been 

shown to be dependent upon the opening area, building volume, and the length of the air slug, 

with some influence of other parameters such as the flexibility of the building envelope. If 

there is sufficient turbulent energy in the onset wind at or near the Helmholtz frequency, then 

the building cavity will be excited to resonate leading to significant fluctuations in internal 

pressure that may have an impact on the overall loading of fixings and building components. 

This phenomenon was subsequently supported through full scale measurements by Ginger et 

al. [66] and wind tunnel measurements among others by Sharma [16] and Oh et al. [15] 

respectively. Sharma [16] further argued about the importance of this steady-state response 

a 
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particularly in turbulent wind, not only due to the availability of greater turbulent energy, but 

also due to the overall shift of the energy spectrum to higher frequencies where typical 

Helmholtz and structural frequencies of buildings and their components lie.  

The response at resonance may, however, be hugely damped by the presence of background 

leakage and envelope flexibility as was found in the recent full scale studies [75] at moderate 

wind speeds conducted by the author. 

3.5. Experimental measurements of internal pressure 

3.5.1. Model details 

A number of rectangular wall openings of different sizes resembling doors and/or windows 

were studied on a 1:100 scale model of the Twisted Flow Wind Tunnel (TFWT) building of 

the University of Auckland. The model consisted of a hall with the opening(s) and an 

adjoining office space separated from the hall using an internal partition.  

The TFWT building is a typical warehouse consisting of a large hall housing the Twisted 

Flow Wind Tunnel with adjoining office space. The hall of dimensions 35.1m by 24.9m by 

7m consists of a roller door of size 5m by 4.2m in its southern wall that opens into a space 

interspersed with obstructions such as bushes, fences etc. not more than 5 m high. A 

description of the building and its surroundings has been provided in Chapter 11 using 

illustrations and photographs (see Figure 11.1). The setting, suburban in nature is 

representative of a Category 3 terrain profile as per AS/NZS 1170.2 [8]. 

The studies were carried out in both 1:100 scale Category 2 (Cat 2) and Category 3 (Cat 3), 

AS/NZS 1170.2 [8] boundary layer terrain conditions (see Appendix B) at the de Bray wind 

tunnel of the University of Auckland. The mean wind speeds at the building ridge height for 

Cat 2 and Cat 3 were approximately 7.1m/s and 6.2m/s respectively. Tests involving each 

opening configuration were carried out for wind angles ranging from +90° to -90° in 10° 

increments. The dimensional details of each of the opening, studied are tabulated in Table 

3.2.  

The plan view of the model (not to scale) and the definition of the angle of wind attack (θ) are 

shown in Figure 3.4(a). Figure 3.4(b) shows the front view of the model with the different 

openings tested. 
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Table 3.2: Opening dimensions tested 

 

 

 

 

 

 

In order to maintain the relative position of the Helmholtz frequency in the model and full 

scale, the wind tunnel model was exaggerated [38] below the tunnel floor using an added 

volume of dimensions 322mm by 322mm by 795mm for a model to full scale velocity ratio 

of approximately 1:4. A schematic of the volume scaled building model is provided in Figure 

4.2(a) of Chapter 4. 

In all the model tests, pressure signals, both internal and external, were sensed using a 64 

channel pressure measuring system consisting of differential transducers of range ~± 650 Pa 

(XSCL series, Honeywell Inc.) and signal conditioning equipment. The two-minute signals 

for each set of wind direction and opening were digitized and stored at 600Hz into a PC 

equipped with Pentium 4 processor (2.4 GHz, 1GB RAM) using a data-logging program 

written in LABVIEW VERSION 7.0 (National Instruments Inc.). A total of 51 external 

pressure taps on the windward wall, with eleven around the opening [marked in Figure 3.4(b) 

as crosses], and 4 each on the roof and the leeward wall were used in the study. Internal 

pressure was measured at 3 locations inside the hall and 1 location in the office space within 

the model [see Figure 3.4(a)]. 

Configuration Height (mm) Width (mm) 

A0 0 42 

A30 15 42 

A50 25 42 

A80 40 42 

A100 50 42 
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Figure 3.4: (a) Plan view of the wind tunnel model (b) Front view of the wind tunnel model with openings 
mounted 

PVC (make Scanivalve) tubings of internal diameter 1.5mm and length 550mm were used to 

transmit the pressure signals to the module housing the transducers attached to the side of the 

exaggerated volume below the wind tunnel floor. A time domain based recursive filter [76] 

was developed (see Appendix C) from a separate set of tests and implemented into an 

analysis program to regenerate the original pressure signals distorted during transmission 

through the tubings. Care was taken to seal off the hole as much as possible, through which 

the pressure tubings were carried outside to the transducer module, using special air-tight 

sealants and tape. The internal volume modified by the tubings was found to be less than 

0.1%, and hence was found to have a negligible effect on the internal pressure dynamics. A 

pitot tube placed 1m upstream of the test section at a height of 500mm (50m full scale) above 

the tunnel floor was used for reference static as well as dynamic pressure measurements. A 

frequency dependant transfer function established from a different set of tests involving 

simultaneous velocity measurements at the reference (500mm) and the building ridge height 

Plan View 

Test Wall 

a 

b 

Hall Office
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(70mm) using a hot-wire anemometer at the test section without the model was used to 

convert the mean and fluctuating velocity at the reference height to that at the building ridge 

height. 

3.5.2. Results and Discussions 

The measurement of internal and opening external pressure signals enabled the calculation of 

mean, RMS and peak pressure coefficients for the different opening configurations and wind 

direction tested in the wind tunnel. It is worth mentioning that the peak pressure coefficients 

were estimated using extreme value analysis based on the Lieblein method [77] using 20 

blocks of samples of size 3600 each. Spectral estimates using Fast Fourier Transforms (FFT) 

involved averaging of 35 data blocks of 2048 samples each. Some set of test runs involved 

operating the wind tunnel at different speeds (60-80% of its maximum speed) to achieve 

different ridge height wind velocities in the tunnel. Generally for most tests, the wind tunnel 

was operated at 65% of its maximum speed. 

Figure 3.5 shows a comparison of the mean as well as quasi-steady external and internal 

pressures for opening A100 for Cat 3. While in general, the mean internal pressure coefficients 

follow the variation of mean external pressure coefficients averaged over the opening, the 

quasi-steady internal pressure coefficients piQSĈ  (= qpi ˆˆ ) are found to be around 15% higher 

than the mean and quasi-steady external pressure coefficients peQSĈ  (= qpe ˆˆ ) due to the 

dynamic effects of internal pressure. The external pressure taps also seem to have been 

affected by the Helmholtz resonance, as indicated by the slightly higher values of the quasi-

steady pressure coefficients for normal or near normal flow configurations. The quasi-steady 

pressure internal pressure coefficients are found to be much higher than the corresponding 

mean values, particularly when the mean pressures are positive. 
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Figure 3.5: Mean and Quasi-steady external and internal pressure coefficients for A100 in Cat 3 terrain 

Figures 3.6(a) and 3.6(b) show the variation of mean internal pressure coefficients for 

different opening configurations at different angles of wind attack for Cat 2 and Cat 3 

respectively. The mean values of internal pressure coefficients are maximum at 0° wind 

direction for all opening configurations and terrain categories investigated. A higher mean 

value of internal pressure for larger openings is due to the location of those openings with 

respect to the stagnation point where maximum external pressure develops. Higher external 

pressure over the opening will invariably induce higher internal pressures for larger openings. 

Figure 3.6: Mean internal pressure coefficients for different opening areas in (a) Cat 2 (b) Cat 3 terrains 

The RMS internal and external pressure coefficients for the opening configuration A100 

plotted in Figure 3.7 for Cat 3 shows the internal pressure fluctuations slightly in excess of 

the external pressures for windward opening situations. This is due to the dynamic response 

of internal pressure to turbulent external pressures near the opening. It should be noted that 

the external pressures around the openings are also possibly affected by the resonant effects 

and hence exhibit comparatively higher values of fluctuations for the windward opening 

situations. For wind angles ±80 and ±90°, corresponding to sidewall opening situations, the 

Cat 2 Cat 3 ba 
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RMS external pressures register a somewhat higher drop compared to those of internal 

pressures, resulting in larger internal-external RMS pressure difference compared to the onset 

flow directions. This is possibly due to the separated flow field on the side wall. 

 

Figure 3.7: RMS external and internal pressure coefficients for A100 in Cat 3 terrain 

Figures 3.8(a) and 3.8(b) plot the RMS internal pressures for different opening and terrain 

configurations investigated. Understandably, the RMS internal pressures decrease with 

reduction in the size of the opening, the value for the nominally sealed configuration (A0) 

being 4-5 times less than the case for the largest opening (A100) for Cat 2 terrain category and 

7-8 times less for Cat 3 condition in the study. 

Due to increased roughness and boundary layer turbulence for Cat 3 compared to Cat 2 

terrain category, the RMS internal pressures induced through turbulent buffeting are 

comparatively higher than Cat 2 conditions. This is especially evident at normal or near 

normal angles of attack where internal pressure fluctuations are induced by turbulent external 

pressure fluctuations (i.e. stagnation type flow). This is similar to the observations of Oh et 

al. [15]. No significant effect of oblique flow resonance induced by “eddy dynamics” effect 

as indicated by Sharma and Richards [14] for higher angles of wind attack (±50-90°) was 

however observed in the current study for the different Strouhal numbers (i.e. ridge height 

velocities) investigated. 
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Figure 3.8: RMS internal pressure coefficients for different opening areas in (a) Cat 2 (b) Cat 3 terrains 

Figure 3.9 shows the RMS internal pressure coefficients for opening A100 at different ridge 

height velocities under Cat 3 terrain conditions. 

 

Figure 3.9: RMS internal pressure coefficients for A100 under different ridge height wind speeds in Cat 3 
terrain 

This could possibly be attributed to the lower Strouhal numbers in the present study than 

what is required (0.34 as per Sharma and Richards [14]) for this phenomenon. The non-

dimensional area-volume ratio, that determines the Helmholtz frequency of a building cavity, 

in the current study is 0.00108 i.e. around 7 times smaller compared to 0.0074 for the 1:50 

scale TTU building model used by Sharma and Richards [14]. Thus to achieve a Strouhal 

number of 0.34, either the volume has to reduced or the area has to increased accordingly; 

meaning that such a phenomena can only occur in smaller structures with relatively larger 

areas such as garages and garden sheds. The author shares the opinion of Kopp et al. [78] 

regarding the relative insignificance of eddy induced resonance for large structures in severe 

winds. 

Cat 2 Cat 3 a  b 
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The Lieblein fitted peak values of internal pressure coefficients for different opening 

configurations and terrain conditions are plotted in Figures 3.10(a) and 3.10(b) respectively. 

The statistical peak values of internal pressure at almost all the angles of attack investigated 

are found to increase with increase in the opening size. This is due to a stronger resonant 

response of internal pressures with increase in opening size and in agreement with the 

theoretical predictions. The peak values as expected are higher for terrain Category 3 than for 

Cat 2 due to higher boundary layer turbulence.    

Figure 3.10: Peak internal pressure coefficients for different opening areas in (a) Cat 2 (b) Cat 3 terrains 

The influence of terrain roughness on the dynamics of internal pressure in a low-rise building 

is summarized in Figures 3.11(a) and 3.11(b) in terms of the measured RMS and peak 

internal pressure coefficients for different opening ratios (A0/Awall) at 0° wind direction. The 

higher values for Cat 3 are indicative of the effect of enhanced turbulent buffeting by 

increased roughness in the terrain. 

There are similarities between the two exposures in terms of the trends of statistics (mean, 

RMS, maxima, and minima), the wind azimuth effects, opening ratio dependence and the 

occurrence of resonance. However, the magnitude of the internal pressures is altered, 

primarily due to the difference in the strength of the boundary layer turbulence in the two 

terrain categories. The trends in terms of the magnitude of RMS and peak internal pressures 

with variation in opening size also qualitatively matches those of Sharma’s wind tunnel study 

[16] with the TTU building using a category 2 terrain setup. 

Cat 2 Cat 3 a 
b 
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Figure 3.11: (a) RMS and (b) peak internal pressure coefficients for different opening ratios at normal 
flow 

A greater insight into the dynamics of internal pressure is expressed in terms of the spectra of 

area-averaged external and internal pressure fluctuations for different openings under Cat 2 

and Cat 3 configurations at 0° wind direction. A plot of such spectra for Cat 2 and Cat 3 are 

presented in Figures 3.12(a) and 3.12(b) respectively.  Also plotted are the admittance 

functions of internal to external pressure fluctuations for the different opening configurations 

investigated in Figures 3.12(c) and 3.12(d) for Cat 2 and Cat 3 respectively. 

The admittance function values for a particular opening configuration are generally higher for 

Cat 3 than for Cat 2 configuration. The high frequency shift in the peak admittance, 

corresponding to the Helmholtz frequency, with increase in opening size as per Equation 

(3.17) is evident in the admittance plots. The value of internal pressure fluctuations at 

resonance are almost 4-4.5 times higher for A100 configuration compared to the nominally 

sealed opening situation (A0) due to predominance of the internal pressure resonant response 

for larger openings. 

a  b 

a  b 
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Figure 3.12: Spectra of external and internal pressures for different opening areas in (a) Cat 2 and (b) 
Cat 3, Admittance of external to internal pressure for different opening areas in (c) Cat 2 and (d) Cat 3 

terrain conditions 

It should be noted that the admittance functions tend to be less than unity, at lower 

frequencies, for smaller openings (A80, A50 and A30) due to estimation of these quantities 

using the external pressure signals averaged over an opening area equivalent to A100.   

3.5.3. Comparison between experiments and predictive model 

Fig. 3.13 provides a summary comparison of the predicted and the measured internal pressure 

statistics. Data for all the opening ratios (except the nominally sealed case) in both the open 

country (Cat 2) and sub-urban terrain (Cat 3) terrain are presented here for 0° wind direction. 

The X- and Y-axes show internal pressure coefficients for the experimental and predicted 

results, respectively. The dashed lines in the figures are for a line whose slope is unity, such 

that if predictions were identical to the experiments, all data would fall on this line. The 

coloured points represent numerical predictions in comparison with the experimental data. 

The mean internal pressures were calculated using Equation (3.1) while the RMS and the 

peak internal pressures were obtained by numerically simulating an internal pressure time 

series by forcing Equation (3.16) using external pressure signals obtained from experiments. 

A fourth order Runge-Kutta method with adaptive time stepping capability was used for 

numerical simulations. Values of c =0.6, 4oe Al  and CL ranging from 1.5 to 2.8 were 

used to obtain the presented match for different opening configurations. 

c  d 
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Figure 3.13: Comparison between measured  and predicted (a) Mean (b) RMS (c) Peak internal pressures 

for different opening areas in Cat 3, Measured  and predicted (d) Mean (e) RMS (f) Peak internal 
pressures for different opening areas in Cat 2 terrain conditions 

It is clearly seen that for all cases investigated, the mean, RMS, maxima and minima are all 

placed close to the matching line, indicating that the internal pressure signals are predicted 

very well by the presented theory, though tweaking of the ill-defined loss coefficient (CL) 

between the range mentioned earlier was needed to be carried out until a good match was 

obtained. Table 3.3 provides the calibrated loss coefficient values needed to effect the match. 

 

 

a  d 

b  e

c  f 
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Table 3.3: Calibration of loss coefficients for different opening areas 

Opening configuration 
CL  

Category 2 Category 3 

A30 6.0 4.1 

A50 12.2 8.6 

A80 22.9 13.4 

A100 36.4 24.5 

 

In general, the loss coefficients are found to increase with opening area, with the terrain 

roughness effects being more prominent for larger opening areas. It is worth mentioning that 

the loss coefficients obtained in this study are much higher than those reported by Sharma 

and Richards [37]. Such results are consistent with those reported in recent experimental 

studies, such as by Ginger et al. [65]. It should be noted that the contribution of viscous shear 

stress, at the walls of the opening, to energy losses become relatively more significant at 

model scale, therefore loss coefficients at full scale are expected to be somewhat smaller (by 

around 1-5%) depending on the scale of the model.  

Figures 3.14(a) and 3.14(b) present 4 seconds trace of the measured and simulated of internal 

pressure coefficients for A100 configuration in Category 2 and 3 terrain profiles respectively. 

The match between the measured and simulated internal pressure coefficients was 

accomplished using a loss coefficient of 36.4 and 24.5 respectively for category 2 and 3 

terrain conditions.   

The fluctuations and hence the peak values of internal pressure is found to be much higher for 

Category 3 terrain conditions than Category 2 due to increased boundary layer turbulence 

contributed by surface roughness.  
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Figure 3.14: 4 seconds trace of the measured and simulated of internal pressure coefficients for A100 in (a) 
Cat 2 and (b) Cat 3 terrain conditions 

3.6. Summary and Conclusions 

Models available in the literature for predicting the mean and fluctuating internal pressure 

induced through a dominant opening in rigid non-porous buildings is numerically 

investigated and validated experimentally in the wind tunnel. While the model for the 

prediction of mean internal pressure is based on steady state continuity equation driven by the 

mean pressure differential across the opening(s), a non-linear oscillator model based on the 

unsteady Bernoulli equation is used to describe the fluctuating internal pressure induced by 

turbulent external pressure fluctuations near the opening. The model suggests that internal 

pressure fluctuations induced by the wind through the dominant opening are dependent on the 

frequency response characteristics of the building cavity; the response being similar to that of 

a Helmholtz resonator behaving as a single degree of freedom system. 

Linearization of the governing equation attempted in the past by different authors to make its 

use practicable is investigated in detail, particularly with respect to the RMS internal pressure 

coefficients predicted for different opening areas for a building representative of the TTU test 

setup. It is found that while the “detailed approach”, that involved extensive iteration and 

computer time, provided a more accurate estimate of the RMS internal pressures, especially 

for smaller opening areas, than the more simplified closed form models. The simplified 

models, though not so accurate due to over-estimation of the resonant effects, provided an 

attractive alternative for practical use. 

A published numerical model that incorporates the dynamic effects for the calculation of the 

internal pressure gust and peak factor is used to estimate gust factors as a function of opening 

to wall area ratio for the TTU test building under different wind speeds, turbulent intensities 

ba 
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and internal volumes. An alternate but simpler empirical expression for the calculation of 

gust factor, also available in literature, is slightly modified to match the numerical 

predictions. 

Extensive wind tunnel tests involving volume-scaled rigid non-porous building models with 

different opening areas have been carried out to validate the theoretical predictions. In 

particular, five different opening areas and two terrain roughness categories, open and sub-

urban, were tested for wind directions +90° to -90° relative to the wall containing the opening 

in 10° increments. The quasi-steady internal pressures obtained using the Lieblein method are 

found to be higher than the mean values of internal pressure, particularly at angles where the 

pressures are positive. This, as theoretically predicted, is due to the dynamic nature of 

internal pressures induced by the Helmholtz resonance phenomena.  

Size and location of the dominant opening also show a considerable influence on the mean 

internal pressure response of buildings, particularly for normal or near-normal wind 

directions. This is due to the location and extent of those openings with respect to the 

stagnation point where maximum external pressure develops. As demonstrated by previous 

studies, the dependency of the internal pressure response on external pressures around the 

opening is established experimentally. 

Higher mean external pressure over the opening is found to induce higher mean internal 

pressures at all wind directions in the current study in agreement with the theoretical 

predictions. The RMS and peak internal pressure coefficients are also found to be primarily 

dependant on the size and location of the opening in addition to the free stream turbulence. 

Thus for a given opening area and wind direction, the RMS and peak internal pressure for 

Category 3 (suburban) terrain is found to be higher than that of the Category 2 (open) terrain 

roughness due to increased roughness and boundary layer turbulence. This is especially 

evident at normal or near normal wind directions where internal pressure fluctuations are 

induced by onset turbulent external pressure fluctuations (i.e. stagnation type flow) rather 

than eddy-penetration phenomena. 

The dramatically strong eddy induced internal pressure response reported to occur at oblique 

angles of attack, by some previous wind tunnel studies, is not observed in the current 

experiments. This is possibly due to the threshold Strouhal number needed for the occurrence 

of such a phenomenon not being achieved in the current study due to the cavity scaling that 

reduces the non-dimensional area-volume ratio. It is argued that such an eddy-driven resonant 
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phenomenon at oblique wind angles is usually not significant for real buildings, due to their 

appreciably large internal volumes and therefore lowers Helmholtz frequencies needed to 

effect such phenomena. It may however be of significance for structures with smaller 

volumes but comparatively larger opening area such as garden sheds and small garages. 

The spectra of internal pressures for different opening areas measured in the wind tunnel 

exhibit the relatively higher damping effect of smaller openings in mitigating the resonant 

response of internal pressure. The influence of decreasing opening size on the Helmholtz 

resonance of the building cavity is experimentally demonstrated by a shift in the resonant 

frequency towards the lower end of the frequency spectrum in agreement with the theoretical 

predictions. 

It is encouraging to note that a good agreement between the measured and predicted values of 

mean, RMS and peak internal pressure is obtained from numerical simulations using opening 

external pressure time histories obtained in the wind tunnel for both the terrain categories, 

though tweaking of the ill-defined loss coefficient (CL) is needed to obtain the agreement. 

Loss coefficients in general, are found to increase with the area of the opening for winds 

normal to the wall containing the opening. Loss coefficients ranging from 6 to 36 were used 

in the current study to obtain the match between theory and measurements involving different 

opening configurations. 
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Chapter	4 :	Internal	pressure	in	a	flexible	non‐porous	

building	with	an	opening	

 

All buildings in real life, excepting exceptionally rigid structures constructed for special 

purposes, have flexible envelopes. The response of the walls, roofs and other component 

structures of residential and light industrial building such as rattling of roofs during strong 

winds are a commonplace experience in cyclonic regions. Sharma [16] reports about the 

heaving response of the roof of the Silsoe structures building (SSB), a portal framed 

structure, captured on video during high winds. The response was found to be especially 

significant in presence of a dominant opening. Since parts of the building such as the roof are 

inherently more flexible than the other due to the construction styles in practise, a vigorous 

and often dynamic response resulting in failure or lift-off of the entire roof structure or part 

thereof during severe winds is also not uncommon. Since the magnitude of such response and 

the extent of the resulting failure depend, in addition to the external pressures, on the internal 

building pressures induced through an opening on the building surface, it is imperative to 

investigate the effect of internal pressure and its interaction with skin flexibility in real 

buildings.  

The basic theoretical foundation of the interaction between building skin flexibility and 

internal pressure for a nominally sealed building and that with a dominant opening was 

provided by the study of Vickery [19], in which the building structure was assumed to 

respond in a quasi-static manner i.e. deflections are assumed to be proportional to the applied 

pressure at all times. The effect of building flexibility was shown by Vickery to result in a 

decrease in the Helmholtz frequency along with an associated increase in damping. While the 

effects of building flexibility of a ‘breathing’ building were correctly described by this 

approach and the effect of fluctuating roof external pressures were considered in the 

development of transfer functions for the nominally sealed situation, the characteristics of 

combined load developed across the envelope for a building with a dominant opening was not 

determined. In spite of the decrease in Helmholtz frequency brought about by a flexible 

envelope, Vickery argued that the Helmholtz frequency will be well out in the tail of the wind 

spectrum and resonant amplification will be insignificant. 
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Novak and Kassem [79] and Vickery and Georgiou [47] attempted to describe the interaction 

between a flexible roof backed by a cavity with openings as simple two-degree-of-freedom 

systems. These studies were directed at large span self- or air-supported structures such as 

arenas and sports stadia. The first of these two studies validated the theoretical model with 

experimental tests on scaled models in still air, in predicting the resonance frequencies and 

the damping ratios. The laboratory models were excited with a loudspeaker output. The later 

theoretical study of Vickery and Georgiou [47] considered the effect of the wall opening area 

to the roof area ratio, on the form of the transfer function and the RMS values of the 

fluctuating roof response. The mass of the roof was assumed to be dominated by the added 

mass term and the damping of the roof system was set to zero with the assumption of a 

dominant interactive damping. While the effect of suction pressures on the roof was 

considered in the study, no attempt to determine the combined load across the roof and the 

resulting roof response was made. Furthermore, in the calculation of the individual RMS 

contributions to the roof response due to pressures applied at the opening and on the roof, the 

writers while using individual admittance functions for the opening and the roof suction 

pressures, did not consider the coherence and the phase relationship between the two. 

Sharma and Richards [49] also presented a theoretical treatment of the effect of flexibility on 

internal pressure fluctuations for a building with a dominant opening. The quasi-static 

envelope flexibility proposed by Vickery [19] was shown to be a special case of the more 

general model that included the dynamic behaviour of the roof. In particular, the possibility 

of double resonance of internal pressure under the influence of a dynamically flexible roof 

was highlighted. Through a comparison of the transfer functions, it was shown that setting the 

roof damping to zero for low-rise buildings as was done by Vickery and Georgiou [47] would 

lead to over-prediction of the RMS internal pressure and roof response. The study, just like 

the previous ones, did not however consider the characteristics of the roof external pressure. 

Sharma [16], in his doctoral dissertation proposed a generalized dynamic model of the 

interaction between internal pressures and envelope flexibility by including the effect of roof 

external pressure fluctuations and its spectral relationship (the coherence and the phase) with 

external pressures over the windward opening. Expressions for the net roof pressure 

characteristics in addition to the fluctuating internal pressure response were presented. A 

simplification to the proposed model under the assumption of a quasi-statically flexible 

envelope was reported by Sharma [80] for a building with a windward dominant opening. 

The internal and net envelope pressures were found to be reduced by the building flexibility, 
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as indicated by somewhat smaller RMS pressure coefficients relative to the case of a rigid 

building. Furthermore, the correlation between roof external and internal pressures was found 

to increase with building flexibility. 

Pearce and Sykes [81] carried out free-vibration tests, in still air, of rigid and flexible walled 

Helmholtz resonators with different internal volumes, opening sizes and orifice lengths. 

Orifice inertia coefficients, bulk modulus ratios and damping factors as a fraction of the 

critical were determined from these tests. The results also pointed towards the relative 

insignificance of acoustic radiation damping for a majority of the configurations tested. 

Pearce and Sykes [44] further extended their study to investigate the effect of boundary layer 

flow on the internal pressure dynamics of the same resonators used for free-vibration tests. 

The investigation involving a variety of internal volumes, wind speeds, angles of wind attack 

and flexible roofs (with different roof tensions) confirmed the reduction in Helmholtz 

frequency effected by the flexible roof as predicted by theory. In particular, a cavity scaling 

parameter was used to collapse the unsteady internal pressure data for configurations with 

significant measured resonance. 

In this chapter, the generalized dynamic model proposed by Sharma [16] is revisited along 

with the a relatively simpler model [16] based on quasi-static flexibility assumption. 

Comparisons between the two models for different roof flexibilities are carried out in terms 

of the transfer functions, spectra and RMS of predicted internal and net roof pressures. Wind 

tunnel experiments involving internal pressure characteristics of the TFWT building with a 

flexible Styrofoam roof is discussed and compared with the rigid roofed model to validate the 

theoretical predictions. Some tests to characterize the stiffness and frequency response of the 

flexible Styrofoam roof using fan induced forced vibration tests are also reported. 

4.1. Governing Equations 

This section deals with the internal pressure models for flexible building envelopes following 

the work of Sharma [16]. 

4.1.1. Non-linear model 

The problem to be considered is the response of internal pressure to fluctuating external 

pressure following a windward window/door breakage during high winds such as tropical 

cyclones. Furthermore, the characteristics of the roof external pressure fluctuations and the 

transmissibility of these fluctuations to the building interior through the flexible envelope are 
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included in the model. Assuming no background leakage, conservation of mass requires that 

the rate of mass flux at the opening must be equal to the rate of change of the mass of air 

inside: 

 
dt

d
V

dt

dV

dt

Vd
xcA a

a
a

a

 0
                      (4.1) 

In this relation, ρa and V are the density of ambient air and building volume respectively, c is 

the flow contraction coefficient of the opening of area A0, and x  is the velocity of the air jet 

entering or exiting through the opening. The first term on the right-hand side of Equation 

(4.1) represents the physical change in internal volume, whilst the second term represents 

compression or expansion of the air inside the building. For a small air density change, the 

unsteady-isentropic form of the Bernoulli equation applied to a streamline connecting the 

immediate external region to an internal point within the convergent flow region is given by: 

  xxCCCqxl aLpipeae  
2
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                    (4.2) 

In this equation, le is the effective length of the air jet/slug at the opening, 2
2

1
haUq   is the 

reference ridge-height dynamic pressure based on the mean wind speed hU , and Cpe = pe/q 

and Cpi = pi/q are the time-dependent external and internal pressure coefficients. 

Using Equations (4.1) and (4.2), the isentropic gas law for air 
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in which Pa is the pressure of ambient air, and defining the non-dimensional volume change υ  
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as the ratio of the change in volume V-V0 to the nominal volume V0, Sharma [16] showed that 

the response of internal pressure in any flexible building is governed by 
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Now typical building flexibilities induce only small changes in building volume in 

comparison to its nominal volume so that υ≈0 can be assumed to hold good for most practical 

purpose. Using this assumption, Sharma [16] further simplified Equation (4.5) to 
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Equation (4.6) represents the general model of internal pressure response for a flexible 

building with a dominant opening. For a rigid building, the internal volume change is 

negligible and setting the time derivatives of υ to zero results in the governing equation 

presented earlier as Equation (3.16) in Chapter 3. 

Although for non-rigid buildings, it is quite impossible to model the exact structural 

behaviour, as discussed earlier it may however be reasonable to consider a single component 

of the building such as the roof to have a higher flexibility than the rest. Depending on the 

degree of the flexibility, buildings may behave in either quasi-static or dynamic manner. 

These simplifications but nonetheless realistic assumptions as discussed by Sharma [16] are 

considered next. 

4.1.2. Dynamic roof response 

If the structural frequency of the building roof (or walls) is close to the expected Helmholtz 

frequency, then dynamic interaction between the internal pressure system and the flexible 

component may be expected. As discussed earlier, many low-rise buildings are more flexible 

in the roof than in the walls. Such buildings may be reasonably modelled by a building where 

the volume changes are provided mostly by uniform vertical roof deflections. This is a 

significant approximation to represent a flexible roof; contrary to real roofs being continuous 

dynamic systems having variable static and dynamic deflections over its area. 

Considered is a building of height H and roof plan area Ar as illustrated in Figure 4.1 [16]. 
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Figure 4.1: Schematic of a building with a flexible roof and a dominant opening, Sharma [16] 

If the roof of mass mr and plan area Ar has a structural circular natural frequency ωr=2πfr 

(structural stiffness kr=mrωr
2) and damping ratio ςr (including structural, acoustic and 

aerodynamic damping), and is assumed to behave linearly, then its vertical response xr to 

fluctuating internal and roof pressures will be governed by [16]: 

  rrrrrprpi
r

r
r xxCC

m

qA
x   22                                                                                     (4.7) 

where Cpr is the time dependant area-averaged external roof pressure coefficient Since 

volume changes are provided by the vertical movement of the roof, the non-dimensional 

volume change can be expressed as [16]: 

H

x

V

V

V

VV r






00

0                                                                                                          (4.8) 

Substituting Equation (4.8) and its time derivatives in Equation (4.7), Sharma [16] obtained 

the following equation 
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that can be solved simultaneously with Equation (4.6) to obtain the responses of internal 

pressure and the roof. 
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4.1.3. Quasi-static roof response 

When the structural frequency of the building components (e.g. the roof) is considerably 

higher than the expected Helmholtz frequency, the structure will respond in a quasi-static 

manner to applied loading. The structural deflections can be assumed to be linearly related to 

the applied loading at all times. Assuming that the flexibility of a typical building is 

concentrated in the roof, then the change in non-dimensional internal volume and its time 

derivative can be represented by [80]: 
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in KB is the building bulk modulus defined as the ratio of increase in net pressure loading to 

volumetric strain and dots and double-dots represent the first and second order time 

derivatives respectively. Vickery [82] assumed the ratio of the bulk modulus of air to that of 

the building  
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                                                       (4.13) 

to vary between 0.2 for stiff structures to 5.0 for flexible large span roof structures. 

Substituting Equations (4.11) and (4.12) into Equation (4.6) and subsequently discarding 

insignificant terms yields [80]: 
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  (4.14) 

This equation describes the response of building internal pressure to an opening and roof 

external pressures when the roof responds in a quasi-static manner. The undamped natural 

frequency HHf   which is readily obtained from Equation (4.14) is dependent on the building 

flexibility and given by [80]: 
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where fHH is the Helmholtz frequency for a corresponding rigid building. It should be noted 

that Equation (4.15) is functionally similar to Equation (3.11) in Chapter 3 proposed by 

Vickery. It is obvious from the equation that increased building flexibility, represented by 

increasing values of b, results in a decrease in the Helmholtz resonance frequency. Building 

flexibility also increases the magnitude of damping in the system.  

The significance of the effect of building flexibility and characteristics of external loading on 

the internal pressure response can be further examined by examining the admittance 

functions. Thus however requires linearization of Equation (4.14) as proposed by Sharma 

[80]  
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where jc  is the equivalent damping coefficient per unit area of the opening given by [80]  
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In Equation (4.17), piC
~

 and prC
~

 are the RMS values of fluctuating internal and roof external 

pressure coefficient respectively and ρir is the correlation between them. A conservative but 

somewhat simplified estimate of the damping coefficient can be made by assuming 

upepi ICC 2
~

  (Iu being the turbulence intensity), so that Equation (4.17) modifies to [80] 
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4.1.4. Linearisation and Transfer Function Estimates 

Transfer function estimates of internal and net pressure across the envelope, involves 

linearizing the governing equation of internal pressure and roof response. 

The linearized version of the equation of motion of the air slug in the dominant opening is 

given by [16] 
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 pipejea CCqxcxl                                                                                                    (4.19) 

where cj is the equivalent damping coefficient per unit opening area. Re-writing the roof 

displacement equation of motion as [16] 
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The displacements of the air slug and roof can be related to the internal pressure using 

continuity equation with isentropic density formulation as [16] 
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Equations (4.19) and (4.20) can be re-written using Equation (4.21) as [16] 
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where ωHH=2πfHH is the angular Helmholtz frequency of the rigid building, ωrp =2πfrp is the 

angular frequency associated with the pneumatic stiffness of the roof with respect to the 

contained air and ωj =2πfj is the angular frequency associated with damping defined as [16] 
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Laplace transforming Equations (4.22a) and (4.22b) and algebraic manipulations in the 

frequency domain results in the expression for the component transfer functions (i.e. gain and 

phase) of internal pressure to the opening and roof external pressure coefficient fluctuations. 

The resulting expressions for transfer [ )(  jie ], gain [| )( ie |] and phase [φie(ω)] functions 

of internal pressure over the opening external pressure coefficient where j is the complex root 

of unity are [16] 
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Similarly, transfer [ )(  jir ], gain [| )( ir |] and phase [φir(ω)] functions of internal pressure 

over the roof external pressure coefficient can be shown as [16] 
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In these equations, aa , bb  and cc  are defined as [16] 
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Equations (4.23-4.25) represent the expression of transfer functions of internal to wall 

opening and roof external pressure coefficient for the general/dynamic roof response 

situation. These transfer functions are similar to the component transfer functions of a two-

degree-of-freedom mechanical system, consisting of two-spring-damper systems, being 

excited by two forces acting on the two masses. Such system exhibit two resonant modes, the 

first where the masses oscillate in phase, while the second where the oscillations are 180° out 

of phase. The corresponding undamped natural frequencies f1 and f2 are obtained by setting 

the damping terms to zero and then equating the denominator of Equation (4.23b) or (4.24b) 

to zero. This results in [16]: 
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where fHH=ωHH/2π, fr=ωr/2π and frp= ωrp/2π are the Helmholtz frequency, roof structural 

frequency and the roof pneumatic frequency respectively. 

For a quasi-statically responsive roof, the expressions for the transfer function further 

simplifies under the assumption of (a) r →0 (b) r  →∞ and (c) 22
rrpb   leading to the 

following expressions for internal to opening and roof external pressure coefficient transfer, 

gain and phase functions [16, 80]. 
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In these equations,  bjj  1 .  

In the frequency domain, the internal pressure fluctuations can be written in terms of the 

fluctuating opening and roof external pressures using the component transfer functions 

defined above as [16, 80] 

          jCjjCjjC prirpeiepi                                                                       (4.29) 
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To obtain the transfer function of internal pressure coefficient to the onset ridge-height 

dynamic pressure χiq(jω), in addition to the component admittances [ )( ie , )( ir ] and 

phase functions [φie(ω), φir(ω)] defined above, the transfer function of external pressure 

coefficient at the opening to the onset ridge-height dynamic pressure χeq(jω), roof external 

pressure coefficient to the onset ridge-height dynamic pressure χrq(jω) and the phase 

relationship between the opening and roof external pressures [φer(ω)] are required. These may 

be obtained from wind tunnel tests as previously shown by Sharma [80] for the case of TTU 

building.  

Defining the transfer function of opening and roof external pressure coefficient to ridge 

height dynamic pressure respectively as [16] 
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the transfer function of internal pressure coefficient to ridge-height dynamic pressure is 

obtained (Sharma [80]) from Equations (4.30a and 4.30b) as  
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The admittance function of internal pressure coefficient to the ridge-height dynamic pressure 

can be readily obtained as the modulus of the transfer function given by Equation (4.31) [80] 
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where er  is the phase difference between the opening and roof external pressure fluctuations 

typically obtained from cross-spectral measurements in the wind tunnel as shown by Sharma 

[80] for the case of TTU building. 

It is also possible to determine the net envelope pressure fluctuations in terms of the 

fluctuating opening and roof external pressures. Noting that [16]: 

prpipn CCC  ; prpipn CCC  ; pepi CC                                                                       (4.33) 

where piC , peC , prC and pnC  are the mean internal, opening external, roof external and net 

roof pressure coefficients, the relation in the frequency domain may be written as [16]: 

               jCjjCjjCjCjC prirpeieprpipn 1                      (4.34) 

By substituting appropriate expressions into Equation (4.34), the transfer function of the net 

envelope pressure coefficient to the ridge-height dynamic pressure can be written as (Sharma 

[80] 
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The net envelope pressure coefficient admittance given as the modulus of Equation (4.35) is 

thus [80] 
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4.1.5. RMS internal ( piC
~

) and net envelope pressure ( pnC
~

) coefficients 

The RMS internal and net envelope pressure coefficients induced through the opening and 

the flexible roof are difficult to estimate analytically due to lack of standard analytical 

expressions of the transfer functions of external opening and roof pressures with respect to 

the oncoming turbulent flow field and their spectral relationship. However, it is possible to 

obtain these values by numerical integration of the corresponding spectral curves derived 

from Equations (4.32) and (4.36) respectively as [16]  
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Sq(f) is the spectrum of ridge-height dynamic pressure. 

4.2. Measurement of Admittance and Phase in the wind tunnel 

Measurement of the admittance and phase functions, |χeq|
2, |χrq|

2 and φer, were carried out for a 

windward wall opening area of full scale dimensions 5m by 4.2m (A100 as defined in Chapter 

3) and for a section of the roof (near the windward edge) of dimensions 5m by 11m at θ=0° 

wind angle, using a 1:100 scale wind tunnel acrylic model of the Twisted Flow Wind Tunnel 

(TFWT) building of the University of Auckland (UoA) as shown in Figure 4.2(a). This is 

similar to the approach adopted by Sharma [16, 80] for measurement of admittance and phase 

functions, |χeq|
2, |χrq|

2 and φer, for the TTU building. Some additional tests involving both A100 

and A50 (defined in Chapter 3) opening configurations and a flexible roof were also carried 

out to estimate the internal pressure statistics for wind angles ranging from +90° to -90° in 

10° increments.  

Dynamic similarity between model and full scale necessary for internal pressure 

measurements was maintained using volume scaling for a model to full scale velocity ratio of 

1:4 for a typical ridge height velocity of 6m/s in the wind tunnel. This was achieved by 

exaggerating the internal volume of the hall cavity, of dimensions 351mm by 249mm by 

70mm, using a sealed plywood chamber 322mm by 322mm by 795mm hanging from the 

turntable below the tunnel floor as shown in Figure 4.2(a). 
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Wall/opening area 
50mm x 42mm

351 mm

Roof area
50mm x 110mm

 

Figure 4.2: (a) 1:100 scale model of the TFWT building (b) Tapping positions on the wall and roof  

Internal pressure was measured at three positions inside the hall and one inside the adjoining 

space. External pressure measurements involved simultaneous data sampling at 51 taps on the 

wall containing the opening and 8 points on the roof centerline plane as shown in Figure 

4.2(b). A pitot tube placed 1m upstream of the test section at a height of 500mm (50m full 

scale) above the tunnel floor was used for reference static pressure measurements. A 

frequency dependent transfer function established from a different set of tests involving 

simultaneous velocity measurements at the reference (500mm) and the building ridge height 

(70mm) using a hot-wire anemometer at the test section without the model was used to 

convert the mean and fluctuating velocity at the reference height to that at the building ridge 

height. A 64 channel pressure measuring system consisting of differential transducers of 

range ~± 650 Pa (XSCL series, Honeywell Inc.) along with signal conditioning equipment 

interfaced to a PC through a LABVIEW program was used for logging the raw voltage data 

digitized and sampled at 600Hz. PVC (make Scanivalve) tubings of internal diameter 1.5mm 

and length 550mm were used to transmit the internal, windward and roof external pressure 

signals to the pressure module which were subsequently corrected for tubing induced 

distortion using a time-domain based recursive filter (see Appendix C) approach (Halkyard et 

al. [76]). Typically data were collected for 120 seconds for each channel for subsequent 

analysis. 

The tests were conducted in a boundary layer simulated to 1:100 scale terrain Category 3, as 

defined in AS/NZ 1170.2.2002 [8], in the low speed section of the de Bray wind tunnel of the 

University of Auckland with test section dimensions of 11m by 1.8m by 1.2m. A four-hole 

θ 

a  b 
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cobra probe mounted on a vertical traversing rig at the test section (without the model) and 

60cm upstream was used to determine the mean longitudinal velocity and turbulence intensity 

profile across the tunnel height prior. The details pertaining to the simulated boundary layer 

characteristics are provided in Appendix B. 

The normalized frequency dependent admittance functions of wall and roof external pressure 

coefficient with respect to the ridge height dynamic pressure were estimated from the cross-

spectrum measurements to eliminate the uncorrelated noise in the dynamic pressure signal 

obtained from the pitot tube  
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where SCpeq(ω) and where SCprq(ω) are the cross-spectral density of the wall and roof external 

pressures coefficient with the ridge height dynamic pressure respectively and SCpe(ω) and 

where SCpr(ω) are the auto-spectral density of the wall and roof external pressure coefficient 

fluctuations. 34 blocks of 1024 consecutive data samples were used to calculate the average 

spectra in each case. The phase function [  er ] as obtained from cross-spectral density 

[SCpeCpr(ω)] between the wall and the roof external pressure is given by 

   CpeCprer Sarg)(                               (4.39) 

Windward (   2
eq ≡

2
)(eWq ) and roof (

2
)(rq ) external pressure coefficient admittance 

and phase functions, obtained from the wind tunnel measurements and plotted against 

reduced frequency are presented in Figures 4.3(a) and 4.3(b) respectively.  

While the windward wall external pressure coefficient admittance function |χeWq|
2 shows 

attenuation as expected in the high frequency region, the enhanced energy at higher 

frequencies observed for the roof external pressure coefficient admittance function |χrq|
2 is 

probably due to intermittent turbulence generated in the shear layer due to separation at the 

windward edge. The phase function shows a value of 180° or π radian at the lower 

frequencies but tends towards 0° at higher frequencies. This is somewhat different to the 
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observations of Sharma [16] where a phase difference of π radian between the windward wall 

and roof pressure fluctuations was observed across all frequencies for the TTU model tested 

in the wind tunnel. These relationships were further used for calculation of internal and net 

pressure coefficient admittance functions |χiq|
2 and |χnq|

2 and spectra for different roof 

flexibility of the TWFT building with a dominant windward opening. 

Figure 4.3: (a) Admittance of windward wall and roof external pressure coefficient and (b) phase 
relationship between the wall and roof external pressures 

4.3. Analytical Example 

An analytical example of the internal pressure response for a building with a flexible roof and 

opening is provided for the case of a building similar in dimensions to the TFWT building of 

the University of Auckland.  In particular, roofs of different structural stiffness (hence natural 

frequency) but of similar mass are used for both dynamic and quasi-static analysis. 

Conditions used for analysis are as follows: 

0V = 6.18x103 m3, 0A = 21 m2, rA = 874 m2, 40Ale  , 

c = 0.6, LC = 1.2, hU = 30m/s, a = 1.185kg/m3, 

 = 1.4, aP = 101300Pa, peWpi CC  = 0.57, prC = -0.65, prC
~

=0.17; uI = 0.20 

Some of these parameters, |χeq|
2, |χrq|

2 and φer were obtained from the wind tunnel 

experiments. The internal to windward wall and roof external pressure coefficient admittance 

and phase functions, |χie|
2, |χir|

2 φie and φir, were estimated analytically using Equations (4.23-

4.24) for the dynamically flexible envelope and Equations (4.27-4.28) for quasi-statically 

flexible envelope. The internal and net roof pressure coefficient to the ridge height dynamic 

pressure admittance functions, |χieW|2 and |χieW|2, as well as the spectra of internal and net roof 

pressures for different roof flexibilities were evaluated using these measured and analytically 

a  b
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estimated admittance and phase functions as per Equations (4.32), (4.36) and (4.37) 

respectively. 

A conservative estimate of the roof damping ratio ( r ) of 0.1 [49] including structural, 

aerodynamic and acoustical damping is used for the dynamic analysis. Sharma and Richards 

[49] have previously argued that the general outcome of the results would only be altered 

marginally for a different value of r , estimation or general approximation of which is 

difficult in practice. Sharma [16] carried out a sensitivity analysis of the internal and net roof 

pressure response to different values of damping ratio to support their argument.  

Although the frequency of the TFWT building roof has not been experimentally evaluated in 

the current study, a rough estimate of fr between 2-4Hz, based on the tributary area (span), 

could be assumed. While this cannot be regarded as a dynamically flexible roof-system under 

neutral atmospheric conditions, as discussed earlier, such behavior is possible under tropical 

storm conditions. In addition, the dead weight (and the thickness) of the roof also determines 

the roof flexibility for a given span. This dead weight, in turn, depends on the roofing 

material and could range from flexible light weight corrugated roof sheeting (such as fibre-

cement or galvanized- steel corrugated sheeting 1-6mm thick) (with/without gravel toppings) 

with laps and fastenings to a much stiffer roofing system consisting of light weight concrete 

slab. In the current study, therefore, a range of roof flexibilities of natural frequency 1, 5 and 

10Hz are quantitatively investigated with the TFWT building as a “control”. 

For quasi-static analysis, values of b for roof structural frequencies (fr) of 1, 5 and 10Hz and 

mass 15 tonnes are estimated approximately as 29, 1.17 and 0.29 respectively. The Helmholtz 

frequency ( HHf  ) for the building with these flexible envelopes calculated using Equation 

(4.14) are 0.22Hz, 0.84Hz and 1.09Hz against that for the rigid building of frequency (fHH) = 

1.25Hz. The value of RMS internal pressure coefficient ( piC
~

) needed to calculate the 

damping coefficient cj1 as per Equation (4.17) for different envelope flexibilities was 

estimated by solving the non-linear models i.e. Equations (4.6) and (4.9) for the dynamic 

analysis and Equation (4.14) for quasi-static analysis. The windward opening and roof 

external pressures as measured in the wind tunnel were used to drive the internal pressure 

response using the non-linear equations.   

Figures 4.4(a) and 4.4(b) compare the admittance functions |χie|
2 for different envelope 

flexibilities i.e. roof structural frequencies (1, 5 and 10Hz) as predicted by the dynamic and 



Internal pressure in a flexible non‐porous building with an opening 

82 
 

the quasi-static model respectively, plotted against the reduced frequency based on the 

windward wall area.  

The first (f1) and the second (f2) resonant frequencies are found to decrease with increase in 

envelope flexibility. For the case of the 1Hz roof in Figure 4.4(a), the response at the first 

resonant frequency (f1) [at the reduced frequency of 0.033] as predicted by the dynamic 

model is heavily damped by the flexibility of the roof and hence not discernable. Similar 

observation can be made for the quasi-static model predictions at 1Hz in Figure 4.4(b), with 

the resonant response at f1 being hardly discernable in the admittance plot. The admittance 

functions at the first resonant frequency in Figure 4.4(a), which shifts towards higher 

frequencies with increase in roof stiffness, however, increases many-fold for the stiffer roofs 

(e.g. 10Hz roof). This increased admittance coupled with increased energy at higher 

frequencies during hurricanes (ESDU [83]) could potentially exacerbate the resonant and 

hence peak response of internal pressure with consequent dynamic loading of the building 

components. The admittance at the second (i.e. higher) resonant frequency (f2) as predicted 

by the dynamic model, on the contrary is found to decrease with increase in roof stiffness. 

This second or the higher resonant response, as predicted by the dynamic model according to 

Equation (4.26), is due to the assumption of a two-degree-of-freedom mechanical system. 

The second resonance, as expected, is not predicted by the quasi-static model for all roof 

flexibilities in Figure 4.4(b). This is due to simplifications involved in the model, resulting in 

a single-degree-of-freedom system behaviour. 

 

Figure 4.4: Internal to wall external pressure coefficient admittance functions predicted by the (a) 
Dynamic model and (b) Quasi-static model 

Figures 4.5(a) and 4.5(b) similarly show the admittance functions |χir|
2 for different envelope 

flexibilities as predicted by the dynamic and the quasi-static model respectively. The nature 

a  b
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of the internal to roof pressure admittance function is very similar to a high pass filter- where 

low frequency quasi-steady pressure signals of the onset turbulence spectrum are filtered out. 

While the admittance predictions of the dynamic and the quasi-static model show marked 

differences i.e. double resonant peaks for the dynamic model as opposed to a single peak for 

the quasi-static model, the roof pressure admittance shows increased gains at frequencies 

higher than f1 i.e. at f2 for all, particularly for more flexible roofs. The effect of this 

phenomenon is to increase the strength of the internal and net roof pressure admittances at 

higher frequencies, particularly over the range of frequencies at which the body generated 

turbulence on the roof dominates. 

Figures 4.6(a) and 4.6(b) show the internal pressure admittance functions (|χiq|
2) calculated 

using Equation (4.32) for different roof flexibilities as predicted by the dynamic and the 

quasi-static model respectively. The admittance of windward wall and roof external pressure 

coefficients to the ridge height dynamic pressure and the phase relation between the 

windward and the roof pressures used in the analyses were taken as those measured in the 

wind tunnel [Figure 4.3(a) and 4.3(b)], the frequency being scaled through equality of 

reduced frequency between the model and full scale.  

The overall influence of roof flexibility resulting in the reduction of the first resonant 

frequency (f1) and decreased admittance at this frequency is evident in the plots. The values 

of the second resonant frequency (f2) are also reduced, but to a lesser extent than f1, since it is 

limited by the structural and pneumatic stiffness of the roof. The admittance at this second 

resonant frequency predicted by the dynamic model, as discussed earlier, is found to be 

comparatively higher for the more flexible 1Hz roof than the stiffer 5Hz and 10Hz roofs. This 

will obviously increase the transmissibility of the body induced roof external pressure 

turbulence to the building interior, potentially resulting in increased internal pressure 

fluctuations under favourable forcing conditions. 
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Figure 4.5: Internal to roof external pressure coefficient admittance functions predicted by the (a) 
Dynamic model and (b) Quasi-static model 

The sharp narrow peaks in the estimated internal pressure admittance functions plotted in 

Figures 4.6(a) and 4.6(b) around the reduced frequency of unity, also observed in the 

measured roof external pressure coefficient to ridge height dynamic pressure admittance 

function in Figure 4.3(a), are due to intermittent turbulence generated in the shear layer of the 

roof. This effect is replicated in the estimated admittance of net roof pressures as well as the 

spectra of internal and net roof pressures (presented subsequently) for different roof 

flexibilities due to usage of the measured roof to ridge height dynamic pressure coefficient 

admittance [Figure 4.3(a)] in their estimation. 

Figure 4.6: Internal pressure coefficient to dynamic pressure admittance functions predicted by the (a) 
Dynamic model and (b) Quasi-static model 

The corresponding spectra of internal pressure calculated using Equation (4.32) for the 

different roof flexibilities are shown in Figures 4.7(a) and 4.7(b) for the dynamic and quasi-

static models respectively. Also shown in the spectral plots is the spectrum of the ridge height 

dynamic pressure coefficient.  

a  b

a  b
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Figure 4.7: Spectra of internal pressures for different roof flexibilities predicted by the (a) Dynamic 
model and (b) Quasi-static model 

The plots reinforce the moderating effect of higher envelope flexibility on the resonance of 

internal pressure in buildings. The response at the first resonant frequency is practically 

indiscernible for the 1Hz roof, while quite prominent for the stiffer 5 and 10Hz roofs. The 

damping effects of envelope flexibility are somewhat compensated by increased response at 

the second resonant frequency for more flexible roofs, but possibly not enough to completely 

override this envelope induced damping. This is due to less turbulence energy available in 

this high frequency region for forcing the internal pressure response. 

The spectra of internal pressure predicted by the quasi-static model shows increased 

resemblance to the dynamic model predictions for stiffer roofs such as the 10Hz roof in this 

study. This is due to the contribution of the second resonant mode well set out in the tail of 

the onset turbulence spectrum becoming relatively more insignificant with roof stiffness. This 

implies that the simplifications adopted in the quasi-static model derivations are adequate to 

model the behaviour of the stiffer roofs and their influence on internal pressure dynamics. 

Figures 4.8(a) and 4.8(b) similarly show the net roof pressure coefficient admittance 

functions (χnq|
2) calculated using Equation (4.36) for different roof flexibilities, predicted by 

the dynamic and the quasi-static model respectively. The effect of enhanced roof pressure 

admittances at the higher resonant frequency can result in building generated turbulence to be 

transmitted dynamically to the internal pressure system. This in combination with high 

suction roof pressures can considerably increase the net roof pressures in buildings under 

favorable circumstances, notwithstanding the increased damping effects at the lower resonant 

mode. Since the response at the second resonance is not predicted by the quasi-static model in 

Figure 4.8(b), this could lead to under prediction of the overall internal pressure 

a  b 
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contributions, particularly for the more flexible envelopes with a strong second resonance 

response.   

Figure 4.8: Net roof pressure coefficient to dynamic pressure admittance functions predicted by the (a) 
Dynamic model and (b) Quasi-static model 

The corresponding spectra of net envelope pressure for the different roof flexibilities 

calculated from the net roof pressure coefficient admittance functions are shown in Figures 

4.9(a) and 4.9(b) for the dynamic and quasi-static model respectively. Also shown is the 

spectrum of the ridge height dynamic pressure coefficient for comparison. 

Figure 4.9: Spectra of net roof pressures for different roof flexibilities predicted by the (a) Dynamic 
model and (b) Quasi-static model 

The RMS values for the fluctuating internal and net roof pressure coefficients obtained by 

numerical integration of the corresponding spectral curves for different roof flexibility is 

summarized in Table 4.1 as predicted by the dynamic and the quasi-static model. Also 

tabulated are the correlation coefficients between the roof external and internal pressure for 

different roof flexibilities. This signifies the in-phase and therefore additive nature of the 

internal and roof external pressure fluctuations and therefore the net load across the roof. 

a  b

a  b 
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Table 4.1: Internal, net roof pressure coefficient and the correlation coefficient between the internal and 
roof pressures 

Parameters 
Dynamic Model Quasi-static Model 

fr=1Hz fr=5Hz fr=10Hz fr=1Hz fr=5Hz fr=10Hz 

piC
~

 
0.16 0.18 0.20 0.14 0.20 0.21 

pnC
~

 
0.30 0.32 0.33 0.29 0.33 0.34 

ρir -0.69 -0.65 -0.55 -0.75 -0.61 -0.57 

 

The RMS value of internal and net pressure coefficient is found to generally decrease with 

increase in envelope (roof) flexibility in a building due to enhanced damping as predicted by 

both the dynamic and quasi-static models. The quasi-static model tends to slightly under-

predict the RMS internal and net roof pressure coefficient for roofs with higher flexibility 

(i.e. low structural frequency) such as the 1Hz roof in the current study, due to exclusion of 

the increased admittances at the higher resonant modes. On the other hand, it slightly over-

predicts the RMS internal pressures compared to the dynamic model for comparatively stiffer 

roofs due to negligence of roof inertia and damping effects.   

An anti-correlation upwards of 0.55 exists between the roof external and internal pressures 

signifying the possibility of increased net loads on the roof surface. The correlations 

however, increase with increase in envelope flexibility, meaning increased additive nature of 

the internal and the roof external pressure fluctuations can nullify to some extent, the 

damping effects of envelope flexibility. 

The analysis and the general outcomes of this analysis are similar to the findings of Sharma 

[16]. 

4.4. Experimental Results with flexible roof 

Modelling a flexible roof in the wind tunnel requires satisfying certain criteria in accordance 

with the law of similitude [84]. These in addition to the similarity in length, mass and time 

scale requires accurate modelling of the flexural and dynamic stiffness of the flexible roof 

with respect to the air contained in the enclosed volume. The similarity in flexural stiffness is 

especially important for light-weight self/air supported membrane roofs while maintaining 

dynamic similarity is essential for all flexible roof types. However, it is difficult to satisfy all 
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the similarity criteria in the wind tunnel; especially simultaneous scaling of mass and rigidity 

unless similar roofing material is used. 

Since the main purpose of the study was to validate the theoretical predictions of internal 

pressure in a flexible building with an opening using wind tunnel measurements, a generic 

5mm thick flexible roof made of Styrofoam, the stiffness (and hence flexibility) and natural 

frequency of which could be easily determined from forced vibration tests, was used for the 

study. 

4.4.1. Determination of the natural frequency of the flexible roof 

In order to determine the natural frequency of the flexible roof to be used for wind tunnel 

tests, forced vibration tests were performed on the roof using a fan.  The roof was taped to a 

wooden frame (and clamped to stands), in a manner similar to how it was attached to the 

wind tunnel model, and forced by the air displaced by the fan. A number of trials were 

carried out before similar boundary conditions as in the wind tunnel could be imposed in the 

tests. 

A separate set of tests were carried out to determine the spectral content of the air forced by 

the fan. It involved measuring the velocity of the air in front of the fan using a four-hole 

cobra probe as shown in Figure 4.10(a). The spectrum of longitudinal velocity recorded by 

the cobra probe is shown in Figure 4.10(b). The peak shown at around 19Hz in the spectrum 

corresponds to the frequency (and higher harmonics at 38 and 57Hz) of blade rotation 

confirmed through tachometer measurements. 

Laser vibrometer measurements of the vibrating roof involved measuring the velocity (and 

hence displacements) of the surface points along the horizontal and vertical centerline of the 

attached roof. The maximum displacement at the centre of the roof was found to be 0.4mm, 

resulting in a deflection to thickness ratio of 0.08. This is less than the limiting value of 0.1 

necessary to satisfy the assumptions of the linear bending theory of plates. The laser 

vibrometer (Polytec OFV 056) setup is shown in Figure 4.11(a) while the incident laser light 

emitted by the laser vibrometer onto the roof with the fan behind is shown in Figure 4.11(b). 
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Figure 4.10: (a) Test setup to characterize the flow field due to blade rotation using cobra probe (b) 
Spectrum of longitudinal velocity of air displaced by the fan 

Figure 4.11(c) shows the points mapped during the tests together with the velocities along the 

horizontal and vertical centre-lines on the roof. The velocities and hence displacements are 

found to increase towards the roof centre in both horizontal and vertical directions under the 

boundary conditions imposed. 

  

ba 

a
b 
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Figure 4.11: (a) Laser vibrometer setup (b) Deflection measurements of the flexible roof forced by the 
rotating fan (c) Horizontal and vertical points mapped on the roof along with the surface velocity profile 

In order to determine the natural frequency of the roof, frequency domain analysis of the 

measured velocities at different points on the roof were carried out. Figure 4.12 shows a plot 

of admittance of velocity of the roof center point to the fluctuating air velocity displaced by 

the fan as obtained from the ratio of their spectra. The admittance of velocity is equal to the 

admittance of displacements according to the following spectral relationship:  
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The broad peak at around 99~100Hz is the natural frequency of the roof under the imposed 

constraints and stiffness at the boundary while other sharp narrow peaks seen around the roof 

natural frequency correspond to the harmonics (3rd and 9th being shown by arrow) of fan 

blade rotation frequency. The responses at around the fan frequency (19Hz) and the first 

couple of harmonics, being not of interest, have been filtered out for better clarity. 

c 
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Figure 4.12: Admittance of roof centre-point velocity to the velocity of the displaced air forced by the fan 

This, along with the mass and plan area of the flexible Styrofoam roof was used to determine 

the dynamic stiffness of the flexible roof against the contained air inside the model for 

theoretical analysis and roof stiffness calculations. 

4.4.2. Wind tunnel tests 

As mentioned earlier, experiments in the wind tunnel involved measurements of internal as 

well as the opening and roof external pressure for the TFWT building with the flexible 

Styrofoam roof and opening configurations A100 and A50 for wind directions ranging from -

90° to 90° in 10° increments. Figure 4.13 shows an illustration of the TWFT model with the 

flexible Styrofoam roof mounted in the wind tunnel. 

 

Figure 4.13: TFWT model with a flexible Styrofoam roof mounted in the wind tunnel 
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Figure 4.14(a) shows the RMS internal pressure coefficients measured for two different 

opening sizes (A100 and A50) with flexible roof for different angles of attack. Also shown for 

comparison is the case for a rigid roof with opening A100 and RMS external pressure 

coefficients measured around the opening. The RMS internal pressures for both the rigid and 

flexible roof model with opening configuration corresponding to A100 is higher than that of 

the external pressure near the opening for normal or near-normal wind directions i.e. ±60° on 

both sides of the normal. The RMS internal pressures are also found to be slightly lower for 

the flexible roof in comparison to the rigid roof with the same opening size for normal or near 

normal wind directions. This is due to higher damping imparted by the flexible roof resulting 

in lower RMS values of internal pressure. This is further confirmed in Figure 4.14(b) wherein 

the spectral response of internal pressure for the flexible roof exhibits a weaker resonant 

response compared to that for the rigid roof. However, increased admittance of roof pressure 

fluctuations at higher frequencies for the flexible roof partially compensates for this 

reduction. The fluctuation in internal pressure, as expected, is found to decrease for the 

smaller opening i.e. for opening A50 in comparison to A100 for the flexible roof.     

Figure 4.14: (a) RMS of internal pressure at various wind angles measured in the wind tunnel and (b) 
Spectra of internal pressure for flexible and rigid roof at 0° wind angle  

The reduction in Helmholtz frequency with increase in envelope flexibility, beyond which the 

spectral response of internal pressure drops sharply, is evident from measurements in Figure 

4.14(b). Thus, while the internal pressure response for the rigid acrylic roof with opening size 

A100 drops off sharply beyond fHH ≈33Hz, a similar phenomenon is observed at around HHf   

≈15Hz for the flexible roofed building with the same opening size. The flexible Styrofoam 

roof with a measured natural frequency of fr≈99Hz, which is around 6.6 times higher than 

a  b
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theoretical Helmholtz frequency of around 15Hz for the A100 configuration can hence be 

considered to possess quasi-static flexibility as per the definition provided in section 1.1.3. 

Additionally, the spectra of internal pressure for the flexible roof model with different 

opening areas in Figure 4.14(b) show sharp narrow peaks beyond 100Hz. As mentioned 

earlier, this is possibly due to the transmission of the high frequency roof pressure 

fluctuations, observed in roof pressure admittance functions, through the envelope by 

diaphragm action. In other words, the flexible roof linearly responds to such narrow band 

roof pressure fluctuations, in accordance with Equations (4.10-4.12), resulting in transmission 

of these signals to the building interior as manifested by the internal pressure coefficient 

spectrum. The absence of similar high frequency fluctuations in the spectra of opening 

external pressure and internal pressure for rigid model confirms that this is not a system 

generated noise. The spectrum of opening external pressure in fact registers an attenuated 

response beyond 150 Hz. 

Figure 4.15 shows the measured peak values of internal pressure for the rigid and flexible 

roof configurations at different angles of attack. The peak values for the flexible roof with 

opening size A100 are marginally lower than the corresponding peak values for the rigid roof 

case for angles of attack at which the mean internal pressure is positive. This is expectedly 

due to higher damping in the system for the flexible roof model. The peak value of internal 

pressure for the flexible model with opening size A50 is almost 21% lower in comparison to 

the flexible A100 model for normal onset wind direction. However for the case of A50 opening 

size, the decrease in the Helmholtz resonance with roof flexibility towards the more energy 

containing region of the turbulence spectrum is found to result in a slight increase in the 

fluctuating and peak internal pressures compared to the rigid envelope with the same opening 

size [see Figures 3.8(b) and 3.10(b)]. This implies that the energy available to force the 

resonance of internal pressure at this reduced frequency supersedes the increase in damping 

due to the flexible roof. 
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Figure 4.15: Peak internal pressure coefficient vs. wind direction measured in the wind tunnel for flexible 
and rigid roof 

4.5. Comparison between theory and experiments: Model validation 

For comparing the theoretical predictions with wind tunnel results involving a flexible roof,  

Figures 4.16(a) and 4.16(b) plot the measured and predicted internal to windward wall and 

roof external pressure coefficient admittance functions,  |χie|
2, |χir|

2 respectively. The predicted 

admittance functions were calculated using a loss coefficient of 1.2 as per Equations (4.27b) 

and (4.28b).  Further information used to estimate the theoretical admittance and spectrum of 

internal pressure coefficient include a value of 22
rrra mAPb  =2.57 along with the mass 

(mr=0.02kg) and the area (Ar=0.112m2) of the flexible roof. 

While the nature of the predicted and measured admittance functions are found to be in close 

agreement, the theoretical internal to windward wall external pressure coefficient admittance 

at resonance is found to be over-estimated. The trend is reversed in the internal to roof 

external pressure coefficient function, the measured being slightly higher than the predicted 

at resonance. In particular, nature of the internal to roof pressure admittance function, 

functionally similar to the behaviour of a high pass filter as theoretically predicted, is also 

obtained in experiments with a steep reduction, up to 10-5, at lower frequencies. A better 

match between the theory and measured data is possible by altering the value of the loss 

coefficient as done next. 
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Figure 4.16: Comparison between the (a) measured and predicted Admittance of internal to windward 
wall external pressure coefficient (|χie|

2) and (b) measured and predicted Admittance of internal to roof 
wall external pressure coefficient (|χir|

2) 

The theoretical spectrum of internal pressure is numerically estimated using the analytical 

admittance and phase functions of internal to wall and roof external pressure coefficients 

developed by Sharma [16] and reproduced in section 4.1.4, and the measured admittance of 

wall and roof external pressure coefficient to ridge height dynamic pressures and their phase 

function in section 1.2. The estimated spectrum calculated using a contraction coefficient (c) 

of 0.6 and loss coefficient (CL) of 1.2 and 6.9 respectively was then compared with the 

measured internal pressure coefficient spectrum in Figure 4.17. 

The match between theory and measurements is reasonable in the low-frequency range, 

however, the magnitude of the measured spectrum of internal pressure at resonance is lower 

compared to the theoretical predictions for CL=1.2. A better agreement between the measured 

and simulated spectra is observed for CL=6.9 (corresponding to a discharge coefficient of 

c=0.38 in Holmes’s model, Equation 3.4). While the value of CL=1.2 is supported by 

previous experimental [37, 70] and computational investigations [37], the relatively higher 

loss coefficient value needed to effect a spectral match between theory and measurements is 

possibly due to the fact that such a low CL value is not applicable for an unsteady reversing 

flow through an opening. 

a  b 
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Figure 4.17: Comparison between the measured and estimated internal pressure spectrum 

4.6. Sensitivity of dynamic internal and net roof pressure to loss coefficient 
(CL) 

As discussed earlier and observed through spectral matching of the theoretical estimates with 

experiments, a loss coefficient of CL = 1.2 used for numerical predictions of the fluctuating 

internal and net roof pressure response appears somewhat low for the kind of unsteady 

reversing flow through openings in buildings under strong winds. In this section therefore, 

the sensitivity of the model predictions to different values of the loss coefficient is 

investigated for a roof natural frequency of (fr=) 5Hz. Loss coefficients of 1.2, 2.78, 11.11 

and 44.4 used for the parametric study are obtained from the summary, by Oh et al. [15], of 

different values reported in literature. 

Figure 4.18 (a-f) presents the component admittance and spectral functions of internal and net 

roof pressures for the different values of CL. 

a  b 
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Figure 4.18: Sensitivity of admittance and spectrum of internal and net roof pressures to loss coefficient 
(a) Internal to external and (b) internal to roof pressure coefficient admittance functions (c) Internal to 

dynamic and (d) Net roof pressure to dynamic pressure admittance functions (e) Internal and (f) Net roof 
pressure coefficient spectra 

As observed in the figure, the magnitude of the resonant response in the admittance and 

spectral functions significantly reduces with increase in the loss coefficient. This is especially 

true for the first and the more significant resonant mode for the 5Hz roof. While the second 

resonant mode appears somewhat invariant of the loss coefficient value used, it is much less 

than the first mode; hence its overall contribution to the internal and net roof fluctuating 

pressure is somewhat insignificant.  

The corresponding RMS internal and net roof pressure coefficients obtained through 

numerical integration of the corresponding spectra are presented in Table 4.2, and shows the 

increased damping influence of higher loss coefficient through a reduction in the estimated 

RMS internal and net roof pressure coefficient. 

 

 

c  d

e  f 
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Table 4.2: Sensitivity of RMS internal and net roof pressure coefficients to loss coefficient 

fr = 5Hz 
CL 

1.2 2.78 11.11 44.44 

piC
~

 0.18 0.17 0.15 0.145 

pnC
~

 0.32 0.30 0.28 0.27 

4.7. Summary and Conclusions 

The theory for the internal pressure response in a flexible building with a dominant opening 

developed by Sharma [16] is revisited. Two cases of envelope flexibility, dynamically and 

quasi-statically flexible roof in particular, and their effect on the internal and net envelope 

pressures are considered. The theory shows that for a dynamically flexible envelope, the 

interaction between the flexible roof and internal pressure results in a coupled two-degree-of-

freedom mechanical system consisting of two mass-spring-dampers excited by the opening 

and roof external forces. The assumption of a quasi-statically flexible envelope, resembling a 

single-degree-of-freedom mechanical system, can be considered to be a simplified case of the 

more generalized model of dynamically flexible envelope, applicable for envelopes (or part 

thereof such as the roof) with structural frequencies much higher than the frequencies over 

the energy containing region of the onset turbulence. Linearized transfer function estimates 

[16] for internal to windward wall and roof external pressure coefficients obtained from the 

models can be used to determine the frequencies at which internal pressure is expected to 

influenced by the windward wall and roof external pressure fluctuations as well as the 

magnitude of internal pressure fluctuation at these frequencies. While the dynamic model 

predicts two resonant modes (in phase and anti-phase) of internal pressure fluctuations, the 

quasi-static model predicts only the lower resonant mode. The models, in addition to the 

fluctuating pressures at the opening, take into account the effect of roof external pressures as 

well as their phase relationship on the internal pressure dynamics. 

Wind tunnel measurements were carried out to determine the admittance functions of opening 

and roof external pressures as well as their phase relationship for a building similar in 

dimensions to the Twisted Flow Wind Tunnel Building (TWFT) of The University of 

Auckland (UoA). These, in combination with the admittance functions of internal to 

windward wall and roof external pressure coefficients of Sharma [16] were used to 
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numerically estimate the admittance functions of internal and net roof pressure to the ridge 

height dynamic pressure as well as their spectra for different roof flexibilities. The simulated 

results show that building flexibility decreases the Helmholtz resonance along with an 

associated increase in damping, as indicated by somewhat smaller RMS internal and net 

pressure coefficients obtained from numerical integration of the corresponding spectral 

curves.  

Comparison between the internal and net roof pressures predicted by the dynamic and quasi-

static models for a given roof flexibility indicates good agreement for stiffer roof(s) with the 

second resonant frequency well out in the tail of the onset turbulence spectrum. However, for 

more flexible roofs, the second resonant mode becomes more significant and the dynamic 

model predicts a somewhat higher internal pressure response as compared to the quasi-static 

model predictions. The correlation coefficient between the internal and roof external 

pressures is found to increase with building flexibility; meaning increased transmission of 

roof pressure fluctuations through the flexible roof into the building interior. 

Experimental validation of the theory involved wind tunnel simulation of the internal 

pressure response of a model with a quasi-statically flexible Styrofoam roof. Forced vibration 

tests using a fan were carried out to determine the structural frequency for estimation of the 

pneumatic stiffness of the roof. The measured Helmholtz frequency of the building with the 

flexible roof and opening is shown to be predicted quite accurately by the theory. 

The experiments showed that for a given opening area, the RMS and peak internal pressure 

coefficients are much lower for the flexible model compared to that of the rigid building for 

most wind directions. The effect of the decrease in opening size for a flexible building is to 

further decrease the peak and RMS internal pressures due to corresponding increase in 

damping. The influence of roof external pressure fluctuations on the internal pressure 

dynamics is evident from the sharp, narrow peaks in the measured internal pressure spectra 

for flexible roofs at higher frequencies, similar to those observed in the admittance function 

of roof to ridge height dynamic pressures. This is attributed to the transmission of the external 

turbulence by the flexible roof by diaphragm action. Similar high frequency fluctuations are 

however not observed in the spectra of external wall and internal pressure for a rigid building 

model.  

A reasonable agreement of the nature of the measured and predicted admittance functions of 

internal to windward wall and roof external pressure coefficients is observed, although 
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appropriate value of loss coefficient needed to effect a spectral match remains poorly defined. 

In the current set of experiments, a good agreement between the measured and predicted 

spectrum of internal pressure for a quasi-statically flexible envelope, is obtained using a loss 

coefficient value of 6.9. Such a loss coefficient value, much higher than the steady state 

estimate, is possibly due to the unsteady reversing flow through an opening experienced in 

such cases. 

A sensitivity study of the fluctuating internal and net roof pressure to the chosen value of loss 

coefficient is carried out to quantify the damping effects through an increase in loss 

coefficient value. Loss coefficient values of 1.2, 2.78, 11.11 and 44.44 are used for the 

parametric study. 
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Chapter	5 :	Internal	pressure	in	a	leaky	building	with	an	

opening	

 

Real buildings in general, no matter how well constructed and insulated from the exterior, 

invariably have leakages in their envelope caused by normal construction tolerances, cracks 

and pores in walls, door and window edges as well as presence of small openings for 

ventilation purpose. It is virtual impossible to figure out the exact distribution of these 

leakages, statistically however, they may be considered to be distributed uniformly across the 

building envelope. Flow through these leakages are not only relevant from the point of view 

of wind loading on the building envelope and claddings but also of considerable interest for 

its influence on building air-tightness and energy efficiency, indoor air-quality and flow 

characteristics, humidity, temperature, fire safety and smoke control issues.  

Flow through leakages, often termed “natural ventilation” in literature, are primarily caused 

by two phenomena, which are generally coupled together. The first is the wind flow around 

the buildings, resulting in a pressure gradient between the building interior and exterior, that 

drives the flow through the leakages. The second is the temperature difference or “stack 

effect” between the indoor and outdoor environment, which compresses the air and imposes a 

pressure difference across the leakages connecting the inside and outside of the building. An 

important point of difference between the two phenomena is that, while the wind driven 

ventilation is essentially independent of the actual distribution of leakages on a surface due to 

the bluff geometry of most buildings, the stack or buoyancy driven ventilation is not. It is for 

this reason that fan pressurization or “blower tests” are considered sufficient for quantifying 

the overall building leakage driven by wind, but not so for the buoyancy driven component.   

From a wind loading point of view, the effect of flow through background leakage distributed 

uniformly on the surface of a nominally sealed building is to induce internal pressures, but 

with fluctuations filtered off beyond a characteristic (cut-off) frequency. Thus, while the 

magnitude and nature of mean internal pressure will be determined by the distribution of 

leakages across the building surface, the fluctuations and peak internal pressures will be 

much lower than that of the external pressures. Things however, become more complicated in 

the presence of a dominant opening on a building surface with background leakage. While 
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the internal pressure, favourably forced by external pressure through the dominant opening, 

can exhibit a resonating response at the Helmholtz frequency of the building cavity volume-

opening area combination, presence of leakage will moderate and on occasions completely 

mitigate this response. To what extent, is difficult to quantify, because of the lack of 

knowledge of the exact distribution of leakage paths and their geometrical and flow 

properties. As a result, usually a conservative estimate of internal pressures in buildings with 

a dominant opening is made by neglecting the presence of leakage.   

Theoretical treatment of the internal pressure response of a nominally sealed building with 

background leakage has been reported by Vickery [19] and Harris [56]. The effect of inertia 

through leakages was shown to be negligible in comparison to the magnitude of damping and 

hence neglected in the derivation of very similar lumped leakage non-linear analytical models 

by the authors. A critical frequency (ωc) based on a characteristic relaxation time constant 

(Tc=2π/ωc) of the linearized model was derived and shown to act as a low pass filter.  

Vickery and Bloxham [40] carried out an experimental study of the dynamic response of 

internal pressure for a low-rise building with a dominant opening and distributed background 

leakage in the leeward wall. The resonance contribution to the internal pressure variance was 

found to be roughly halved for a background leakage area of around 10% of the dominant 

opening area. Fahrtash and Liu [85] and Kwok and Hitchcock [86] attributed much of the 

lack of pronounced resonance of internal pressure in their full-scale studies to the damping 

effect of background leakage, although flexibility of the envelope has a role to play as well. 

Wind tunnel studies by Kandola [87] and Woods and Blackmore [88] also showed that the 

internal pressure damping increases with porosity ratio (ratio of leakage to dominant opening 

area) of the model. More recently, wind tunnel and numerical studies of internal pressure on a 

1:100 scale building model in open and suburban terrain with two different dominant opening 

sizes and well-defined uniformly distributed background leakage was reported by Oh et al. 

[15]. The Multiple Discharge Equation (MDE) approach that involves simultaneous solution 

of the equations of motion through individual openings (both dominant openings and 

leakages) was found to provide the best agreement with the experimental results, especially 

for buildings with porosity ratios greater than 10%. A dynamic lumped leakage analysis that 

involved lumping the leakages on the four walls of the building into four equivalent lumped 

leakages was carried out by Oh [89]. An over-prediction of the Root-Mean-Square (RMS) 

internal pressure fluctuations by about 24% compared to the MDE approach was reported. 

Similar findings on the internal pressure dynamics were reported by Sabareesh et al. [90] who 
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compared the effect of uniformly distributed leakage with an equivalent lumped leakage on 

the windward wall using model scale experiments. Yu et al. [91] presented a model of 

internal pressure in a building with a dominant opening and background leakage based on the 

lumped leakage approach and validated it with wind tunnel measurements. While presenting 

closed form solutions of internal pressure response for a non-leaky building with a single 

dominant opening, Vickery and Bloxham [40] and Vickery [82] were unable to present a 

similar closed form solution for a leaky building with a dominant opening owing to the 

uncertainties involved in the distribution of leakage paths on the building walls. A recent 

work by Kim and Ginger [92] have been directed towards developing a comprehensive 

database of internal pressures in porous buildings with a dominant opening in non-

dimensional format.  

In this chapter, an attempt to provide a simplified and computationally efficient non-linear 

model that provides reasonably accurate predictions of internal pressure response of a leaky 

building with a dominant opening is made. The simplifications adopted in the model 

derivation are justified through wind tunnel experiments. The model requires a gross 

knowledge of the building porosity for predictions, and not their exact distribution, something 

impossible to determine in real life; hence provides a greater advantage for practical usage 

compared to the MDE approach. A linearized form of the model based on the equivalence of 

RMS internal pressure (Vickery and Bloxham, [40]) is provided, and used to develop a closed 

form solution for the ratio of RMS internal to external pressure fluctuations. In particular, a 

non-dimensional form of the proposed closed form solution and gust factor suitable for use in 

the codes of practice is proposed. Wind tunnel studies of the internal pressure dynamics of a 

1:100 scale model warehouse building for a range of dominant opening size-leakage (both 

lumped and uniformly distributed) combinations is presented for various wind azimuths in a 

simulated suburban terrain. Experimental results are used to validate the numerical 

predictions for different porosity ratios under a normal onset flow direction (0°). The internal 

pressure fluctuating response predicted is compared and benchmarked with the predictions of 

the Single Discharge Equation (SDE) and MDE approach using the University of Western 

Ontario (UWO) and National Institute of Standards and Technology (NIST) collaborative 

dataset (Ho et al., [93]). 
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5.1. Governing Equations 

5.1.1. Non-linear model 

The simplifications adopted in the derivation of the model include: neglecting the inertial 

term in the equation of motion through the individual leakages; lumping the leakages into an 

equivalent leakage opening (a theoretical abstraction) in the leeward side of the building; and 

using a spatio-temporal average leeward external pressure forcing coefficient. The 

justification of these assumptions will be evident in the course of the derivation and 

supported by the wind tunnel experiments discussed in Section 5.8. Figure 5.1 shows a 

schematic representation of a building with a dominant windward opening and a system of 

leeward leakages. 

 

Figure 5.1: Schematic of a building with a windward dominant opening and parallel leeward leakage 
holes 

The equation of motion of the oscillating air slug (in dotted) in the windward dominant 

opening can be represented by the unsteady Bernoulli equation for an incompressible flow as 

follows 

  WWLW
a

pipeWWeWa xxCCCqxl 
2

                     (5.1) 

where a  is the density of internal air (approximately equal to that of ambient air), eWl  is the 

effective length of the oscillating air slug, CpeW (= peW/q) is the instantaneous area averaged 

windward external pressure coefficient, Cpi (= pi/q) is the instantaneous internal pressure 

coefficient, q= 25.0 haU  is the reference ridge height dynamic pressure based on mean wind 
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speed ( hU ), LWC  is the loss coefficient for the opening and Wx , Wx  and Wx  are the 

acceleration, velocity and displacement of the air slug respectively, with Wx  positive into the 

building. 

For leakage paths with effective wall thickness ( eil ) comparable to or larger than its diameter 

( id ) i.e. iei dl  , pipe-friction losses become significant in addition to end losses [15]. The 

equation of motion through the ith leakage hole, with Lx  positive outwards, is thus 

  ii
i

eia
iiiLi

a
peLipiieia xx

d

l
fxxCCCqxl 

22

                      (5.2) 

where eil is also the effective length of the air slug, LiC  is the orifice loss coefficient, if  is 

the pipe-friction factor (= 64/Re for laminar flow where Re is the Reynolds number of the 

flow) and peLiC  is the leeward external pressure coefficient at the ith hole. Defining the 

effective loss coefficient, 
i

ei
iLii d

l
fCK  , Equation (5.2) can be re-written as 

  iii
a

peLipiieia xxKCCqxl 
2

                      (5.3) 

An equation of motion similar to that of (5.3) can be written for each of the ‘n’ individual 

leakage openings so that n+1 equations of motion (including that of the dominant opening) 

can be derived. Vickery [19] and Harris [56] have shown that the magnitude of damping 

through leakage holes is around 7 orders of magnitude greater than the effect of inertia at 

frequencies (~1 Hz) at which there is significant excitation; hence the inertial term for 

leakage holes can be neglected.  Now if ‘n’ such leakage openings are to be replaced by a 

single lumped leakage, the equation of motion through the lumped leakage will be [91] 

 peLpiLLL
a CCqxxK 

2


                     (5.4) 

where peLC  is the time and area averaged external leeward pressure coefficient over the 

lumped leakage opening and LK  is the steady state effective loss coefficient which can be 

estimated using the Bernoulli’s obstruction theory (White, [94]) under a reasonable 
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assumption of LA  << LeewallA  for all practical purposes, where LA  and LeewallA  are the area of 

the lumped leakage and the leeward wall area respectively.  Thus, LK  is given by 
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                   (5.5) 

where LeewallLL AA  is the building porosity and dc  is the discharge coefficient through 

the lumped leeward opening. It will be shown later that the use of a steady state estimate of 

the effective loss coefficient ( LK ) and a spatio-temporo-averaged external leeward pressure 

coefficient ( peLC ) for the lumped leakage opening is justifiable due to the apparent quasi-

steady behaviour of the lumped leakage system. An alternate expression for LK , associated 

with orifice and pipe friction losses, can be used following the work of Miguel and Silva [95] 

as 
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                  (5.6) 

where leL is approximately equal to the thickness of the wall, LU  is the mean velocity of flow 

through the lumped leakage and K is the permeability of the building envelope (in m2), 

typically obtained from fan pressurization tests.  

Conservation of mass requires the difference in the rate of mass influx and efflux at the 

opening and through the leakage to be equal to the rate of change of mass of air inside the 

building cavity. This can be expressed as [91]  

 
dt

d
VxAxcA a

LLaWWa

 0                    (5.7) 

where c  is the flow contraction coefficient through the dominant opening of area WA  in a 

building with internal volume oV  and LA  is the area of the lumped leakage. Invoking the 

isentropic pressure-volume relationship given by 

dt
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                    (5.8) 
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where  = 1.4 is the ratio of specific heat capacities of air for an isentropic process and Pa is 

the ambient air pressure. Equations (5.1) and (5.4) in conjunction with Equations (5.7) and 

(5.8) can be used to derive the governing differential equation of internal pressure response 

through the windward dominant opening in the presence of background leakage. This 

equation, similar to that proposed by Yu et al. [91], is given by         
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    (5.9) 

The inclusion of the effect of background leakage has resulted in an additional damping term 

whose magnitude is directly proportional to the total leakage area ( LA ). Thus a leaky 

building will exhibit lower internal pressure fluctuations than a well sealed building. The 

Helmholtz frequency of resonance (fHH) as given by Equation (5.9) is 

02

1

2 Vl

cAP
f

eWa

WaHH
HH 





                  (5.10) 

It can be seen that Equation (5.9) is essentially non-linear and appropriate numerical 

techniques are needed to obtain the response of internal pressure when forced by windward 

and leeward external pressures. 

5.1.2. Linearization of the governing equation 

A linearized internal pressure system consisting of a windward dominant opening and the 

lumped leeward leakage will essentially involve linearizing the non-linear Equations (5.1) 

and (5.4) with appropriate simplifications. The linearized version of the equation of motion of 

the air slug through the dominant windward opening (Equation 5.1) can be written as 

 pipeWWjWeWa CCqxcxl   1                             (5.11) 

where cj1 is the equivalent linearized damping coefficient per unit area. Linearization of the 

equation of motion through the predominantly damped lumped leakage (Equation 5.4) can be 

achieved by linearizing the equation about its mean due to its apparent quasi-steady 

behaviour. The resulting equation is given by 
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 piLLpeLpiLa CqxKCCU                    (5.12) 

where piC  is the mean internal pressure coefficient and LU  is the mean velocity of flow 

through the lumped leakage. Under the assumption of a Gaussian distribution of internal 

pressure fluctuations and drawing an equivalence of the RMS response between the non-

linear and the linearized model, 1jc  can be determined following the work of Vickery and 

Bloxham [40] as 
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where piC
~

 is the RMS internal pressure fluctuation. Consideration of mass balance using 

Equations (5.7) and (5.8) along with Equations (5.11) and (5.12) will result in the linearized 

version of the governing Equation (5.9) as 
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           (5.14) 

A critical lumped leakage frequency ( c ), above which external pressure fluctuations are 

attenuated and not passed effectively through the lumped leakage opening, can be defined as   

peLpiLoLa

aL
c

CCKVU

PA





                                                                           (5.15) 

The critical lumped leakage frequency ( c ) can be seen to be directly proportional to the 

total leakage area (AL) on the building envelope and inversely proportional to the mean 

internal-external pressure difference that drives the flow through the leakages. Expressing the 

mean flow velocity through the leakage ( LU ) in terms of this mean pressure difference 
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results in a modified expression of c  as 
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In real buildings with smaller porosities, i.e. with the size of the dominant opening much 

greater than the combined leakage area, the mean pressure inside the building usually steadies 

to a value close to the mean external pressure over the dominant opening. For such situations, 

assuming peWpi CC  , Equation (5.17) can be further simplified as  

 peLpeWao
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c
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                                                                                               (5.18) 

It should be noted that the expression for c  deduced here, though functionally similar to the 

one proposed by Vickery [19] and by Harris [56] for nominally sealed buildings, is slightly 

different in form. As will be shown later, and as pointed out by Vickery [19], the critical 

leakage frequency ( c ) for typical low-rise buildings with leaky envelopes is usually lower 

than the Helmholtz frequency ( HH ) by an order of magnitude. Equations (5.10) and (5.18) 

can be used to re-write Equations (5.13) and (5.14) in a more familiar form resulting in 
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Equation (5.19b) shows that in addition to the damping caused by energy losses through the 

dominant opening (given by Damping term 1), an additional damping term (Damping term 2) 
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proportional to the ratio of the leakage to dominant opening area (or porosity ratio) further 

contributes to the damping. The stiffness of the system can also be seen to alter with the 

inclusion of leakage in the model. 

5.1.3. Approximate solution of the linearized equation 

For a leaky building with a dominant opening, the problem of interest lies in the prediction of 

the fluctuating internal pressure for a given spectrum of external pressure fluctuations near 

the dominant opening.  In this regard, a closed form analytical solution of the linearized 

Equation (5.19b) can be approached using the approximation of external pressure as a ‘white 

noise’, which induces internal pressure fluctuations with a dominant resonant contribution 

compared to background fluctuations as was done by Vickery and Bloxham [40] for a non-

leaky rigid building with a dominant opening. Neglecting (ωc/ωHH)2 and other higher order 

terms under the assumption of ωc<<ωHH leads to 
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             (5.20) 

where peC
~

 is the fluctuating external pressure coefficient near the opening, αc=1.5 is an 

empirical term for cases with large building volumes and the quantities S0(fHH) and β are 

defined in Vickery and Bloxham [40] as the external pressure spectrum at the Helmholtz 

frequency and inverse root square non-dimensional area-volume ratio respectively. Equation 

(5.20) clearly shows that a non-zero value of ωc would reduce the magnitude of fluctuating 

and hence peak internal pressure in comparison to that of a non-leaky building envelope. 

5.1.4. Design equation 

A design equation for the critical design case of a building with a dominant windward 

opening and background leakage can be developed by non-dimensionalising Equation (5.18) 

using the parameters *S [=    0
232

VAUa Whs , where as is the speed of sound] and 

5 [= WU A , where λU is the integral length scale of turbulence at the ridge height of the 

building] defined by Holmes [38] and a new quantity 7  defined as 
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where CI (=leW/ WA ) is the inertia coefficient of flow through the dominant opening and r (= 

AL/AW) is the porosity ratio. While the physical significance of *S  and 5  have been 

explained in Holmes [38] and Ginger et al. [68], the parameter 7  is a measure of the extent 

of porosity (r), or leakage in the building, in comparison to the size of the dominant opening. 

The parameter 7  is dependent on the values of CI, LK  and the mean flow driver 

[  peLpeW CC  ] through the leakages, but reasonable estimates can be made of these for low-

rise buildings depending on the building type, geometry and location. For a standard 

deviation of external pressure coefficient ( peC
~

) of 0.35 and an opening loss coefficient (CLW) 

of 11.11 (Holmes and Ginger, [96]), applying the Von Karman spectral model for external 

pressure fluctuations and hence S0 as used in AS/NZS1170.2.2002 [8] leads to the following 

design equation 
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For internal pressure fluctuations generated by atmospheric turbulence and communicated 

predominantly through a dominant windward opening, the internal pressure gust factor ( i ), 

with mean internal pressure approximately equal to the mean external pressure near the 

dominant opening, can be expressed using Equation (5.22) as 

     

21

917*2
5

*
7

*
7

312
5

*
312

5
*

122.1

59.0564.0
121






































 

















SSSSS
gIui


                (5.23) 

where g is the (Gaussian) peak factor typically varying between 3.5-3.7 and Iu is the intensity 

of turbulence at the ridge height upstream of the building.  
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Non-dimensional design solutions of internal to external pressure fluctuations and gust 

factors for a range of building volumes, opening size and background porosities can be 

developed using Equations (5.22) and (5.23) in a form suitable for use in codes of practice. 

5.1.5. Transfer function estimate of internal to windward external pressure 

The linearized Equation (5.19b) can be Laplace transformed into the frequency domain to 

obtain the complex transfer function of internal pressure fluctuations over area averaged 

windward external pressure fluctuations. The gain [ )( ieW ] and phase [ )(ieW ] are given 

by the amplitude (modulus) and argument of the complex transfer function as 
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where 1j  is defined as 
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The frequency ( cr ) of maximum response (
max

)( ieW ) can be obtained by setting the 

damping ( 1j ) in the denominator of Equation (5.24) to zero and differentiating it with 

respect to ω using the principle of minima. This leads to the expression for cr  as  
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and the maximum gain at cr , )0,( 1  jcrieW   is given by 
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This is slightly higher than the gain of ωHH/ωc at the Helmholtz frequency (ωHH) of the 

building, as ωc is typically much smaller than ωHH in real buildings (Vickery [19]).  

Equation (5.27a) shows that the stiffness of the system and hence the frequency of maximum 

gain ( crf ) decrease with increase in building porosity. Table 5.1 gives an estimate of the 

values of the Helmholtz frequency ( HHf ), critical leakage frequency ( cf ) and the frequency 

of maximum gain ( crf )  for some full scale residential, office, industrial and commercial 

buildings with typical porosities for a design velocity of 35m/s and effective loss coefficient 

of LK = 2.5 as assumed by Vickery [19]. 

Table 5.1: Critical frequencies for typical full scale leaky buildings with a dominant opening 

Building Type 
Dimensions 

(LxBxH) 
oV (m

3
)  WA (m

2
) 

Porosity 

(%) 
LA (m

2
)  cf (Hz)  HHf (Hz)  crf (Hz) 

Dom. dwelling  20x10x3  600 2 0.1 0.38 0.207 2.19  2.185

Sealed off. hall  20x20x5  2000 5 0.01 0.08 0.13 1.515  1.514

Warehouse  50x20x5  5000 10 0.2 3.40 0.223 1.138  1.129

Arena  50x50x20  50000 20 0.2 13.0 0.085 0.428  0.424

 

It can be seen that cf  is typically an order of magnitude lower than HHf  for both domestic 

dwellings and warehouses such that the characteristic relaxation or response time (Tc) of the 

lumped leakage system is very high. The usage of a steady effective loss coefficient ( LK ) and 

mean external pressure coefficient ( peLC ) in derivation of Equation (5.9) thus appears 

justified due to the quasi-steady nature of the lumped leakage. The frequency of maximum 

gain ( crf ) is seen to be slightly lower than HHf  for typical building porosities. 

5.2. Numerical Analysis 

5.2.1. Non-Linear Model 

The internal pressure response of a building similar in dimensions to the Twisted Flow Wind 

Tunnel (TFWT) building of the University of Auckland (UoA) forced by turbulent external 
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pressure was simulated using Equation (5.9) for a range of porosity ratios varying from 0 to 

50% under the following conditions: 

0V =6.18x103m3, WA =21 m2, 4WeW Al   

c = 0.6, LWC =1.2, hU =30m/s, a =1.185kg/m3, 

 = 1.4, aP =101300Pa, peWpi CC  =0.57, peLC = -0.2, LK =2.78, uI =0.22 

An Inverse Fast Fourier Transform (IFFT) was used to generate a synthetic external pressure 

time history ( peWC ) after applying a measured aerodynamic admittance and randomized 

phase to the Fourier coefficients derived from the fitted Von Karman spectrum in the wind 

tunnel. The first 10 seconds of the resulting time history response of internal pressure 

obtained by numerically integrating Equation (5.9) using the fourth order Runge-Kutta 

method is shown in Figure 5.2(a). Also shown in Figure 5.2(b) is the response of the same 

building to a step external pressure ( peWC ) forcing.  

The effect of additive damping with increase in porosity ratio is evident in both cases as 

shown previously by Yu et al. [91].  

 

a 
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Figure 5.2: Numerically simulated internal pressure response of the TFWT building for a range of 
porosity ratios for (a) turbulent external pressure and (b) step change external pressure 

Figure 5.3(a) shows the spectra of internal pressure fluctuations as predicted by the non-linear 

model for the different configurations. It is evident from Figure 5.3(a) that the gain of internal 

pressure fluctuations at the resonating frequency of 1.2 Hz is lower for buildings with leakage 

in comparison to a perfectly sealed building. The presence of leakage thus acts as a damper 

essentially limiting the amplitude of internal pressure fluctuations at resonance. Figure 5.3(b) 

presents a realization of the ratio of fluctuating internal pressure response ( piC
~

) of a leaky to 

a perfectly sealed TWFT building for a range of background porosity and non-dimensional 

dominant opening area-volume ratios. 

Figure 5.3: (a) Spectra of the internal pressure response for TFWT building with different porosity ratios 
and (b) fluctuating internal pressure for a range of dominant opening size and porosity ratios 

The family of curves, each for a particular opening area and hence S*, of the ratio of the 

fluctuating internal pressure of a leaky to that of a non-leaky envelope can be seen to 

b

ba 
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decrease with increase in porosity ratio; meaning the resonant response is increasingly 

moderated by the presence of leakage. It is interesting to note that for a porosity ratio of 10%, 

while the ratio of the fluctuating internal pressure response of the leaky to the non-leaky 

envelope drops to just 90% of its maximum value for the case of S*=0.2 (corresponding to an 

opening area of 4m2), for an S* of 2 (opening area= 21m2), the correspond drop is around 

40%. The consequence of the observation is that while, as per the recommendation of 

Vickery & Bloxham [40], the mitigating/damping effect of background leakage can be 

neglected for safe and reasonably conservative design purposes for an envelope porosity and 

S* less than 10% and 0.4 respectively by essentially considering it as a non-porous envelope, 

a similar approach would lead to severe over-design for buildings with similar porosity but 

higher S*. This is because of the shift of the Helmholtz frequency of the opening-volume 

combination (S*) to the higher end of atmospheric turbulence spectrum with low excitation 

energy (due to a larger dominant opening area), along with an increased damping due to the 

larger background leakage area for a given porosity ratio. 

5.2.2. Linear Model 

Figure 5.4(a) and 5.4(b) presents the frequency dependant linearized gain and phase functions 

of internal to external pressure coefficient for a range of porosity ratios of the TFWT 

building.  

The functions plotted as per Equations (5.24) and (5.25), using the fluctuating internal 

pressure coefficient ( piC
~

) obtained from the solution of the non-linear equation, distinctly 

reveal the enhanced damping of internal pressure variance with increase in background 

leakage. In particular for a building with porosity ratio of 50%, the amplitude of gain at the 

Helmholtz frequency drops by a factor of 3.5 times in comparison to the same building 

without any background leakage. The Helmholtz frequency of the building volume-dominant 

opening area combination however remains relatively unaffected by the porosity of the low-

rise buildings normally encountered in practice (i.e. less than 10% for residential buildings 

and less than 20% for low-rise industrial warehouses) and is around 1.2Hz for the TWFT 

building as shown in Figure 5.4(a). The phase is practically zero for frequencies above 10Hz 

for all building porosities and hence not shown in the Figure 5.4(b). 
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Figure 5.4: Frequency dependant (a) Gain and (b) Phase functions of internal pressure response of the 
TWFT building for a range of porosity ratios 

5.2.3. Design Solutions 

Design solutions in the form of a family of curves of the ratio of RMS internal to external 

pressure coefficients are presented as functions of S*, 5  and 7  as per Equation (5.22) in 

Figure 5.5(a), 5.5(b), 5.5(c) and 5.5(d) for porosity ratios 0, 10, 25 and 50% respectively. 

Figures 5.5(e), 5.5(f), 5.5(g) and 5.5(h) present the corresponding gust factors ( i ) calculated 

using Equation (5.23) under the assumption of a windward dominant opening; often the most 

critical case for design considerations. 

a  e 

b a 
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 Figure 5.5: RMS internal to external pressure ratios for (a) r = 0% (b) 10% (c) 25% and (d) 50% and 
gust factors for (e) r = 0% (f) 10% (g) 25% and (h) 50%  

While the internal pressure fluctuations tend to exceed the external pressure fluctuations 

beyond S*=1 for a non-porous (r=0%) buildings resulting in gust factors in excess of 2.5, the 

additional damping at higher porosity ratios (25% and 50%) limit the RMS internal to 

external pressure ratio to less than unity and gust factors lower than 2.5 at all S* and 5  

investigated.  

b 

c 

d  h 

g 

f 
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5.3. Measurements of internal pressure for porous buildings  

5.3.1. Model characteristics 

Measurements of internal and external pressure around the opening were carried out using a 

1:100 scale wind tunnel model of a typical warehouse, the Twisted Flow Wind Tunnel 

(TFWT) building of the University of Auckland (UoA) of dimensions 35.1m by 24.9m by 

7m. The basic configuration of the building model and associated definitions are presented in 

Section 4.2 and in Figure 4.2 of Chapter 4. Volume scaling, as previously discussed in 

Chapter 4, was performed to maintain dynamic similarity between the model and full scale. 

Also described in this section are the hardware and instrumentation used for measurements. 

The details pertaining to the Category 3 simulated boundary layer characteristics are provided 

in Appendix B while Appendix C references the time domain based recursive filter technique 

used to reduce the tubing distorted raw pressure data into its corrected form for post-

processing. 

The size of the dominant opening in the windward wall (with a maximum size of 50mm by 

42mm, which is 8.5% of the wall area containing it) could be varied or completely sealed off 

as and when required using plugs. Both the leeward wall and the roof consisted of 40 leakage 

holes each of diameter 2.5mm distributed uniformly. The leeward wall in addition contained 

a lumped leakage (LL) hole of 16mm diameter (i.e. of area equal to that of the sum of all the 

small leeward leakages) at its centre that could be opened or sealed off as required. The 

leakage holes of area ratio 0.12% of the total wall area including the roof could be sealed off 

individually or in combination to produce different test configurations as required. A total of 

51 external pressure taps on the windward wall around the opening and 4 each on the roof 

and the leeward wall were used in the study. Figure 5.6 provides a detailed schematic of the 

leakage and external tap layout used in the study.  Internal pressure was measured at 3 

locations in the hall and 1 location in the office space within the model.  
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Figure 5.6: Pressure tapping and distributed and lumped (LL) leakage layout on the model surface [Note: 

x -leakage and dot (.) -tapping positions] 

5.3.2. Experimental program: Arrangement of dominant opening and leakage 

The experimental program involved collecting data of both external and internal pressure for 

a range of dominant opening sizes, porosity ratios and wind angles of attack as presented in 

Table 5.2. Three basic test combinations used in the study includes uniformly distributed 

leeward leakage (udl leeward), lumped leeward leakage (ll leeward) of area equal to the sum 

of the area of the distributed leakage and uniformly distributed roof leakage (udl roof). 
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Table 5.2: Test configurations involving different combinations of dominant opening and leakage size   

Wind Azimuth 
(θ°) 

AW(cm2) 

40nos. leeward 
leakage@2.5mm=1.96cm2 

40nos. roof 
leakage@2.5mm=1.96cm2 

AL/AW (%) AL/AW (%) 
Uniformly 
Distributed 

Lumped 
Uniformly Distributed 

-90°:10°:90° 
 

5x4.2 4.67  4.67 4.67  
5x4.2 9.33 9.33 9.33 
4x4.2 12 12 - 

2.5x4.2 19 19 19 
1.5x4.2 31 31 31 

0 Infinity Infinity - 

 

5.3.3. Data Analysis 

The analysis of test data involved calculation of mean and fluctuating internal pressure 

coefficients for the different test configurations and wind directions. For a given leakage 

configuration, the variation of the mean internal pressures with porosity ratio at a particular 

wind angle of attack as presented in Figure 5.7(a) is influenced mainly by the distribution of 

external pressure averaged over the dominant opening. For the case of nominally sealed 

building with leakage (r= ∞), the mean pressure is mainly negative at all wind directions due 

to negative external pressures in the leeward wall and the roof. The mean pressures however 

gradually start becoming positive with increase in the size of the dominant opening or 

decrease in porosity ratio. The difference in the mean internal pressure, at a given porosity 

ratio and wind direction, between the three configurations i.e. udl leeward, ll leeward and udl 

roof is due to the differences in external pressure distribution near the leakage openings. In 

particular, for higher building porosity ratios, the mean internal pressures for the udl roof 

configuration are found to be comparatively lower than the corresponding udl leeward 

configuration due to higher mean suction pressures on the roof. However, the mean internal-

external leeward pressure difference for udl leeward configuration and mean internal-external 

roof pressure difference for udl roof configuration, that drives the flow through individual 

leakages and determines the magnitude of c  for a given porosity and wind direction is 

found to be similar as shown in Figure 5.7(b). The mean internal pressure for a given building 

porosity, thus responds quasi-steadily to the average external pressure field weighted over the 

dominant opening and the leakages to maintain the pressure difference needed to drive the 

flow through leakages irrespective of their location. 
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Figure 5.7: Mean (a) internal pressure and (b) internal-external pressure difference at various wind 
directions (θ) for a range of porosity ratios and leakage configurations 

The effect of additional damping on the dynamic component of internal pressure with 

increase in porosity ratio is evident from the Root Mean Square (RMS) internal pressure 

coefficient plots in Figure 5.8.  

b 

a 
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Figure 5.8: RMS internal pressure at different wind direction (θ) for a range of porosity ratios and 
leakage configurations 

In particular, the RMS internal pressure coefficient varies from around 0.05 for a nominally 

sealed building to around 0.3 for a building with 5% porosity ratio at 0° wind direction. Two 

interesting phenomena may be observed from Figure 5.8. Firstly the fluctuating internal 

pressures measured for udl leeward and udl roof for a given porosity and wind direction are 

very similar. This is due to the quasi-steady behaviour of the leakages that helps to maintain 

the mean pressure difference (and hence c ) irrespective of their location as explained 

earlier. Thus the theoretical assumption of a predominantly damped lumped leakage without 

inertia and its location in the leeward wall appears valid without appreciably affecting the 

internal pressure dynamics induced by a dominant opening.  

The second interesting phenomenon is only slightly higher values (by around 2-5%) of 

internal pressure fluctuations for the ll leeward configuration compared to the udl leeward 

configurations at all porosities and wind directions. This is somewhat different from the 

observation of Sabareesh et al. [90] who experimentally reported RMS internal pressures 

fluctuations higher by 19-25% for their windward lumped leakage compared to the udl 

configuration. The reasons for the apparent disagreement are (a) because of the location of 

the lumped leakage in the leeward wall in the present case as compared with a windward 

lumped leakage and (b) the RMS external pressure in the leeward wall around the lumped 

leakage is around 3-4 times lower than the corresponding value in the windward wall. As a 

result, effect of the flow inertia through the lumped opening in the leeward wall is 
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insignificant compared to the fluctuations induced through the windward dominant opening. 

This observation hence supports the usage of a spatio-temporal average leeward external 

pressure forcing coefficient ( peLC ) in the non-linear model and shows that a leeward lumped 

leakage partially mimics the behaviour of the theoretical lumped leakage system. For side 

wall situations, however, the RMS internal pressure for the ll leeward configuration is around 

7-10% higher than the corresponding udl leeward configuration.  

The argument for the quasi-steady assumption of a leakage system is further reinforced by 

Figure 5.9(a) which presents the spectra of internal pressure for udl leeward and udl roof 

configurations with porosity ratio 10% at 0° wind direction. Also plotted are the spectra of 

the external forcing functions i.e. the leeward wall and the roof centreline (separation and 

reattachment zone) external pressure spectrum. The spectra of the measured internal pressure 

for udl leeward and udl roof configurations are almost identical in spite of the significant 

difference in the spectra of the external forcing functions. The influence of increased 

damping at resonance (≈33 Hz for the model) with building porosity is presented through the 

spectra of measured internal pressure for udl leeward porosities of 0, 5 and 10% at 0° wind 

direction along with the spectrum of external pressure near the opening in Figure 5.9(b).  

A better insight into the damping effect of background leakage at resonance can be obtained 

by inspecting the measured admittance function of internal to windward opening external 

pressure coefficient in Figure 5.9(c). The amplitude of response is almost halved for a 

building with porosity ratio of 10% in comparison to that for a building with a non-porous 

envelope. 
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Figure 5.9: Spectra of (a) internal, roof and leeward pressure coefficient (b) Spectra of internal and 
windward external pressure coefficient and (c) Admittance function of internal to windward external 

pressure coefficient for udl leeward configuration with porosity ratios of 0, 5 and 10% at 0° wind 
direction 

The RMS internal pressure coefficients measured in the wind tunnel for the udl leeward and 

udl roof configurations at 0° wind direction is compared with the predictions of the non-

linear model for different porosity ratios in Table 5.3. External pressure time history [CpeW(t)] 

around the windward dominant opening along with the mean spatio-temporal leeward wall 

external pressure ( peLC ) coefficient as measured in the wind tunnel for each test configuration 

was used for numerical simulation along with standard values of empirical coefficients 

(c=0.6, CL=1/0.62 ≈2.8 and 4WeW Al  ). The measured values of peLC  used for numerical 

simulations for each porosity ratio investigated is shown in square brackets in column 5 of 

Table 5.3. Also shown in column 6 are the RMS internal pressures predicted by the proposed 

b  c

a 
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linearized expression (Equation 5.20) using similar values of flow coefficients used in the 

non-linear model.  

 Table 5.3: Comparison of the RMS internal pressures between experiments and theory at normal onset 
flow for different leakage ratios  

AL/AW (%) 

 
piC

~
  

 Experimental 
Non-linear 

Model 

(Eq. 5.9) 

[ peLC ] 

Linearized 

Model  

(Eq. 5.20) 

                         Leeward Wall Roof 

Uniformly 

distributed 

Lumped 
Uniformly 

distributed 

5 0.28 0.29 [-0.14] 0.28 0.29 [-0.14] 0.30 

10 0.27 0.28 [-0.13] 0.27 0.28 [-0.13] 0.29 

12 0.25 0.26 [-0.14] - 0.26 [-0.14] 0.28 

19 0.18 0.21 [-0.14] 0.19 0.21 [-0.14] 0.24 

31 0.13 0.16 [-0.14] 0.13 0.16 [-0.14] 0.20 

 

While the theoretical models are found to consistently over-predict the fluctuating internal 

pressure due to the assumptions and simplifications involved (such as the over-estimation of 

the resonant internal pressure response), the agreements are reasonably good and within the 

engineering accuracy in comparison to the uncertainties involved. While a better prediction is 

still possible by altering the values of the empirical coefficients (c, CLW leW  and LK ) in the 

model, these coefficients are not well defined for unsteady flows. It should be noted here that 

an equivalent loss coefficient ( LK ) of 2.78 for the lumped leakage used in simulations can be 

better estimated using Equation (5.6) for real buildings provided high quality permeability 

data from fan pressurization tests exists. Alternatively appropriate values from ASHRAE [97] 

may be adopted. 
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The RMS internal pressure predicted by the linearized expression is found to be in close 

agreement with the non-linear model predictions for small building porosities. At higher 

porosities, however, the linear model over-estimates the RMS internal pressures due to over-

estimation of the resonant component relative to the damping effect of the leakage. It must be 

pointed out that porosity greater than 20% is uncommon for typical low-rise buildings 

including industrial warehouses, so that the linearized predictions are reasonably good for 

practical applications. 

5.4. Comparison of the presented model with other approaches 

A comparison of the lumped leakage model with the Multiple Discharge Equation (MDE) 

and Single Discharge Equation  (SDE) approach due to Oh et al. [15] for estimating the 

internal pressure dynamic response is made using the UWO-NIST benchmarking dataset (Ho 

et al., [93]) for a model building with uniformly distributed background leakage of porosity 

ratio 7% and 70% respectively. The details pertaining to the building model including the 

aerodynamic information can be found in Oh et al. [15]. Sensitivity analysis carried out by 

Oh et al. [15] showed a value of niK :1 =6.9 (1/0.382, n = 80) for individual leakage paths and 

LWC =2.5 for the dominant opening to best match the experimental observations. In order to 

obtain compliance with the measured internal pressure spectra, loss coefficients of LWC =2.5 

for both the larger ( WL AA =7%) and smaller ( WL AA =70%) dominant opening and an 

equivalent loss coefficient ( LK ) of 6.9 for the lumped leakage is used in the lumped leakage 

model. Figure 5.10(a) and 5.10(b) presents the spectral responses of internal pressure 

obtained using the MDE, SDE and lumped leakage approach along with the spectra of 

external pressure for large and small dominant opening respectively.  

The measured spectra of internal pressure calculated using 25 blocks of datasets of 1024 

samples each digitized at 500 Hz for 60 seconds shows a resonance at around 23 Hz for the 

building with the larger dominant opening in Figure 5.10(a). 
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Figure 5.10: Comparison of different simulation approaches for the spectra of internal pressure for (a) 
larger dominant opening (porosity ratio 7%) and (b) small dominant opening (porosity ratio 68%) 

While all the three approaches perform satisfactorily for the case of the large dominant 

opening for which the effect of leakage can be neglected as in Figure 5.10(a), the advantage 

of the proposed model presents itself for the smaller opening as shown in Figure 5.10(b). In 

such cases, the SDE approach though computationally inexpensive is unsuitable due to its 

over-estimation at lower frequencies while the MDE approach though accurate has a much 

higher computational overhead and limited in its usage to wind tunnel studies involving 

models with well defined leakage paths and sophisticated data acquisition system. The 

accuracy of the computationally efficient lumped leakage model on the other hand, with gross 

knowledge of the porosity of the building model, is reasonably good though judicious choice 

of the values of the empirical coefficients are necessary as well. Thus for buildings with 

multi-leakage configurations in the presence of a dominant opening, application of the MDE 

approach, requiring simultaneous solution of multiple non-linear second-order differential 

equations, appears redundant due to the relative insignificance of inertia in leakage systems. 

A quasi-steady approach for leakages coupled with the dynamic response of internal pressure 

induced by the dominant opening as modelled here appears sufficient. It must be noted here 

that a dynamic lumped leakage approach (i.e. with the inclusion of the inertial term) by Oh 

[89], much like the SDE approach, resulted in over-prediction of the RMS internal pressure 

by about 24% compared to the MDE predictions. 

5.5. Summary and Conclusions 

A simplified and computationally efficient non-linear model, similar to the one developed by 

Yu at al. [91], of internal pressure response of a building with a dominant opening and 

background leakage is presented in this chapter, based on certain simplifications shown to be 

a  b 
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adequate for all practical purposes. The simplifications involved in the development of the 

model include: neglecting the inertial term in the equation of motion for the individual 

leakages; combining the leakages into an equivalent lumped leakage on the leeward side of 

the building; and using a spatio-temporal mean leeward external pressure coefficient. The 

response of internal pressure, to a step change as well as turbulent forcing conditions near the 

dominant opening, as predicted by the model is shown to be increasingly damped by the 

presence of background leakage for a real industrial building using typical values of building 

porosities.  

The presented model adequately linearized is used to develop a closed form solution of the 

internal pressure response of buildings under turbulent external pressure forcing conditions. 

In particular, non-dimensional design solutions of the ratio of RMS internal to external 

pressure coefficients and gust factors are provided in a form suitable for implementation in 

wind loading standards. The adequacy of the linearized model and the increased damping 

influence of background leakage for buildings with higher porosity are exhibited through 

presentation of frequency dependant gain and phase functions of internal to external pressure 

for a real building with different porosity ratios. 

Wind tunnel experiments carried out using different combinations of leakage, both uniformly 

distributed and lumped, in the presence of dominant openings of various sizes are used to 

justify the simplifications adopted in the derivation of the analytical model such as the quasi-

steady nature of the leakages and the relatively steady external pressures on the leeward wall. 

For a given porosity ratio, the lumped leakage configuration produced around 2-5% higher 

internal pressure fluctuations compared to the uniformly distributed leakage configurations at 

windward wind angles and around 7-10% for wind directions onto the side wall. While the 

damping effect of background leakage is evident from the reduced dynamic response of 

internal pressure obtained in experiments for buildings with higher porosity ratios, the 

fluctuating component of internal pressure induced by the dominant opening is found to be 

unaffected by the location of individual leakages on the building due to their quasi-steady 

behaviour. Additionally, experimental data is used to validate the non-linear and linear 

predictions of the RMS internal pressure fluctuations for a building with different porosities 

under a normal onset flow. A comparison between the non-linear and linear model 

predictions of the RMS internal pressure coefficients shows good agreement for buildings 

with lower porosity ratios. At porosity ratios higher than 20%, however, the linear model 

over-estimates the RMS internal pressures due to over-estimation of the resonant component 
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relative to the damping effect of the leakage. The linearized model is thus expected to provide 

reasonable predictions in practical situations, where porosity ratios in excess of 20% are an 

exception.  

A performance analysis of the model carried out in conjunction with the Single Discharge 

Equation (SDE) and Multiple Discharge Equation (MDE) approach on benchmarking data 

exhibits the relative advantage of the lumped leakage model in terms of accuracy, practical 

usage and computational efficiency. In particular, for buildings with multiple leakages 

(porosity ratio >10%) in the presence of a dominant opening, the prediction of the internal 

pressure dynamic response by the lumped leakage model  is found to be in close agreement 

with the more computationally intensive MDE approach. 
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Chapter	6 :	Internal	pressure	in	a	leaky	and	flexible	

building	with	an	opening	

 

The most realistic representation of a building envelope is the one with flexibility and 

background leakage intrinsically incorporated into it. Excepting the case of very special 

structures involving unusually rigid constructions, such as the walls and roof of a nuclear 

power facility, buildings in general are likely to have some degree of compliance in the 

envelope, either in whole or in parts thereof such as the roof. Similarly, unless built for 

specialized purposes such as for aseptic surgery or electronics manufacture, no real building 

interior is likely to be completely isolated from the effects of external environment, because 

there will be a multitude of individually small leakage paths through the wall, for instance via 

cracks round ill-fitting windows and doors. So, in a real building, the effect of these two 

factors is likely to be coupled, thereby leading to a complex interaction with the internal 

pressure induced through a dominant opening. 

The interaction between a flexible envelope and internal pressures induced through a 

dominant opening and transmitted through the flexible non-porous envelope (more 

specifically the roof) has been thoroughly dealt with analytically in Chapter 4 using existing 

theories and validated experimentally. Similarly, the influence of background leakage and its 

effect on internal pressures on a rigid building with an opening have been subjected to 

theoretical and experimental investigation in Chapter 5. It the purpose of this chapter to 

provide a theoretical and experimental treatment of the combined effect of “skin” flexibility 

and background leakage on internal pressures induced through a dominant opening in a 

porous and flexible building. 

A detailed literature survey carried out in Chapters 4 and 5 reveals that while isolated 

theoretical and experimental research into the effect of building skin flexibility and 

background leakage on internal pressures have been separately carried out by researchers, no 

attempt to develop a unified mathematical model by coupling the effect of both envelope 

flexibility and leakage, as occurs in most real buildings, has been made to date to the best of 

authors knowledge. Experimental research is even fewer and more challenging, partially due 

to the complexity of the problem at hand due to the lack of knowledge of the appropriate 
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data/values of ill-defined flow, geometrical and structural parameters, but also because of the 

recognized practical difficulty in similarity based wind tunnel modelling of such a realistic 

scenario. Guha et al. [98] has recently addressed this issue by presenting an analytical model 

of internal pressure response for a leaky and flexible building with a dominant opening, but 

without the inclusion of roof external pressure characteristics.  In this chapter, the model is 

extended to include the effect of roof external pressure characteristics, similar to the 

methodology adopted, following Sharma’s work [16], in Chapter 4 for flexible non-porous 

roofs, but also coupling it with the theory of “lumped leakage” developed in Chapter 5 for 

rigid porous buildings. Some wind tunnel experiments to validate the model predictions are 

also reported. 

6.1. Governing Equations 

6.1.1. The general case 

The general problem considered here is the response of internal pressure to fluctuating 

external pressure in a building with a windward dominant opening, flexible envelope and 

background leakage. In particular, the flexibility of the envelope is considered to be 

concentrated at the roof, a common feature with most buildings especially in the tropics, such 

that the internal air volume changes under the action of both internal and roof external 

pressure fluctuations. A significant approximation in the model as adopted in Chapter 4 is the 

usage of a rigid body with uniform deflection to represent a flexible roof, somewhat different 

than the nature of static and dynamic deflections in real roofs. The leakages are lumped onto 

the leeward side because of the relative insensitivity of the leakages to their location on the 

building wall due to their apparent quasi-steady nature. Leakages lumped onto other walls 

with suction pressure will produce a similar dynamic response of internal pressure as has 

been shown in Chapter 5. Figure 6.1 presents a schematic of the proposed model. 



Internal pressure in a leaky and flexible building with an opening 

133 
 

 

Figure 6.1: Schematic of the theoretical model 

Conservation of mass requires the difference in the rate of mass influx and efflux at the 

opening and through the lumped leakage to be equal to the rate of change of mass of air 

inside the building cavity. This is expressed as 

dt
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where ρa, c and AW are the density of air, flow contraction coefficient and area of the 

windward dominant opening respectively, AL and V0 is the area of the lumped leakage and the 

nominal volume of the building envelope respectively, Wx  and Lx  are the velocities of air jet 

through the windward dominant opening and lumped leakage respectively. The non-

dimensional volume ratio υ and its time derivatives are given as [16] 
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                     (6.2) 

where V and Hr are the instantaneous volume and ridge height of the building envelope 

respectively, Ar is the area of the roof and rx , rx , rx  is the instantaneous roof displacement, 

velocity and acceleration respectively. 
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Assuming air density changes to be small, the unsteady form of Bernoulli’s equation through 

the windward dominant opening applied to a streamline connecting the immediate external 

region, with external pressure coefficient CpeW(t), to an internal point within the convergent 

flow region with pressure coefficient Cpi(t), can be written as [similar to Eq. 5.1] 

 pipeWWWWWLWaWWeWa CCqcAxxcACxcAl   
2

1
                 (6.3) 

where leW and Wx  are the effective length and acceleration of the air slug through the 

windward dominant opening respectively, CLW is the loss coefficient of flow through the 

opening and q=0.5ρa
2

hU  is the reference ridge height dynamic pressure.  

The quasi-steady equation of motion through the lumped leakage opening obtained by 

neglecting the effect of inertia is written as [Eq. 5.4] 

 peLpiLLL
a CCqxxK 

2


                        (6.4) 

where peLC  is the spatio-temporal average of leeward pressure over the lumped leakage 

opening (Yu et al., [91]) and LK  is the equivalent loss coefficient through the lumped 

leakage opening under steady state condition which may be grossly estimated using the 

Bernoulli’s obstruction theory (White, [94]) as [Eq. 5.5] 

 2

21

d

L
L

c
K







                       (6.5) 

where dc  is the discharge coefficient of flow through the lumped leeward opening and 

porosity L  may be taken as the ratio of the lumped leakage ( LA ) to the leeward wall area 

( LeewallA ) i.e.  

LeewallLL AA                                  (6.6) 

It is reasonable to assume for all practical purposes that LA  << LeewallA , so that Equation (6.5) 

can be further simplified to [Eq. 5.5] 

 21 dL cK                        (6.7) 
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Invoking the isentropic pressure-volume relationship of air along with Equations (6.1), (6.3) 

and (6.4) leads to the following generalized governing equation of the internal pressure 

response of leaky and dynamically flexible buildings with a dominant opening for υ ≈1 as 

 

 
     


Term StiffnessFunction Forcing

Term Dampinglinear -Non

21

0

21

0
2

2
0

0

Term Dampinglinear -Pseudo
Term Dampingn Interactio

0

Term Intertial

0

22

2

pipeW

a
peLpi

Lha

aL
pi

a
peLpi

Lha

aL
pi

Wa

a
LW

W

eWa

peLpi

pi

W

L

Lh

eW
pi

Wa

eWa
pi

Wa

eWa

CC

q

P
CC

KVU

PA
C

q

P
CC

KVU

PA
C

AP

qV
C

qA

lV

CC

C

A

A

KU

l
C

AP

lV
C

AP

lV
































  





  































                     (6.8) 

The additional terms namely the interaction damping term and the pseudo-linear damping 

term in Equation (6.8), due to the inclusion of the effects of envelope flexibility and 

background leakage respectively, can be seen to impart additional damping into the internal 

pressure response. This is in addition to the non-linear damping term, further augmented by 

interaction with envelope flexibility and background porosity, which can further limit the 

magnitude of internal pressure fluctuations at resonance in real buildings. For a rigid and 

non-leaky building, Equation (6.8) can be simplified by substituting  = = =0 and LA =0 so 

that the well-known governing equation of internal pressure dynamics for a single cavity, 

rigid, non-porous building as originally proposed by Holmes [38] is obtained.   

The dynamic equation of motion of the flexible roof (Sharma, [16]) assuming it to be a mass-

spring-damper system is given by [Eq. 4.7] 
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where rk , r and r  are the structural stiffness, damping ratio and structural frequency of the 

roof respectively and Cpr(t) is the fluctuating roof external pressure coefficient. Using 

Equation (6.2), Equation (6.9) can be re-written as 

      rrrprpi
or

r CC
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2

                  (6.10) 
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which together with Equation (6.8) can be used to simultaneously solve the internal pressure 

and roof response characteristics concurrently, when forced by fluctuating roof external and 

opening external pressure coefficients. 

6.1.2. Quasi-static structural response 

When the structural frequency of the building components such as the roof in the current 

study is considerably higher than the frequencies over the energy containing region of the 

onset wind turbulence, the structure will respond almost quasi-statically to the applied 

loading. A quasi-static response thus assumes the instantaneous structural displacement to be 

linearly proportional to the applied loading at all times. This is mathematically obtained by 

setting the roof damping ( r ) to zero for a roof structural frequency ( r ) →∞ in Equation 

(6.10) resulting in a simplified expression for the roof displacement as [80] 
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Substituting Equation (6.11) in Equation (6.8) leads to the governing equation of the internal 

pressure response of a quasi-statically flexible and leaky building as 
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                   (6.12) 

where b is the ratio of the bulk modulus of air to that of the building defined as [Eq. 4.13] 

B

a

K

P
b


                      (6.13) 

and shown by Vickery [19] to vary between 0.2 for stiff structures to 5.0 for flexible large 

span roof structures. Equation (6.12) describes the response of internal pressure of a building 

with leaky envelope when the roof structure responds in a quasi-static manner and is thus a 
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special case of the more generalized model represented by Equation (6.8). The undamped 

Helmholtz frequency  2HHHHf   readily obtained from Equation (6.12) and already 

deduced in Chapter 4 (Equation 4.15) is given by 
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             (6.14) 

The Helmholtz frequency can be seen to have been reduced by the presence of “skin” 

flexibility by a factor  b1  in comparison to that for a rigid building. 

6.1.3. Linearized Model 

A linearized internal pressure system consisting of a windward dominant opening, a lumped 

leeward leakage and a dynamically flexible roof illustrated in Figure 6.1 will essentially 

involve linearizing the non-linear damping terms in Equations (6.3) and (6.4) with 

appropriate simplifications. The linearized versions of the equation of motion of the air slug 

through the dominant windward opening and the lumped leakage linearized under the 

assumption of Gaussian distribution of internal pressure and about its mean respectively is 

given by  

 pipeWWjWeWa CCqxcxl   1                                                          (6.15a) 

 piLLpeLpi
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                  (6.15b) 

where cj1 is the damping coefficient per unit area of flow past the dominant opening, LQ  is 

the mean flow rate through the lumped leeward opening and piC  is the mean internal 

pressure coefficient. The quantity LL AQ  can be interpreted as the velocity of flow through 

the lumped leakage and denoted by LU . Equation (6.15a-b) in combination with Equation 

(6.1) leads to the following linearized form 
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where 1jc  can be determined following the work of Vickery and Bloxham [40] as 
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        (6.17) 

In Equation (6.17), piC
~

 and ~  are the Root Mean Square (RMS) internal pressure coefficient 

and non-dimensional volume ratio respectively. The quantity ρiυ is the correlation coefficient 

between the fluctuating internal pressure and the roof response, often difficult to evaluate in 

practice.  

Equations (6.16) and (6.17) along with Equation (6.10) represents the linear analogue of the 

generalized model amenable to frequency domain analysis via the Laplace transform. 

Assuming peWpi CC   for a building with a dominant opening, i.e. the internal pressure inside 

the building approximates to a value close to the mean external pressure over the dominant 

opening, the critical leakage frequency ( c ) in radians/s, above which external pressure 

fluctuations are attenuated and not passed effectively through the lumped leakage can be 

defined as [Eq. 5.15]   
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Equations (6.14) and (6.18) can be used to re-cast Equations (6.16) and (6.17) in a more 

familiar form as 
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The linearized Equation (6.19) shows that in addition to the damping caused by energy losses 

through the dominant opening (given by Damping term 2), an additional damping term 

(Damping term 1) proportional to the ratio of the leakage to the dominant opening area (also 

termed porosity ratio, AL/AW) further contributes to the damping of the internal pressure 

response induced through the dominant opening. 

A linearized model of the dynamic internal pressure response for a building with quasi-

statically flexible and leaky envelope may be obtained by substituting Equation (6.11) into 

Equations (6.19) and (6.20) respectively resulting in 
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where c =  bc 1  is the critical leakage frequency for the quasi-statically flexible 

building, reduced by a factor (1+b) compared to that for the dynamic model (ωc). 

6.1.4. Admittance functions 

The concept of “admittance” is based on linear systems and input-output assumptions. 

Though this is strictly not the case with internal pressures, the linearization procedure as 

described in the previous section has been suitably used to develop frequency dependant 

admittance functions. The significance of the effects of envelope flexibility and background 

leakage on the internal pressure dynamics can be understood by examining the admittance 

functions of fluctuating internal and net roof pressure with respect to the onset turbulence in 
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the approach flow i.e. i.e. )( iq
2 and )(nq

2. These however, require estimation of the 

admittance functions of internal pressure over opening ( )( ieW
2) and roof external 

( )( ir
2) pressures as well as the phase information [ )(ieW  and )(ir ] obtained by 

Laplace transforming Equations (6.10) and (6.16). The resulting expressions for admittance 

and phase functions of internal over windward and roof external pressures coefficients are 

given by 
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where aa , bb  and cc  are defined as  
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In Equations (6.23) and (6.24), ωrp is the natural circular frequencies of the pneumatic spring 

consisting of the oscillating roof mass (mr) against the sealed cavity volume V0 and ωj1 is the 

circular frequency of damping. These are defined as 
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1j  being the damping ratio in Eq. (6.25) and cj1 has been defined in Equation (6.20). 

Equations (6.23-6.25) represent the expression of admittance and phase functions of internal 
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to windward and roof external pressure coefficient for the dynamic roof response situation of 

a leaky building with an opening. The corresponding undamped natural frequencies f1 and f2 

of the system, obtained by setting the damping terms including those due to leakage to zero, 

are presented in Equation (4.26) in Chapter 4. 

As shown before in Chapter 4, for a quasi-statically responsive (flexible) roof, the 

expressions for the admittance and phase functions in Equation (6.23) further simplifies 

under the assumption of (a) r →0 (b) r  →∞ and (c) 22
rrpb   leading to the following 

expressions for internal to windward and roof external pressure coefficient admittance and 

phase functions. 
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The circular frequency of damping, ωj1, for quasi-static systems can be estimated as per 

Equation (6.25) using cj1 defined in Equation (6.22). Dynamic and quasi-static admittance 

and phase functions developed in Equations (6.23) and (6.26) respectively can be used to 

derive the final form of the admittance function of fluctuating internal and net roof pressure 

over the ridge height onset turbulence )( iq
2 as has been done in Chapter 4 (Section 4.1.4) 

following the work of Sharma [80]. The admittance function of internal pressure coefficient 

to the ridge-height dynamic pressure ( )( iq
2) is thus given by [Eq. 4.32] 
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and the net roof pressure coefficient to the ridge-height dynamic pressure admittance 

( )(nq
2) given by [Eq. 4.36] 
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In these equations, SCpi(ω), SCpn(ω)  and Sq(ω) are the spectra of internal pressure, net roof 

pressure and the ridge height dynamic pressure;  eq
2 and  rq

2 are the admittance 

functions of windward wall and roof external pressure with respect to the onset ridge height 

dynamic pressure; er  is the phase difference between the windward wall and roof external 

pressure fluctuations and peWC , prC  and piC  are the mean opening external, roof external and 

internal pressure coefficient respectively. Evaluation of the internal and net pressure 

coefficient admittance functions; however require the knowledge of the windward and roof 

external pressure admittance functions, i.e. |χeq|
2 and |χrq|

2 as well as the phase relationship θer 

between the windward wall and roof external pressures. These have been obtained from wind 

tunnel measurements in the current study (Section 4.2, Chapter 4). 

6.1.5. RMS internal ( piC
~

) and net envelope pressure ( pnC
~

) coefficients 

As explained in Chapter 4 (Section 4.1.5), the RMS internal and net envelope pressure 

coefficients induced through the opening and the flexible roof can be estimated by numerical 

integration of the corresponding spectral curves derived from Equations (6.27) and (6.28) 

respectively as [similar to Eq. 4.37] 
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Sq(f) is the spectrum of ridge-height dynamic pressure. The major point of difference between 

these admittance functions, the RMS internal and net pressure coefficients and the ones 

derived in Chapter 4 are the different functional forms of the internal to windward wall and 

roof external pressure coefficient admittance and phase functions. While the ones in Chapter 

4 incorporates the effect of envelope flexibility only, the admittance functions and the RMS 

internal and the net pressure coefficients derived using the equations developed in this 

chapter will additionally include the damping effect of background leakage.  

6.2. Measurement of Admittance and Phase in the wind tunnel 

Details of measurement of the windward (|χeq|
2) and roof external pressure (|χrq|

2) admittance 

functions as well as the phase relationship θer between the windward wall and roof external 

pressures are provided in Section 4.2 of Chapter 4. These values were typically obtained from 

cross-spectral estimates of the measured windward wall, roof and internal pressure data in the 

wind tunnel. 

6.3. Analytical Example 

6.3.1. Numerical Investigations 

An analytical example of the internal pressure response for a leaky building with an opening 

and a flexible roof is provided for the case of a building similar in dimensions to the Twisted 

Flow Wind Tunnel (TFWT) building of the University of Auckland. A similar building 

configuration, but without any background leakage, was used for numerical analysis in 

Chapter 4 (Section 4.3). Roofs of different structural stiffness but of similar mass are used for 

both dynamic and quasi-static analysis. Conditions used for analysis are reproduced below. 

0V = 6.18x103 m3, WA = 21 m2, rA = 874 m2, 4WeW Al  , 

c=0.6, LWC = 1.2, hU = 30m/s, a = 1.185kg/m3, 

 = 1.4, aP = 101300Pa, peWpi CC  =0.57, peWC
~

 = 0.25, prC = -0.65, prC
~

= 0.17; 
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peLC = -0.1, LK = 2.78, uI = 0.20 

Some of these parameters such as the mean and RMS windward and roof external pressure, 

mean leeward wall external pressure, ridge height turbulence intensity as well as the 

admittance and phase functions of the windward and roof external pressures to the ridge 

height dynamic pressure, |χeq|
2, |χrq|

2 and φer, were obtained from the wind tunnel experiments 

as mentioned in Section 6.2. The internal to windward wall and roof external pressure 

coefficient admittance and phase functions, |χieW|2, |χir|
2 φieW and φir, were estimated 

analytically using Equation (6.23) for the dynamically flexible porous envelope and 

Equations (6.26) for the quasi-statically flexible porous envelope The internal and net roof 

pressure coefficient to the ridge height dynamic pressure admittance functions, |χiq|
2 and |χnq|

2, 

as well as the spectra of internal and net roof pressures for different flexibility-leakage 

combinations were evaluated using these measured and analytically estimated admittance 

functions as per Equations (6.27), (6.28). The RMS internal pressures were estimated by 

numerical integration of the corresponding spectral curves using Equation (6.29). 

A conservative estimate of the roof damping ratio ( r ) of 0.1 including structural, 

aerodynamic and acoustical damping is used for the dynamic analysis. Sharma and Richards 

[49] and Sharma [16] have previously shown that the general outcome of the results would 

only be altered marginally for a different value of r , estimation or general approximation of 

which is difficult in practice.  

Roofs of natural frequency 1, 5 and 10 and 100Hz (i.e. almost theoretically rigid) were used 

for quantitative estimation. Table 6.1 provides estimates of the value of b, HHf   and cf   for 

the four roofs under investigation. 

Table 6.1: Estimated values of b, HHf   and cf   for the different roof flexibility-leakage combination 

Parameters 
1Hz 5Hz 10Hz Rigid/non-

porous r=0% r=10% r=20% r=0% r=10% r=20% r=0% r=10% r=20% 

b 29 1.17 0.29 0 

HHf   0.22 0.84 1.09 1.25 

cf   0 0.004 0.008 0 0.05 0.11 0 0.097 0.193 0 
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The critical leakage frequencies ( cf  ), as seen here and in Chapter 5, are usually found to be 

an order of magnitude smaller than the corresponding Helmholtz frequency ( HHf  ) of the 

building with the dominant opening. The damping coefficient (cj1) for each leakage-envelope 

flexibility combination was calculated using Equations (6.20) and (6.22) for dynamically and 

quasi-statically flexible roofs respectively, using an extension of the “detailed approach” 

proposed by Yu et al. [71]. In this method, an initial value of the RMS internal pressure 

coefficient ( piC
~

), and RMS non-dimensional volume ratio (~ ) is assumed, and subjected to 

an iterative procedure until convergence. Alternatively they can be directly obtained by 

simulating the non-linear equations, as is done in Chapters 4 and 5. Value of the correlation 

coefficients (ρiυ and ρir) between the internal and roof external pressure coefficients were 

obtained by numerically simulating the corresponding non-linear dynamic (Equations 6.8 and 

6.10) and quasi-static (Equations 6.11 and 6.12) equations using the measured windward wall 

and roof external pressure time histories.  

Figures 6.2(a) and 6.2(b) compare the admittance functions of internal to windward wall 

external pressure coefficient |χieW|2 for different porosity ratios (r) for a roof structural 

frequency of 1Hz as predicted by the dynamic and the quasi-static model respectively and 

plotted against the reduced frequency. Figure 6.2(c) and 6.2(d) provides the corresponding 

admittance functions for a 10Hz roof.  

For the case of the 1Hz roof, the response at the first resonant frequency (f1) as predicted by 

the dynamic model is completely damped by the flexibility of the envelope such that the 

additional damping effects of the background leakage are not explicitly evident. Similar 

observation can be made for the quasi-static model predictions with the resonant response 

hardly discernable in the admittance plots. As discussed in Chapter 4, the quasi-static model 

does not predict the second resonant response at f2, unlike the dynamic model. The damping 

effect of the background leakage is more explicitly visible at the first resonant frequency for 

the 10Hz roof. The response of the envelope with 20% porosity is much lower than the one 

with 10% porosity, which in turn is lower than the limiting case of a non-porous flexible 

envelope. 
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Figure 6.2: Internal to windward wall external pressure coefficient admittance function |χieW|2 for 
different porosity ratios for a building with fr = 1Hz (a) Dynamic model (b) Quasi-static model and fr = 

10Hz (c) Dynamic model and (d) Quasi-static model 

Figures 6.3(a) and 6.3(b) similarly show the admittance functions of internal to roof external 

pressure coefficient |χir|
2 for different leakage combinations for the 1Hz roof as predicted by 

the dynamic and the quasi-static model respectively. Figure 6.3(c) and 6.3(d) shows the same 

for the 10Hz roof.  

The nature of the admittance functions are similar to those for a flexible non-porous envelope 

presented in Figure 4.5 of Chapter 4, but with the magnitude of resonant response 

proportionally reduced with increasing building porosity. Higher roof admittance beyond the 

first resonant frequency (f1) as seen in the figures will allow transmission of external pressure 

fluctuations to the building interior, thereby causing a potential increase in the internal 

pressure response. This effect is more prominent for the flexible 1Hz roof than the much 

stiffer 5 and 10Hz roofs. 

a  b 

c  d 
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Figure 6.3: Internal to roof external pressure coefficient admittance function |χir|
2 for different porosity 

ratios for a building with fr = 1Hz (a) Dynamic model (b) Quasi-static model and fr = 10Hz (c) Dynamic 
model and (d) Quasi-static model 

Figures 6.4(a) and 6.4(b) show the internal to ridge height dynamic pressure admittance 

functions (χiq|
2) calculated using Equation (6.27) for different leakage ratios (r) for the 1Hz 

roof as predicted by the dynamic and the quasi-static model. Figures 8(c) and 8(d) show the 

corresponding admittances for the 10Hz roof.  

The admittance at the second resonant frequency (f2) is found to be particularly significant for 

the flexible 1Hz roof as predicted by the dynamic model whereas the first resonant mode 

appears more significant for the stiffer 10Hz roof. The sharp narrow peaks in the internal 

pressure admittance functions, as already discussed in Chapter 4, is possibly due to the 

transmission of the shear layer turbulence generated on the roof through the envelope by 

diaphragm action. The effect of this transmission is more consequential for the flexible 1Hz 

roof in comparison to the much stiffer 10Hz roof. 

 

a  b 

c  d 
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Figure 6.4: Internal pressure coefficient admittance |χiq|
2 for different porosity ratios for a building with fr 

= 1Hz (a) Dynamic model (b) Quasi-static model and fr = 10Hz (c) Dynamic model and (d) Quasi-static 
model 

Figures 6.5(a) and 6.5(b) similarly show the net roof pressure coefficient admittance 

functions (χnq|
2) calculated using Equation (6.28) for the 1Hz roof as predicted by the 

dynamic and the quasi-static model respectively. Figure 6.5(c) and 6.5(d) show the 

corresponding admittance functions for the 10Hz roof.  

The effect of enhanced roof pressure admittances at the higher resonant frequency for the 

more flexible roofs (e.g. 1Hz roof) and at the first resonant frequency for stiffer roofs (e.g. 

10Hz roof) can result in building generated turbulence to be transmitted dynamically to the 

internal pressure system. This in combination with high suction roof pressures can 

considerably increase the net roof pressure fluctuations in buildings under favorable 

circumstances, notwithstanding the increased damping effects induced by the envelope. To 

what magnitude, shall however depend on the viscous and radiation losses through the 

dominant opening as well as the additional damping imparted by the background leakage in 

the building envelope. 

c 

a 
b 

d 
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Figure 6.5: Net roof pressure coefficient admittance |χnq|
2 for different porosity ratios for a building with 

fr = 1Hz (a) Dynamic model (b) Quasi-static model and fr = 10Hz (c) Dynamic model and (d) Quasi-static 
model 

The decrease in the Helmholtz frequency of the building due to increased envelope 

flexibility, as can be seen here and also in Chapter 4, appears to be of significant consequence 

apparently due to the close proximity of the resulting resonant frequency to the energy 

containing frequencies of the turbulent external pressure fluctuations. Sharma and Richards 

[49] for example, have previously argued that the potential significance of this decreased 

Helmholtz frequency is a corresponding amplification of the internal pressure resonant 

response by around 2.5~3. The situation could be even worse during tropical cyclone 

conditions, with inherent shift of the turbulence energy towards higher frequencies, resulting 

in a resonant response as high as 60 times the neutral atmospheric boundary conditions. The 

inclusion of the effect of background porosity of r =20% in the current study shows a 

corresponding reduction in the internal and net roof pressure gain at resonance by as much as 

4.5~5.5 times compared to a non-porous envelope (r =0%). This reduction in the gain thus 

nullifies the possibility of such a dramatic increase of internal and net roof pressures. 

b a 

c  d 
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Figures 6.6(a) and 6.6(b) show the spectra of the internal pressure coefficient for the 1Hz and 

10Hz roof respectively while 10(c) and 10(d) shows the corresponding net roof pressure 

coefficient spectra for the same roofs. Also shown in the spectral plots is the spectrum of the 

ridge height dynamic pressure.  

Figure 6.6: (a) Internal pressure coefficient spectra for (a) fr = 1Hz (b) fr = 10Hz and the net roof pressure 
coefficient spectra for (c) fr = 1Hz and (d) fr = 10Hz 

The plots reinforce the moderating effect of increased background leakage and higher 

envelope flexibility on the resonance of internal pressure in buildings. The internal and net 

pressure spectra show increased response at the second resonant frequency (f2) for the 1Hz 

roof and at the first resonant frequency (f1) for the stiffer 10Hz roof. 

The RMS values for the fluctuating internal and net roof pressure coefficients obtained by 

numerical integration of the corresponding spectral curves predicted by the dynamic and the 

quasi-static model for the different envelope flexibility- background leakage combination is 

summarized in Table 6.2. 

 

a  b

c  d 
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Table 6.2: Calculated RMS internal and net pressure coefficients 

rf (Hz) 

Dynamic Model Quasi-static Model 

piC
~

 piC
~

 

r=0% r=10% r=20% r=0% r=10% r=20% 

1 0.16 0.15 0.13 0.14 0.13 0.12 

5 0.18 0.14 0.13 0.20 0.15 0.13 

10 0.20 0.15 0.14 0.21 0.16 0.14 

100 0.21 0.15 0.14 0.22 0.16 0.14 

rf (Hz) 

Dynamic Model Quasi-static Model 

pnC
~

 pnC
~

 

r=0% r=10% r=20% r=0% r=10% r=20% 

1 0.30 0.30 0.29 0.29 0.29 0.28 

5 0.32 0.30 0.29 0.33 0.31 0.30 

10 0.33 0.30 0.29 0.34 0.31 0.30 

100 0.34 0.30 0.29 0.34 0.31 0.30 

 

The RMS value of internal and net pressure coefficient is found to progressively decrease 

with increase in background leakage and envelope flexibility in a building. At higher porosity 

ratios such as r=20% in the current study, the damping effects of background leakage are 

found to predominate that of flexibility, because of which the RMS internal pressures are 

similar irrespective of the degree of flexibility in the envelope. The quasi-static model tends 

to slightly under-predict the RMS internal and net roof pressure coefficient for roofs with 

higher flexibility such as the 1Hz roof in the current study, due to exclusion of the increased 
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admittance at the higher resonant mode. On the other hand, the quasi-static model predicts 

RMS internal pressures slightly in excess of the dynamic model for comparatively stiffer 

roofs due to negligence of roof inertia and damping effects.   

The RMS internal and net roof pressure coefficients for a building with a 1Hz flexible roof 

and 20% background porosity is found to be approximately 40% and 15% lower than those 

for a rigid non-porous building with the same internal volume and opening size. To put things 

in perspective, a porosity ratio of 10-20% is usually considered to represent one extreme for 

porous industrial buildings, the other extreme end being the tightly sealed mechanically 

pressurized office spaces.   

The significance of the correlation of internal pressure with the roof envelope external 

pressure fluctuations is exhibited through estimation of the correlation coefficient between 

the dynamically computed internal pressure and the roof pressure fluctuations for various 

envelope flexibility-leakage combinations summarized in Table 6.3. 

Table 6.3: Calculated correlation coefficients between the roof and internal pressure for different 
envelope flexibility and porosity ratio combinations  

rf (Hz) 

ir  

r=0% r=10% r=20% 

1 -0.69 -0.78 -0.84 

5 -0.65 -0.75 -0.80 

10 -0.55 -0.70 -0.78 

100 -0.54 -0.70 -0.78 

 

An anti-correlation upwards of 0.55 exists between the roof external and internal pressures 

signifying the possibility of increased net loads on the roof surface due to the additive nature 

of the internal and roof external pressure fluctuations.The correlations however increase with 

increase in envelope flexibility and background leakage, thus nullifying the damping effect of 

envelope flexibility and leakage to some extent, but still high enough to be a significant 

design consideration. 
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6.3.2. Calculation of peak internal pressure: Comparison with quasi-steady approach 

A comparison between the peak internal pressure coefficients predicted by the theoretical 

model for compliant and porous envelopes to the quasi-steady predictions for a rigid, non-

porous envelope of the same internal volume and dominant opening size is presented here. 

The Twisted Flow Wind Tunnel (TFWT) building used for numerical analysis in the 

preceding section is considered for the comparative study.  

The peak internal pressure coefficient ( piĈ ) is calculated from its mean and predicted RMS 

values using the following relation 

pipipi CgCC
~ˆ                     (6.30) 

where g is the peak factor with values usually ranging from 3.5~3.7.  

The mean internal pressure coefficient ( piC ) for each dominant opening-leakage 

configuration is estimated as the weighted average of the external pressures near the 

dominant windward opening and the leeward wall using the expression [Eq. 3.1] 

     22 11 LW

peL

WL

peW
pi

AA

C

AA

C
C





                    (6.31) 

Mean internal pressures coefficients of 0.57, 0.56 and 0.54 are obtained for porosity ratios of 

0%, 10% and 20% using peWC  and peLC  of 0.57 and -0.1 respectively. The RMS internal 

pressure coefficients ( piC
~

) for the different building flexibility and porosity is obtained from 

Table 6.2. 

The theoretically predicted peak internal pressure coefficients for different flexibility-leakage 

combinations are shown in Table 6.4. Also shown for comparison is the peak internal 

pressure coefficient obtained using quasi-steady analysis for a rigid non-porous building, 

where the mean external pressure coefficient ( peWC ≈0.57) and turbulent intensity (Iu= 0.22) 

measured in the wind tunnel is used for the estimation of the quasi-steady RMS internal 

pressure coefficient ( QSpiC ,

~
) as 

UpeWQSpi ICC 2
~

,                      (6.32) 
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Table 6.4: Comparison of peak internal pressures: Theoretical vs. Quasi-steady model 

rf (Hz) 

piĈ (Theoretical) 

QSpiC ,
ˆ (Quasi-steady) 

r=0% r=10% r=20% 

1 1.16 1.11 1.02 

1.49 

5 1.31 1.12 1.03 

10 1.35 1.15 1.06 

Inf (Rigid) 1.42 1.15 1.06 

 

From Table 6.4, it is clear that the quasi-steady method, which does not take into account the 

effect of envelope compliance and background leakage, is conservative for all the flexibility-

leakage combinations, but is close to the dynamic prediction for a rigid, non-porous envelope. 

In particular, the peak value of internal pressure coefficient for the building with 1Hz roof 

and 20% background porosity is around 30% lower than the peak pressure coefficient 

obtained using quasi-steady analysis, due the additional damping imparted by envelope 

flexibility and background leakage. 

6.4. Comparison between theory and experiments: Model validation 

In order to validate the theoretical predictions, wind tunnel tests, using a flexible Styrofoam 

roof as described in detail in Chapter 4 and leakages distributed uniformly on the sidewalls 

(not roof) and leeward wall described in Chapter 5, were carried out. In particular, the 

admittance of internal to windward wall and roof external pressure coefficient admittance 

functions were theoretically estimated for the wind tunnel model for comparison with the 

measured data. A loss coefficient (CLW) of 1.2, 22
rrra mAPb  =2.57 for a flexible roof of 

mass (mr) 0.02kg and area (Ar) of 0.112m2 along with porosity ratios of 0%, 10% and 20% 

were used for comparative investigations. The measured admittance functions were obtained 

from cross-spectral density estimates between the internal pressure, windward wall and roof 

external pressure signals. 
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Figures 6.7(a) and 6.7(b) present the predicted and the measured admittance functions of 

internal to windward wall external pressure coefficients respectively. 

Figure 6.7: Admittance function |χieW|2 for a flexible-roofed building with different porosities (a) 
theoretical and (b) measured 

While the match between theory and measurements is reasonable in the low-frequency range, 

the magnitude of the measured admittance at resonance is lower compared to the theoretical 

predictions for all building porosities. This is possibly due to the usage of a relatively small 

loss coefficient value of CLW = 1.2 in the numerical predictions as well as the inherent 

leakiness of the flexible Styrofoam roof. Using higher values of loss coefficients, applicable 

for unsteady reversing flow through an opening, would have resulted in a much better match 

between the theory and experiments.  The measured admittance functions also show some 

evidence of high frequency noise well beyond 150Hz in the system. The increased damping 

at resonance with increase in background porosity, as theoretically predicted, is also evident 

from measurements. 

Figures 6.8(a) and 6.8(b) similarly show the predicted and measured internal to roof external 

pressure coefficient admittances.   

The damping effect of background porosity in limiting the resonant response of internal 

pressure is more distinct in the measured admittance compared to the analytical prediction. 

The magnitude of the measured admittance function at resonance is also found to be slightly 

higher than the theoretical predictions for all building porosities. This trend is somewhat 

opposite to what was observed for the internal to windward wall pressure coefficient 

admittance functions in Figure 6.7. 

a  b 



Internal pressure in a leaky and flexible building with an opening 

156 
 

Figure 6.8: Admittance function |χir|
2 for a flexible-roofed building with different porosities (a) theoretical 

and (b) measured 

The predicted spectra of internal pressure coefficient for the flexible-roofed model with 

different porosities are plotted in Figure 6.9(a) along with the measured spectra in Figure 

6.9(b). Also plotted in these figures is the spectrum of the measured external pressure 

coefficient near the opening. Figure 6.9(b) additionally shows the corresponding measured 

internal pressure coefficient spectrum for the non-porous rigid acrylic roof model tested for 

comparison. The theoretical spectra are estimated using a loss coefficient (CLW) of 1.2. 

Figure 6.9: Internal pressure coefficient spectra for a flexible-roofed building with different porosities (a) 
theoretical (b) measured 

The theoretical spectra simulated using a loss coefficient (CLW) of 1.2 exhibits a much higher 

response compared to the measured spectra for all building porosities. A better match 

between the measured and the predicted spectrum is obtained using a loss coefficient value of 

6.9, as shown in Figure  4.17 in Chapter 4, for the flexible non-porous (r=0%) model. A 

similar loss coefficient value is found to be needed to effect a spectral match for other 

porosity ratios, but not shown here. While this can be attributed to the unsteady reversing 

a  b 

a  b
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nature of the flow through opening being responsible for such high values of the loss 

coefficient, the inherent leakiness of the flexible Styrofoam roof, as discussed earlier, not 

accounted for in the theoretical analysis also has a role to play in the additional loading of the 

loss coefficient. 

6.5. Summary and Conclusions 

An analytical model of internal and net pressure response in a porous building with a 

dominant opening is developed by coupling the effects of envelope flexibility and 

background leakage. The model, similar to the envelope flexibility model provided by 

Sharma [16], in addition to the fluctuating pressures at the opening, take into account the 

effect of roof external pressures as well as their phase relationship on the internal pressure 

dynamics. The model is thus a combination of the envelope flexibility model presented in 

Chapter 4 for a flexible non-porous building and background leakage model developed in 

Chapter 5 for a rigid porous envelope. Two cases of envelope flexibility, dynamically and 

quasi-statically flexible roof in particular, and their effect on the internal and net envelope 

(roof) pressures are considered similar to those in Chapter 4. A linear analogue of the 

generalized dynamic as well the quasi-static model is developed in particular, to analytically 

establish the admittance functions of internal to windward and roof external pressures. These, 

as shown by Sharma [16] for a flexible non-porous envelope, along with the measured 

windward wall and roof pressure coefficient admittance and phase functions, can be used to 

analytically estimate the internal and net envelope roof pressure coefficient admittance 

functions for buildings different envelope flexibility-background leakage combinations. 

Wind tunnel measurements were carried out to determine the admittance functions of opening 

and roof external pressures as well as their phase relationship for a building similar in 

dimensions to the Twisted Flow Wind Tunnel Building (TWFT) of The University of 

Auckland (UoA). These, in combination with the analytically developed admittance functions 

of internal to windward wall and roof external pressure coefficients, were used to numerically 

estimate internal and net roof pressure coefficient admittances as well as their spectra for 

different roof flexibility-background leakage combinations. The simulated results show that 

the combined influence of envelope flexibility and background leakage decreases the 

Helmholtz resonance along with an associated increase in damping.  This is demonstrated by 

somewhat smaller RMS internal and net pressure coefficients obtained from numerical 

integration of the corresponding spectral curves. For higher building porosities, the damping 
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effect due to envelope flexibility is found to be somewhat masked by the presence of 

background leakage; RMS internal pressure coefficients, as a result of which are found to be 

very similar for a building with 20% background porosity irrespective of the degree of 

flexibility in the envelope. The correlation coefficient between the internal and roof external 

pressures is found to increase with building flexibility and leakage; meaning additive nature 

of the internal and the roof external pressure resulting in increased net load across the roof.  

A comparative analysis of the peak internal pressures estimated using the developed model to 

that of the quasi-steady theory, for different envelope flexibility-background leakage 

combinations, show conservative predictions by the latter for all except that of a rigid, non-

porous envelope. In particular, the peak value of internal pressure coefficient for the building 

with 1Hz roof and 20% background porosity is around 30% lower than the peak pressure 

coefficient obtained using quasi-steady analysis, due the additional damping imparted by 

envelope flexibility and background leakage. 

A reasonable agreement of the nature of the measured and predicted admittance functions of 

internal to windward wall and roof external pressure coefficients validates the theory 

developed, although a loss coefficient of 1.2 used for theoretical investigations resulted in 

slight over prediction of the measured internal pressure spectra for all building porosities. A 

better agreement between the measured and the predicted internal pressure spectra for the 

Twisted Flow Wind Tunnel leaky and flexible building model was obtained using a loss 

coefficient of 6.9. 
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Chapter	7 :	Internal	pressure	in	a	building	with	multiple	

dominant	openings	in	a	single	wall		

 

Wind induced internal pressure inside a building with a single windward dominant opening is 

usually considered as the most critical design configuration by wind engineers. The internal 

pressure under favourable forcing by the external pressure (with enough turbulence energy) 

near the windward dominant opening, can exhibit a resonating response at the Helmholtz 

frequency of the building cavity-opening combination. The resulting dynamic response can 

effectively increase the net load on roof/cladding leading to its failure in whole or in part. 

It is also generally accepted that the fluctuations of internal pressure are significantly 

moderated by the presence of additional secondary openings at surfaces where the external 

pressure is of opposite sign to that near the windward opening as shown by Karava and 

Stathopoulos [99]. Wind tunnel studies on the internal pressure overshoot and resonant 

response carried out by Vickery and Bloxham [40] using a scaled model for a range of 

windward apertures (dominant opening) and back face leakages in both smooth uniform flow 

and turbulent shear flow showed that the Helmholtz resonance contribution to the internal 

pressure variance is roughly halved with a back-face leakage area of around 10% of the 

dominant opening area. Through their wind tunnel experiments on the measurement of the 

roof loading of a low rise building in the presence of a windward and leeward opening, 

Jancauskas and Sharp [61] concluded that a decrease in mean and peak uplift response of the 

roof as well as that of the internal pressure following a windward window failure can be 

achieved solely by increasing the venting in the leeward side of the house. Harris [56], in the 

development of the linearized theory of internal pressure for a nominally sealed building with 

lumped leakages in a general windward-leeward orientation, showed that the mean internal 

pressure is also influenced by external pressure fluctuations at the openings. A difference 

(∆Cpi) of -0.124 between the measured and predicted internal pressure for severe cases of 

windward wall pressure fluctuations, being of the same order as the mean, is shown to be 

possible. Discrepancies of the mean internal pressure between experiments and theory as high 

as -0.5 observed by Woods and Blackmore [88] for models with larger windward and 

leeward openings was attributed to the inertial effects of air flowing back and forth through 

them, not accounted for in Harris’s lumped orifice model. These along with other studies, see 
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for example Seifert et al. [100] dedicated to natural wind driven cross-ventilation deal with 

openings on opposite surfaces with essentially uncorrelated external pressures and how 

significant internal flow and pressure gradients they induce. But what is not clear from the 

wind loading point of view is the influence of multiple dominant openings, with highly 

correlated external pressure, on the internal pressure dynamics of a building. A building with 

closely located multiple dominant openings is quite common in practice, especially shed or 

warehouse type buildings with two delivery ‘roller’ doors such as shown in Figure 7.1(a) or 

in garages as shown in Figure 7.1(b). 

Figure 7.1:  (a) The Twisted Flow Wind Tunnel (TWFT) building with two roller doors on its southern 
wall (b) A garage shed with two adjacent roller doors. Roof failure following dominant opening creation 

(courtesy AWES [101]) 

Roller doors can be quite fragile in cyclone prone regions due their tendency to bend and pull 

out of supporting channel during strong winds. An interesting and potentially unsafe design 

scenario may develop following the failure of two or more such doors located close to each 

other on the windward wall.  

A generalized model of the internal pressure induced through multiple openings located on a 

single wall of a low rise building is developed in this chapter and compared with the single 

dominant opening situation. Application of the model is presented in terms of admittance, 

spectra and gust factors of internal pressure for a building similar in dimensions to the 

Twisted Flow Wind Tunnel (TFWT) building of the University of Auckland with two 

windward dominant openings. Additional wind tunnel studies of internal pressure using a 

1:100 scale rigid model of the same building in the presence of one and two single wall 

openings of various sizes are used to complement the theoretical predictions. Comparisons of 
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the measured internal pressure for one and two opening situations on a single wall are made 

with the provisions of AS/NZS 1170.2 [9].   

7.1. Governing Equations 

Considered in this study is the most generalized case of a low rise building with ‘n’ dominant 

openings on the windward wall. Figure 7.2 shows a simplified schematic for n =2 dominant 

windward openings. 

 

Figure 7.2: Schematic of the model with two parallel dominant openings 

7.1.1. Steady internal pressure 

Based on the theory of mass-balance, the steady state value of internal pressure ip  influenced 

by steady external pressures, where 
kep is the external pressure acting over the kth opening of 

area kA , at n openings with equal loss coefficients is given by Holmes [38] 
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                      (7.1) 

Equation (7.1) implies that the steady state value of internal pressure is simply an area-

weighted mean of the steady values of the external pressures over all the openings. For 

openings of equal area i.e.  mkAA mk  , Equation (7.1) reduces to an arithmetic mean of 

external pressures over all the dominant openings as 
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Experimental validation of the above equations has been reported by several authors 

including Holmes [38], Liu and Saathoff [43] and Ginger et al. [66]. 

7.1.2. Dynamic internal pressure         

7.1.2.1. Quasi-steady model    

If the dynamic magnification due to the resonant response is neglected and the temporal 

fluctuations of internal pressure are assumed to be linearly proportional to the fluctuations in 

external pressure around the openings, an expression for the Root Mean Square (RMS) 

fluctuating internal pressure ( ip~ ) influenced by external pressures correlated over ‘n’ 

openings can be written as 
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where over-bar denotes time or ensemble average of the product of the fluctuating external 

pressures 
kep and 

mep  acting on the kth and mth opening respectively. For typical windward-

leeward opening configurations normally used in wind driven cross-ventilation studies, the 

cross-correlation between the external pressures are typically negligible over a broad range of 

the frequency spectrum. This is because the time-scales of the windward wall pressure 

fluctuations, which are of the order of fluctuations in the onset wind, are much greater than 

the time scale of the fluctuations in the building wake typical for the leeward wall. In these 

circumstances, Equation (7.3) may be simplified to 
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where 
kep~  is the RMS value of the fluctuating external pressure at the kth opening.  
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It should be noted here that while the simple quasi-steady model can make reasonably 

accurate predictions of the dynamic component of internal pressure for nominally sealed 

buildings with predominantly damped leakage system, it is inadequate for the high inertia 

resonating flow through large openings considered in the current study. 

7.1.2.2. Non-Linear dynamic model 

To account for the resonant response of internal pressure simultaneously induced by 

fluctuating external pressures over ‘n’ different large openings, a non-linear dynamic model 

based on the unsteady Bernoulli’s equation is developed. Assuming small air density 

changes, the unsteady form of the Bernoulli equation applied to a streamline connecting the 

immediate external region to an internal point within the convergent flow region through the 

k th opening may be written as 

   nkCCqxxCxl pikpekkkLkkea :1;
2

 
                   (7.5) 

where a  is the density of air inside the building cavity, kel  is the length of the air slug 

through the k th opening, kx  represents the displacement of the air slug/jet through the 

opening, 
kLC  is the k th opening loss coefficient, qpC

kekpe   and qpC ipi   are the area 

averaged external pressure coefficient at opening ‘k’ and internal pressure coefficient 

respectively; q  (= 25.0 hU ) being the ridge height mean dynamic pressure. Thus, there are 

‘ 1n ’ unknowns, i.e. 1x , 2x ,…. nx  and piC  but ‘n’ equations represented by Equation (7.5). 

The additional equation is provided by the continuity equation assuming an isentropic 

pressure-volume relationship of air inside the cavity is given by 
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                     (7.6) 

where kc  is the flow contraction coefficient through the k th opening,  =1.4 is the specific 

heat ratio of air, aP  is the ambient air pressure and 0V  is the volume of air inside the building 

cavity. 

Equations (7.5) and (7.6) represent the governing equation for internal pressure response to 

time varying external pressures through ‘n’ dominant openings located on a single wall. 
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7.1.2.3. Linearized Dynamic Model 

A simplification to the non-linear model can be made by linearizing the damping terms in the 

equations of motion of the air-slugs represented by Equation (7.5) following the work of 

Vickery and Bloxham [40]. The linearization based on the assumption of a Gaussian 

distribution of internal pressure is reasonably justified when the openings are located on the 

windward wall of a building. The linearized equations obtained by summation of forces on 

the oscillating air-slugs/jets through the openings is given by 
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                             (7.7) 

where m  is the Helmholtz frequency of the building cavity under a single opening ‘m’ and 

kj
c  is the damping coefficient per unit area of the air-spring-damper system through the kth 

opening respectively defined as 
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Here, 
kpiC

~
 is the Root Mean Square (RMS) internal pressure coefficient of the building 

cavity under a single dominant opening ‘k’. 
kpiC

~
 can be iteratively calculated (Sharma [16]) 

under the assumption of external pressure being a “white noise” excitation that induces 

internal pressure response with a dominant resonant contribution in comparison to the low 

frequency background fluctuations. The resulting equation is given by  
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              (7.9) 

where   2kkpeCS  is the power spectral density of external pressure fluctuations at the 

Helmholtz frequency of the kth opening-cavity volume configuration. Equations (7.7) through 

(7.9) along with Equation (7.6) represent the linearized analogue of the model of internal 

pressure response developed in the previous section, being simultaneously forced by the 

external pressure through ‘n’ parallel windward openings. 
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7.1.3. Transfer function estimates 

In order to find the transfer function of internal pressure in the building cavity over the 

external pressure averaged over the kth dominant opening (   j
kie ), Equations (7.6) and 

(7.7) are Laplace transformed into the frequency domain yielding the generalized expression 

for the complex transfer function as 
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where  j is the complex root of unity and 
mj

  is defined as: 

 nm
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memma
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                   (7.11) 

mj
c  being the damping coefficient through the mth dominant opening given by Equations 

(7.8b) and (7.9) respectively. 

An alternative and possibly more accurate approach to calculate 
mj

c  is to extend the “detailed 

method” proposed by Yu et al. [69]. This helps to do away with the necessity of calculating 

the RMS internal pressures 
kpiC

~
 for each opening ‘k’ as required in Equation (7.9). 

Assuming an initial value of the RMS internal pressure coefficient ( piC
~

), the damping 

coefficient(s) [ nmj
c :1 ] and hence nmj :1 can be calculated using Equations (7.8b) and (7.11) 

respectively. Substituting the value of nmj :1  in Equation (7.10) along with other values, the 

complex transfer function of the kth external to internal pressure fluctuations can be 

estimated. Since the internal pressure is being treated as the linearized response (output) of a 

multi-input (external pressures around the ‘n’ dominant openings) Linear Time Invariant 

(LTI) system, the spectra of internal pressure [  fS
piC ] can be estimated from the following 

relationship 
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by replacing the relevant transfer functions from Equation (7.10). In Equation (7.12), 

)(* f
mie  is the complex conjugate of transfer function )( f

mie  and )( fS
mpeCkpeC is the cross 

spectral density of the external pressure fluctuations at openings ‘k’ and ‘m’ normally 

obtained from wind tunnel measurements. piC
~

 may then be obtained by numerically 

integrating Equation (7.12) as 

2
1

0

)(
~
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piCpi                    (7.13) 

that can be re-substituted back into Equation (7.8b) to calculate the damping coefficient(s) 

and the procedure continued until convergence. 

Considering the simplest case of a low rise building with two dominant windward openings 

(denoted hereafter as 1 and 2) placed in parallel as in Figure 7.2, the transfer functions of the 

internal pressure fluctuations over the area averaged external pressure fluctuations at opening 

1 and 2 can be written using Equation (7.10) as 
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The gain and phase functions are given by amplitudes and arguments of Equations (7.14a) 

and (7.14b) respectively as 
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where   
1ie  and  

2ie  are the gain of internal to external pressure at openings 1 and 2, 

 
2ie  and  

2ie  are the corresponding phase functions between the internal and external 

pressure at openings 1 and 2. In these equations ωa, ωb and ωc are defined as 
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The corresponding un-damped natural frequency ( 0f ) of the system obtained by setting the 

damping coefficients to zero in the denominator of Equation (7.15a) is given by 

2
2

2
10 2
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f                    (7.17) 

A generalized expression for the natural frequency of a building cavity with ‘n’ dominant 

windward openings can be obtained similar to Equation (7.17) as  
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The complex transfer function of internal pressure coefficient over the ridge height dynamic 

pressure [   jiq ] for a building cavity with ‘n’ dominant openings is given by 
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from where the generalized admittance function can be derived as 
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In Equation (7.20), )( qke  is the gain function of the fluctuating external pressure 

coefficient at the k th opening over the ridge height dynamic pressure typically obtained from 

wind tunnel measurements and 
k

peC and 
l

peC  are the mean external pressure coefficient at the 

k th and l th openings respectively. The mean internal pressure coefficient in Equations (7.19) 

and (7.20) is denoted by piC . The frequency dependant phase difference (
leke ) between 

external pressures at openings ‘k’ and ‘l’, also obtained through cross-spectral measurements 

from wind tunnel simulation, is defined as 
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The gain [  
kie ] and phase (

kie ) of fluctuating internal to the external pressure at the kth 

opening is analytically given by the amplitude and argument of Equation (7.10) respectively. 

For a building with two adjacent dominant windward openings, Equation (7.20) simplifies to 
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where the gain and phase functions  
1ie ,  

2ie , 
1ie and 

2ie are given by Equations 

(7.15a) to (7.15d) respectively while the gain of external pressure coefficients at openings 1 

(   qe1
) and 2 (   qe2

) to the ridge height dynamic pressure and the phase function 

between the external pressures at the two openings (
21ee ) can be obtained from wind tunnel 

measurements. 

7.1.4. Peak internal pressure coefficient and gust factor  

The peak internal pressure coefficient ( piĈ ) and internal pressure gust factor ( i ) for a 

building cavity with ‘ n ’ dominant openings can be derived following the work of Davenport 

[72] 
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where |  fiq |2 is given by Equation (7.20) and piC  is given by Equation (7.1) in coefficient 

form. The quantity g is the mean dimensionless peak factor given by 

   00 ln2/5772.0ln2 ttg                     (7.24) 

for a Gaussian distribution of internal pressure. In Equation (7.24), 0t is the averaging period 

(say 600 seconds) and   is the zero crossing rate of Cpi given by 
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7.2. Measurement of Admittance and Phase in the wind tunnel 

Measurement of the admittance and phase functions   2

1
 qe ,   2

2
 qe , 

21ee , were carried 

out for two windward wall opening areas of full scale dimensions 5m by 4.2m (A100 as 

defined in Chapter 3) placed in parallel using a 1:100 scale wind tunnel acrylic model of the 

Twisted Flow Wind Tunnel (TFWT) building of the University of Auckland (UoA) at θ=0° 

wind angle (see Figure 7.3 for a definition of θ along with the basic model configuration),. 

The measurements were carried out in a 1:100 scale Category 3 boundary layer profile. The 

details regarding the hardware and instrumentation used for measurements are presented in 

Section 4.2 and in Figure 4.2(a) of Chapter 4. The details pertaining to the Category 3 

simulated boundary layer characteristics are provided in Appendix B while Appendix C 

references the time domain based recursive filter technique used to correct the raw pressure 

data distorted during transmission through the tubing. Figure 7.3(a) illustrates the volume 

scaled model with the two openings placed side by side on the long wall while Figure 7.3(b) 

shows the tapping positions around the two openings denoted by A1 and A2 respectively 
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Figure 7.3: Scaled wind tunnel model of the TFWT building with two openings and (b) Layout of external 
pressure taps on the windward wall with the openings (All dimensions in mm) 

The normalized frequency dependant admittance function of the external pressure coefficient 

fluctuations at the kth opening to the ridge height dynamic pressure is obtained from cross-

spectral estimates defined as  
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where   
kpeCS  is the spectrum of fluctuating external pressure coefficient at the kth opening 

while  qkpeCS  is the cross-spectral density between the ridge height dynamic pressure and 

the fluctuating external pressure coefficient at the kth opening. Cross-spectrum estimates were 

used to eliminate the uncorrelated noise in the dynamic pressure signal obtained from the 

pitot tube.  The phase function 
21ee  is calculated from the cross-spectrum measurements 

[  
21 peCpeCS ] of the external pressures averaged over the two openings as 

  
2121

arg)(
peCpeCee S                   (7.27) 

The admittance and phase functions for the two external openings A1 and A2 are presented in 

Figure 7.4(a) and 7.4(b) respectively  

a 
b
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Figure 7.4: (a) Admittance and (b) phase function of external pressures at the dominant openings A1 and 
A2 

The admittance function of pressure applied at the windward openings shows small peaks 

around 80-100Hz in Figure 7.4(a), possibly due to random sampling errors. However these 

their effects are are insignificant in the context of the current study. Also the extent of 

attenuation between 150Hz is slightly lower than expected due to noise in the system The 

lack of correlation beyond 100Hz is also seen in the phase relationship in Figure 7.4(b). The 

correlation of external pressure fluctuations over the openings A1 and A2 expressed in terms 

of the frequency dependant coherence function [ )(
21

fee ] is plotted in Figure 7.5. 

 

Figure 7.5: Coherence of external pressures measured at the dominant openings A1 and A2 

A coherence value close to unity at frequencies up to 100Hz indicates a highly correlated 

behaviour of the fluctuating external pressures at the two openings, and makes an interesting 

case for studying the internal pressure dynamics under such forcing condition in comparison 

to that for a single dominant opening. 

a  b 
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7.3. Analytical Example 

Application of the theoretical model is shown for a building similar in dimensions to the 

TFWT building with two centrally located closely spaced windward openings A1 and A2. The 

admittance function of the fluctuating internal pressure with respect to the ridge height 

dynamic pressure of the wind tunnel hall of the TFWT building with two windward dominant 

openings is theoretically estimated for different dominant opening area ratios (A2/A1) under 

the following basic conditions: 

0V =6.18x103m3, 1A =20 m2 

411
Ale  , 422

Ale   , 21 cc  = 0.6, 
21 LL CC  =1.2, a =1.185kg/m3 

 =1.4, aP =101300Pa, pipe CC  =0.6, uI =0.20, hU =30m/s 

The admittance of external pressures to the ridge height dynamic pressure and the phase 

relationship between the external pressures at the two openings measured in the wind tunnel 

were scaled up to full scale through equality of reduced frequency for the purpose of analysis.  

Figure 7.6(a) shows the gain functions (square root of the admittance functions) of internal 

pressure coefficient with respect to the ridge height dynamic pressure ( )(iq ), calculated 

using Equation (7.22), for dominant opening area ratios (A2/A1) varying from 0 to 1.0. The 

internal pressure spectra obtained from the admittance functions for all the opening area 

ratios are shown in Figure 7.6(b).  

There is a gradual increase in the resonant frequency of the system with increase in the area 

of the second dominant opening 2A  along with a simultaneous increase in the magnitude of 

the resonant response. This is possibly due to lower damping through the second opening 2A  

as theoretically predicted. This trend is very different from that of a building with a general 

windward-leeward opening combination which experiences a decrease in internal pressure 

resonant response with increase in the size of the leeward opening. Table 7.1 shows the 

resonant frequencies (f1 and f2) for the individual openings as well the Helmholtz frequency 

for the coupled system (f0) with two openings for the different configurations analyzed in 

Figure 7.6 along with the predicted RMS internal pressure coefficients ( piC
~

). 
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Figure 7.6: (a) Gain function and (b) Spectra of internal pressure fluctuations for varying external 
opening area ratios 

The gain for the two opening configuration corresponding to A2/A1=1 is found to be higher 

compared to the single opening situation (A2/A1=0) at resonance as indicated in Figure 7.6(a). 

However the spectral response at resonance in Figure 7.6(b) and the overall RMS of internal 

pressure coefficient in Table 7.1 for the two opening situation, with a higher Helmholtz 

frequency, is lower due to less availability of forcing energy in the turbulence spectrum and 

the lack of a perfect correlation between the two air slugs as shown in Figure 7.5 compared to 

a single opening situation. 

Table 7.1: Resonant frequencies of the different configurations analyzed numerically  

2A / 1A  
1A =20m2, 0V  = 6.18x103m3 

1f (Hz) 2f (Hz) 0f (Hz) piC
~

 

0.0 

1.225 

- 1.225 0.26 

0.2 0.819 1.473 0.17 

0.4 0.974 1.565 0.19 

0.6 1.078 1.632 0.22 

0.8 1.158 1.686 0.23 

1.0 1.225 1.732 0.24 

 

a  b 
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The RMS internal pressure for area ratios beyond 0.6 in Table 7.1 is found to be very close to 

that for a single opening system. This is predominantly an “increased opening area” effect 

with higher resonant response and lower system damping, but somewhat offsetted by lower 

excitation energy at the Helmholtz frequency and lower than unity correlations between the 

two slugs at higher frequencies. This trend is again slightly different from a single opening 

situation where an increase in opening area, with Helmholtz frequency located in the ‘five-

third’ region of the spectrum, usually results in an increase in internal pressure fluctuations 

due to decreased system damping.  

A multiple opening scenario on a single wall in a building caused by multiple debris impact, 

either simultaneously or in succession during high wind conditions, is not unlikely. This is 

indeed possible, for example in situations with two or more closely spaced roller doors in an 

industrial warehouse or garage or a closely spaced glazed door and window in a residential 

building. However the current analysis shows that internal pressure, designed for the most 

critical single opening situation, should be sufficient in such cases. 

Internal pressure gust factors as functions of external opening area ratios (A2/A1) are plotted 

in Figures 7.7(a), 7.7(b) and 7.7(c) for different internal building volumes ( 0V =1x103, 2x103, 

3x103, 4x103, 5x103 and  6x103 m3), ridge height wind velocities ( hU =10, 20, 30, 40, 50 and 

60m/s) and ridge height turbulence intensities ( uI =0.10, 0.15, 0.20, 0.25, 0.30 and 0.35) 

respectively. The admittance and phase functions measured in the wind tunnel along with the 

fitted Von Karman velocity spectrum (Appendix C) are used for analysis. These along with 

the measured area averaged mean external pressures (
21 pepe CC  ) of around 0.6 is used to 

estimate the gust factors presented in the figures. 

While higher internal building volumes and ridge height velocities act as dampers to the 

internal pressure response, higher ridge height turbulence intensities tend to increase the 

internal pressure fluctuations and hence gust factors for a given area ratio. A reduction in gust 

factor at a higher building volume for a given area ratio as shown in Figure 7.7(a) is not 

significant due to the associated decrease in the natural frequency of the system with higher 

available turbulence energy for dynamic response induction. In fact gust factors are found to 

decrease only marginally between 0V =1x103 m3 (representing a small sized industrial 

building) to 0V =6x103 m3 (representing a large hall or a warehouse) for any given value 

of 12 AA . However the influence of turbulence intensity for a given building volume and area 
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ratio is very evident in Figure 7.7(c); a decrease in magnitude of the gust factor by as much as 

1~1.2 is found to occur for a 10% turbulence intensity in comparison to a turbulence intensity 

of 35%. 

 

Figure 7.7: Internal pressure gust factors as a function of dominant opening area ratios for different (a) 
internal building volumes (b) ridge height wind velocities and (c) turbulent intensities 

A generally decreasing trend in the magnitude of gust factor with increase in the opening area 

ratio ( 12 AA ) is observed in all three cases of analysis for opening area ratios less than 0.6. 

Availability of less turbulence energy in the inertial sub-range of the spectrum at higher 

natural frequencies ( 0f ) corresponding to an increase in the opening area ratio is supposedly 

responsible for this phenomena. However, for area ratios in excess of 0.6, the increased 

dynamic effects of internal pressure partially nullify this decreasing trend. As a result, the 

gust factor steadies beyond this threshold area ratio for all cases.  

While, it appears from the theoretical analyses that single wall multiple opening 

configurations are apparently less critical than a single opening situation in terms of design 

internal pressures, in non-neutral atmospheric boundary layers, such as tropical cyclones, 

a 

c 

b 
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associated with an overall shift in the energy spectrum to higher frequencies, the two opening 

situation for higher opening ratios can be potentially as significant as that for a single 

dominant opening. 

7.4. Wind tunnel Investigations 

7.4.1. Experimental program 

Measurements of internal and external pressure involving six different combinations of 

external opening areas were carried out for different angles of attack (θ) varying from -180 to 

180° in 10° increments. Data was sampled at 600 Hz for 2 minutes for each angle of attack 

yielding 72,000 samples per channel. The different opening configurations investigated are 

summarized in Table 7.2.  

Configurations B1 and B2 have similar opening areas but with area A2 being located on the 

lower (dn) and upper (up) half of the wall height respectively. Similarly C1 and C2 have 

similar opening areas, but are different from each other in terms of the location of areas A1 

and A2 on the lower (dn) or upper (up) half of the wall respectively. 

Table 7.2: Configurations tested in the wind tunnel 

Angle of wind 

attack (°) 

0V  = 6.18x103m3 

External Opening 

Area 1A  (cm2) 

External Opening 

Area 2A  (cm2) 

Area Ratio 

2A / 1A  
Configuration  

-180:10:+180 

20 0 0 A1 

0 20 ∞ A2 

20 10 0.5 (dn) B1 

20 10 0.5 (up) B2 

10 10 1 (dn) C1 

10 10 1 (up) C2 

20 20 1 D 
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7.4.2. Data analysis 

The statistical analysis of data involved calculation of mean and fluctuating internal pressure 

coefficients for different test configurations at each angle of wind attack as shown in Figure 

7.8(a) and 7.8(b) respectively. 

The measured mean internal pressures for all wind directions and opening configurations 

shown in Figure 7.8(a) were found to conform more or less to the theoretical predictions (not 

shown in the figure) using the measured external pressures around the two openings as per 

Equation (7.1). It appears from Figures 7.8(a) and 7.8(b) that normal onset flow 

corresponding to θ=0° wind direction is the most critical wind direction in all the cases, with 

single opening configurations A1 and A2 producing the maximum fluctuating internal 

pressures. Between wind directions of ±40-60° however, the RMS internal pressures for the 

two opening configurations in Figure 7.8(b) are found to be higher than those for A1 and A2. 

This is particularly distinct for configuration D and to a lesser extent for configurations B1, 

B2 and C2. The mean and the RMS internal pressure coefficients for D corresponding to 

12 AA =1 are very close to but slightly lower than those for configurations A1 and A2 at θ=0° 

wind direction. A reliable estimate of the statistical peak values can be obtained from the 

values of the dimensionless peak factor (g).  

 

a 



Internal pressure in a building with multiple dominant openings in a single wall 

178 
 

 

Figure 7.8: Internal pressure (a) mean and (b) RMS coefficients for the different configurations 

Table 7.3 lists the measured mean and RMS internal pressure coefficients for the different 

opening configurations along with the peak factor and up-crossing peak values for θ=0° wind 

direction. The peak internal pressure coefficient for configuration D is only slightly less than 

those for the single opening configurations A1 and A2 and indicates that the fluctuating 

internal pressure in a building with two windward openings on a single wall can be as 

significant as that for a single windward opening of half the combined opening area. 

Table 7.3: Internal pressure statistics for the different opening configurations 

Area Ratio 

2A / 1A  Configuration 

Measured 

g piĈ  

piC  piC
~

 

0 A1 0.61 0.266 3.98 1.67 

∞ A2 0.59 0.261 3.98 1.64 

0.5 (dn) B1 0.57 0.230 3.98 1.48 

0.5 (up) B2 0.61 0.247 3.99 1.59 

1 (dn) C1 0.54 0.210 3.96 1.37 

1 (up) C2 0.57 0.232 3.97 1.49 

1 D 0.61 0.258 3.97 1.63 

 

b 
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Comparison between single opening configurations A1, A2 and two opening configurations 

C1 ad C2 of the same combined area in Table 7.3 indicates that the single opening 

configurations produce much higher fluctuating and peak internal pressures irrespective of 

the location of the two openings. This as discussed earlier is due to the lack of a perfect 

correlation between the air slugs at the two openings compared to a single opening situation. 

The RMS and peak internal pressures for C1 are understandably lower than those for C2 due 

to the location of the two openings near the ground away from the stagnation region in the 

windward wall. 

The admittance functions   2

1
ie  and   2

2
 ie of internal to the area averaged external 

pressure coefficients for a normal onset flow (0°) for the different test configurations 

investigated in the wind tunnel are plotted in Figure 7.9 for some critical configurations. Fast 

Fourier Transforms (FFT) using 34 blocks of datasets of 1024 samples each were used for 

spectral analysis. The gain functions were estimated from cross spectral analysis of internal 

and area averaged external pressure over the kth opening to eliminate high frequency un-

correlated noise from the spectrum, and is calculated as 

)(

)(
)(

2






kpeC

kpeCpiC

kie S

S
                                                     (7.28) 

where )(
kpeCpiCS  is the cross spectral density between the measured internal and external 

pressure coefficients near the openings. 

 

a b
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Figure 7.9: Admittance functions of internal to opening external pressure coefficient for configurations 
(a) A1 (b) A2 (c) B1 (d) B2 (e) C1 and (d) D at 0° wind angle 

The gain at resonance of internal pressure for the configuration D corresponding to 

21 AA  (=20m2) is more or less close to those of single opening configurations A1 and A2 

with an approximate magnitude of 4 at resonance. This is in qualitative agreement with the 

theoretical trend. The gain of internal pressure for B2 is found to be slightly higher than B1 

due to the position of area A2 near the stagnation region with higher external pressures. As 

discussed earlier, C2 with a combined area equal to that of A1 or A2 has the minimum gain 

among all the configurations investigated due to the location of the openings near the ground. 

Thus, in addition to the opening area ratio, the relative locations of the openings on the wall 

are also found to influence the internal pressure response of a building. For two-opening 

configurations B1, B2, C1 and D shown in Figure 7.9, the gain of internal to area-averaged 

external pressures for each opening show slight differences near the low frequency end of the 

spectrum tending to the mean pressures. This is due to the differences in the mean area 

averaged external pressures at these openings due to their location on the windward wall.  

c 

e 

d

f
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A measure of experimental validation of the developed theory is achieved by comparing the 

measured and the predicted Helmholtz frequency for each combination of opening areas 

investigated. Table 7.4 lists the measured and theoretically predicted resonant frequencies 

estimated using Equation (7.17).    

Table 7.4: Comparison between measured and predicted Helmholtz frequency of opening configurations 

Area Ratio 

2A / 1A  Configuration ID 

0f (Hz) 

Predicted 

 

Measured 

 

0 A1 32.06 32.86 

∞ A2 32.06 32.57 

0.5 (dn) B1 42.18 41.60 

0.5 (up) B2 42.18 42.77 

1 (dn) C1 38.76 37.48 

1 (up) C2 38.76 39.08 

1 D 45.34 46.32 

 

The match between theory and experiments is reasonable and consistent with the prediction 

of increased Helmholtz frequency with increase in opening area and number of parallel 

openings. This partially provides credence to the non-linear dynamic model and subsequent 

linearized estimates of transfer functions proposed earlier. While a better agreement between 

the measured and the predicted Helmholtz frequency is observed for single opening 

configurations, the bigger differences for the two-opening situations is possibly due to the 

usage of a standard value of 40Ale   (opening area A0) used in the estimation of the slug 

length through each opening. A better agreement can be obtained by tweaking the values of 

le, but is not well-defined for turbulent flow type situations considered here. As a result, a 

number of combinations of le through the two openings can be used to obtain the desired 

match, not pursued further in this investigation.     

Similarly a match between the measured and the predicted gain functions (at resonance) and 

internal pressure spectra for the different configurations can be obtained by altering the 

individual opening loss coefficients, another ill-defined factor, with a number of 
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combinations through the openings possible. However, a qualitative comparison between the 

numerically generated and experimentally obtained admittance functions does show that a 

value of CL = 1.2 used for numerical predictions is much lower than those needed to effect a 

match. 

7.4.3. Results and Discussion: Comparison with AS/NZS 1170.2.2011 

Figure 7.10 plots the variation of mean and peak-ratio internal pressure coefficients ( piC  and 

qip
C ˆˆˆ / qipC ˆ

 ) with wind azimuth obtained for the single and double opening configurations 

A1, A2, C1 and D along with the provisions of AS/NZS 1170.2.2011 [9]. It should be noted 

that in these plots, peak-ratio coefficients have been evaluated as qpC iqip
ˆˆ

ˆˆˆ   from a peak 

positive internal pressure ip̂  when the mean internal pressure was positive, and as 

qpC iqip
ˆ

   from a peak negative internal pressure ip


 when the mean internal pressure was 

negative. While the peak pressures were obtained through Lieblein [75] analysis, an 

equivalent wind-tunnel averaging time of 0.008 second, based on a 0.2 second gust, was used 

for estimation of q̂ . Though AS/NZS 1170.2 [9] does not provide separate provisions for 

multi-opening configurations, it defines a ‘dominant opening’ as the “sum of the areas of all 

openings in that surface” exceeding the “sum of the opening areas in each of the other 

surfaces considered one at a time”. While the code provides for a single external pressure 

coefficient for openings on the windward and leeward walls (depending on the aspect ratio as 

well as the roof shape and pitch angle of the building), the external pressure coefficient that 

effects internal pressures on a sidewall opening is a function of the distance of the opening 

from the leading edge. Hence, the internal pressure for such opening situations, 

corresponding to wind angles ±(45-135)º, defined as being equal to the external pressure at 

the location of the opening(s) is calculated as the area-weighted mean of external pressures at 

the two opening locations on the sidewall. A local pressure factor (Kl) of 1.0 was applied to 

the values derived from  AS/NZS 1170.2 [9] for the purpose of comparison. 



Internal pressure in a building with multiple dominant openings in a single wall 

183 
 

Figure 7.10: Mean and quasi-steady internal pressures along with AS/NZS 1170.2.2011 provisions 

The quasi-steady assumption of piC = qpi
C ˆˆ  (or piC = qpi

C ˆ ) does not seem to hold true for the 

internal pressure for any configuration, especially for configurations A1, A2 and D for 

windward and leeward opening situations. The mean values are consistently lower than the 

peak ratios at these wind angles. While for smaller wind angles within ±60°, the dynamic 

response of internal pressure is responsible for this observation, for wind directions between 

±80-90°, the opening(s) lie in the separation zone possibly leading to such behaviour. For 

opening configuration C1, a comparatively closer agreement between the mean and peak 

ratios at all wind directions is observed. This, as explained earlier, is due to location of the 

two openings near the bottom of the windward wall resulting in a decreased dynamic effect 

of internal pressure. The resonating effects of internal pressure are slightly less pronounced at 

wind angles corresponding to leeward wall situations (>±100°) in comparison to the 

windward openings. This is evident from the relatively smaller peak-ratio to mean pressure 

coefficient difference at these wind angles. 

While the mean pressure coefficients are found to comply with the codal provisions for 

windward walls, the peak-ratio values based on quasi-steady analysis for configurations A1, 

A2 and D overshoot the codal provisions at wind angles within ±20° by around 6-10%. 

However, the provisions can be considered just adequate and within the engineering accuracy 

of the current study. The codal provisions appear to underestimate the measured peak-ratio 
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and mean values in the range ±45-80° distinctly for configuration D and somewhat less for 

other configurations. However, the shape factors in the code are meant for winds normal to 

the wall and hence a direct comparison is not appropriate for oblique wind angles such as 

these. For sidewall and leeward opening situations, the codal provisions are found to be 

adequate. 

For normal or near normal onset flow situations (i.e. ±20°), the peak ratio internal pressure 

coefficient for D are found to be slightly lower compared to the single opening configuration 

A1 and almost equal to that of A2. For wind angles within ±30-70° however, the peak ratio 

internal pressure coefficients for D are found to much higher than the single opening 

configurations A1 and A2.  This is also evident from the relatively larger RMS values of 

internal pressure for configuration D than A1 and A2 at these wind angles in Figure 7.8(b). 

Since D has two large off-centre openings at these wind angles, each of size equal to that of 

A1 or A2, with well correlated external pressures, two stronger oblique jet flows with near-

simultaneous in-flow cycle possibly produces a stronger “tangential flow excitation” (Sharma 

et al. [102]) resulting in higher peak positive internal pressures at these wind angles. The 

occurrence of such an excitation phenomena as discussed by Sharma and Richards [14] 

among other factors is dependent on a particular Strouhal number based on the net width of 

the opening. Since configuration D has a relatively larger net opening width compared to 

those for A1 and A2, possibility of this type of excitation is higher. The RMS internal 

pressures for D presented in Figure 7.8(b) are also comparatively higher at these wind angles. 

Interestingly, the presence of two parallel openings is also found to slightly delay the 

occurrence of mean and peak negative internal pressures compared to single openings located 

in the sidewall. Thus mean and peak ratio internal pressure coefficients become negative at 

approximately ±100° for configuration D compared to ±80° for A1 and A2. This is possibly 

due to the location of the downstream opening in the reattachment zone, somewhat delaying 

and weakening the negative internal pressures induced through the upstream opening by the 

separated flow at the windward edge. 

Figure 7.11 plots the ratio of internal to opening external pressure RMS coefficient obtained 

for different wind azimuths for critical configurations A1, A2, C1 and D.  
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Figure 7.11: Ratio of fluctuating internal to opening external pressures obtained for different 
configurations at various wind azimuths 

A very important observation is that while the mean, RMS and peak-ratio internal pressures 

for configuration D is only slightly lower in magnitude than the single opening configurations 

A1 and A2 for 0° angle of attack, the ratio of the RMS internal to area averaged external 

pressure ( pepi CC
~~

) is much higher than the other configurations at or near onset flow. This 

as discussed earlier is due to an “increased opening area” effect with higher resonant response 

and lower system damping of internal pressure as the total opening area for configuration D 

is twice as large as those for A1 and A2. 

Barring C1, the ratios are in general found to be greater than unity for the other 

configurations at windward opening situations. For C1, the internal to external pressure RMS 

ratios are lower than unity for all wind directions except in the range ±80-90°. This is because 

of the comparatively weaker internal pressure response induced by external pressures away 

from the stagnation region near the ground around the opening. For leeward opening 

situations i.e. for wind angles greater than ±135°, the RMS ratios are lower than unity for all 

configurations. This is due to the weaker external pressure fluctuations at such wind angles 

coupled with the high frequency (i.e. low pass) filtering process of the high frequency body-

induced turbulence, resulting in smaller RMS internal pressures. The high RMS ratios at 

±80:90° for all configurations are due to stronger internal pressure fluctuations induced by 

external pressures in the separated sidewall region around the openings. The ratios drop 

beyond a wind angle of ±100º. The absolute values of the RMS and peak internal pressure at 
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these sideward wall angles however are much lower than those at or near onset wind angles 

(i.e. 0°).  

Figure 7.12(a) and 7.12(b) present the spectrum of external and internal pressure for 

configuration D at -90° and -100° wind angles corresponding to the higher and lower RMS 

ratios (in Figure 7.11) respectively for comparative investigations. 

Figure 7.12: Spectra of external and internal pressure at (a) 90° and (b) 100° wind angles for 
configuration D 

At -90° wind angle, the internal pressure resonance induced by the separated flow at the 

Helmholtz frequency is found to be much stronger than the external pressure signals; 

resulting in higher RMS ratios. At -100° wind angle however, the internal pressure resonance 

is less strong in comparison to the 90° wind situation. In addition, the external pressure 

signals at lower frequencies are also somewhat stronger than those for internal pressure 

response, especially in the low frequency region, by around 30%. This obviously results in 

lower RMS ratios. 

The RMS internal to external pressure coefficient ratios for the two-opening configurations 

C1 and D are more or less found to be constant for wind angles in the range of 100-140º in 

Figure 7.11. At these wind angles corresponding to the sidewall opening situations, there is a 

separation of the flow at the leading windward edge and the external pressure signals driving 

the slugs at the openings are much less correlated than those at the windward wall (Figure 

7.5). This difference in the mean and the RMS external pressures at the two openings 

essentially creates a flow short-circuiting as shown in Figure 7.13 that suppresses the internal 

pressure fluctuations to a great extent. This leads to the observation of a more or less constant 

a b
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internal to external RMS pressure ratio at these wind angles in Figure 7.11 for C1 and D but 

not for single opening configurations A1 and A2. 

 

 Figure 7.13: Phenomena of flow short-circuit through the two openings for configuration D 

7.5. Summary and Conclusions 

A theoretical and wind tunnel study of the internal pressure dynamics of a building consisting 

of multiple dominant openings on a single wall with highly correlated external pressures is 

reported and compared with the most critical single opening situation. Application of the 

theoretical model is shown via a worked out example involving the calculation of the 

admittance, spectra, and RMS internal pressures for the Twisted Flow Wind Tunnel (TFWT) 

building of the University of Auckland with two closely located dominant openings of 

different sizes. The results indicate that internal pressure fluctuations in such configurations 

increase with increase in the ratio of opening sizes, and become almost equal to that for the 

most critical single opening configuration when the combined area of the two openings 

become double the critical single opening size. In other words, fluctuating and peak internal 

pressure in a building with two windward openings on a single wall can be as significant as 

that of a single windward opening of half the combined opening area. Gust factors for two 

opening situations, as applicable to the TFWT building for different internal building 

volumes, ridge height wind velocities and turbulent intensities, are presented as a function of 

the external opening ratios.  

Wind tunnel studies of a model TWFT building in the presence of one and two openings on a 

single wall show that for a normal onset flow wind direction, internal pressure in two-

opening configurations located in the windward wall, with highly correlated external 

pressures, can be high, but not quite as that of the most critical single opening configuration. 
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For opening(s) located near the ground away from the stagnation point, the resonant effects 

of internal pressure are found to be suppressed due to the weaker external pressure signals. 

For wind angles within ±45-70°, the RMS and the peak ratio internal pressure coefficients for 

the two-opening configuration of area ratio unity are found to be much higher than the most 

critical single opening configuration. This is thought to be due to the near-simultaneous 

oblique jet flows forced by well correlated external pressures at the two openings, resulting in 

stronger “tangential flow excitation” and higher peak positive internal pressures. For sidewall 

two-opening situations (±100-140°,) with separated external pressure field, the RMS internal 

pressure ratioed to the RMS external pressure are found to be more or less uniform. This is 

believed to be due to short-circuiting of the flow through the two closely spaced openings 

with different external pressure fluctuations, resulting in suppression of the dynamic internal 

pressure.  

The provisions of AS/NZS 1170.2.2011 is found to be just adequate for the current study 

involving two closely spaced windward dominant openings for normal or near normal wind 

angles and sufficiently conservative for sidewall and leeward wall opening situations. 

Somewhat non-conservative provisions were observed for wind angles ±45-80°; however this 

is unlikely to be of much concern if the buildings are designed for the worst case onset or 

near normal flow scenario, provisions for which appear adequate.   

Since for the worst case onset flow direction, single opening configurations are predicted and 

measured to produce comparatively higher peak internal pressures, it is suggested that for 

buildings where potential for multiple dominant openings exists, such as warehouses with 

parallel delivery doors etc., internal pressures be designed for a single dominant opening 

situation by taking into account each opening separately and then considering the worst 

possible opening case in terms of its size and location. 
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Chapter	8 :	Load	on	an	internal	partition	wall	inside	a	

compartmentalized	building	with	an	external	opening		

 

Most real buildings have their interior subdivided by partitioning. The internal pressures in 

the individual sub-spaces will depend not only on the external flow paths connecting the 

building interior to the external pressure field, but also on the internal openings and leakage 

paths between the individual sub-spaces or the rooms. A proper consideration of the loads on 

internal walls in real buildings has two interesting consequences from the design point of 

view. 

Firstly, net loads on external walls, roofs and cladding elements, which is of prime interest to 

designers, will depend in addition to the external pressures, on the manner internal pressure is 

divided internally between the sub-spaces. The effect of internal walls not accounted for in 

the design process could lead to undesirable over-design of the wall and roof elements. This 

will have economic ramifications, due to increased net facade design pressures, as shown by 

Aurelius and Rofail [103]. Kopp et al. [78] in fact, recommended usage of a false ceiling to 

reduce the contribution of internal pressures, induced by an external opening, on the net roof 

load of a building.  

Secondly, in a real partitioned building, the total load will be shared not just between the 

windward and leeward external walls, but also by the intervening partitions. A load 

distribution different from that assumed during the design process can result in a substantial 

portion of the load being taken up by a non-load bearing internal wall, leading to failure. 

Internal wall deformation within some tall buildings, following a facade failure during 

extreme wind events, and associated damage amplification has been supported by anecdotal 

evidence in Australia [103]. As pointed out by Harris [56], the sudden violent slamming or 

jamming of internal doors, when external windows tend to remain open in summers, is a 

familiar example of this sort of effect at a less catastrophic level. 

Literature on the effect of internal partitioning on wind induced internal pressures in 

buildings has been somewhat scarce, in comparison to some other aspects of the general 

problem. This is partly to do with the complexities involved in wind tunnel modelling of such 

a realistic scenario, not helped by the limited full scale studies carried out so far. The rooms 
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or compartments of a building connected through internal openings such as doors or windows 

have been theoretically shown to behave as Helmholtz resonators in series by Liu and 

Saathoff [104]. The theoretical predictions were experimentally established by Matsui et al. 

[105] through wind tunnel tests involving three inter-connected internal volumes of different 

sizes and by Kwok and Hitchcock [86] through a series of field tests involving a 

compartmentalized residential apartment in Hong Kong during the passage of a typhoon. 

Sharma [45] provided a linearized theoretical model of the dynamic internal pressure 

response of a two-compartment building with an external opening and backed it up with wind 

tunnel experiments using a 1:50 scaled model of the TTU building. The effect of “decreased 

damping” and increased internal pressures associated with reduction in volume for a building 

with two non-interconnected compartments or “tightly connected” spaces separated by an 

inter-tenancy wall (a sealed partition wall without an internal opening), in particular, was 

reported. This can be practically significant for example, in case of a well sealed hotel room 

or an office chamber shut out from the rest of the interior but with an external window blown 

off. For the case of interconnected compartments (so called “loosely connected” spaces), 

wind tunnel studies and theoretical predictions by Sharma [45] showed the possibility of 

higher internal pressures in the internal compartment (the one without an external opening), 

forced by the fluctuating cavity pressure of the external compartment. This was supported by 

Kopp et al. [78], who using wind tunnel studies, reported peak attic internal pressures about 

80% of that of the living space with a dominant opening for an internal opening (hatch) area 

of just 0.4% of the false ceiling area. It was shown that the presence of a false ceiling can act 

as a shield to the roof in the event of a creation of a windward dominant opening. Mean and 

peak internal pressures influenced by the presence of internal blockage of different sizes 

(representing furniture, partition walls etc) as modelled using plastic tubes by Karava and 

Stathopoulos [73] also showed an appreciable increase of around 40-60% with increase in 

blockage. Aurelius and Rofail [103] have suggested a risk analysis approach for designing 

“linked inter-tenancy walls” (i.e. ‘correlated’ external openings in the spaces on either side of 

the wall) based on a combination of wind tunnel modelling and probabilistic considerations. 

Their analysis did not however, consider internal walls designed to work “isolated”, with 

internal pressures induced by an external opening on one side of the wall and an effectively 

sealed or internally connected adjoining cavity on the other. Such partition wall systems are 

usually considered to be less critical in the design process due to nearly equalized mean 

pressures, and hence are not designed to withstand any critical load. However, resonating 
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internal pressures in the two compartments might induce high dynamic loads on such walls, 

thereby leading to failure either from direct wind loading or due to fatigue. 

This chapter deals in detail on wind loads induced through a dominant opening on such an 

isolated internal partition wall system, and the effect of internal and external opening size on 

the magnitude of the dynamic load. Knowledge of this dynamic load is relevant from 

designer’s point of view, when consideration needs to be made whether the partition wall, 

setup for a purpose such as wind shielding, space division or architectural aesthetics, should 

be designed to withstand that load. For example, careful consideration is expected from the 

designer’s end about the magnitude of load, a false ceiling installed to protect the roof 

system, will experience with and without the hatch opening, if compensation on the net 

design load on the roof due to the false ceiling shield is made. Or, how a non-load bearing 

internal partition wall set up for architectural aesthetics or space separation may alter the 

internal pressure dynamics and in turn experience wind loads, it is not designed to withstand. 

This chapter attempts to answer some of these questions and compares the experimental 

results with the recently introduced provisions of AS/NZS 1170.2.2011 [9], pertaining to 

loads on the partition wall.  

8.1. Governing Equations 

8.1.1. Internal pressure in compartments: Non-linear model 

Considered in this study is the simplest case of an internally partitioned two room building 

with an external and internal opening as shown in Figure 8.1. Such a model was considered 

by Sharma [45]. It resembles two Helmholtz resonators in series, similar to a coupled 

mechanical system consisting of two mass-spring damper systems. In the figure, opening 1 

represents a dominant external opening between cavity 1 and the exterior while opening 2 

resembles an internal opening between the cavities 1 and 2. 

The unsteady Bernoulli’s equation through the dominant opening of area A1, applied to an air 

slug connecting the immediate external region, with external pressure Cpe(t)=pe/q, to an 

internal point within the convergent flow region in cavity 1 with pressure coefficient 

Cpi1(t)=pi1/q, is given by [16, 45] 

 111111 2 pipeL
a

ea CCqxxCxl  


                    (8.1) 
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where ρa and q are the density and dynamic pressure of air, 1x  and 1x  are the velocity and 

acceleration of the air slug and c1, CL1 and le1 are the flow contraction coefficient, loss 

coefficient and effective air slug length at the opening 1 respectively. 

 

Figure 8.1: Schematic of the theoretical model 

 A similar exercise at the opening 2 of area A2, with flow contraction coefficient, loss 

coefficient and effective air slug length c, CL2 and le2 respectively, and forced by fluctuating 

cavity pressure in the two compartments results in the following equation of motion [16, 45]  

 2122222 2 pipiL
a

ea CCqxxCxl  
                     (8.2) 

where Cpi2(t) is the internal pressure coefficient in cavity 2 and 2x  and 2x  are the velocity 

and acceleration of the air slug at opening 2 respectively.  

Conservation of mass along with the isentropic pressure-volume relationship of air inside the 

cavities result in the following expressions for Cpi1 and Cpi2 in terms of the air slug 

displacements x1 and x2 at opening 1 and 2 respectively [16, 45] 
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where γ is the ratio of the specific heat capacities, Pa is the ambient air pressure and 01V  and 

02V  are the internal volumes of cavities 1 and 2. 
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Equations (8.1) through (8.3) represent the system of coupled equations that can be used to 

model the internal pressure inside the two cavities. These equations being non-linear, can 

essentially be solved simultaneously using a numerical technique to obtain the internal 

pressure responses in the cavities, if the fluctuating external pressure near the opening is 

known. Such a non-linear system of equations was obtained by Liu and Saathoff [104] who 

used it to study the transient response of internal pressure in the different compartments to a 

step change in external pressure. 

8.1.2. Internal pressure in compartments: Linear model 

The non-linear models can be linearized using a similar procedure as adopted in the previous 

chapters by assuming the internal pressures to follow a Gaussian distribution (Vickery and 

Bloxham [40]). The resulting system of equations obtained by Sharma [16, 45] by summing 

the forces on the air-slugs at the two openings along with Equation (8.3) is given by: 
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where 11 , 22 , 12  are the circular Helmholtz frequencies defined as [16, 45] 
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and cj1 and cj2 are the damping coefficients per unit opening area A1 and A2 respectively, 

defined as [16, 45] 
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where 1
~

piC  and 2
~

piC  are the Root Mean Square (RMS) internal pressure coefficients inside 

cavities 1 and 2.  

Equations (8.4) through to (8.6) represent the linearized system of equations analogous to the 

non-linear equations described in the previous section. 
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8.1.3. Transfer function estimates 

Complex transfer function estimates, typically obtained by Laplace transforming the 

linearized equations in the frequency domain, can be used to develop analytical expressions 

for admittance and phase functions of internal pressures in cavities 1 and 2 to the external 

pressures. The resulting expression for admittance functions, of internal to external pressures 

in cavities 1 and 2 [|χCpi1Cpe(ω)|2 and [|χCpi2Cpe(ω)|2] and the internal pressure in cavity 2 to that 

of 1 [[|χCpi1Cpi2(ω)|2], given by the amplitude of the corresponding transfer functions [45] are 
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The phase functions are given by the argument of the transfer functions and the phase 

function (
peCpiC 1

 ) of internal pressure in cavity 1 to the external pressure can be written as 

     
1221 piCpiCpeCpiCpeCpiC                                (8.8) 

where 
pepi CC 2

 , the phase function of the internal pressure in cavity 2 to the external pressure, 

and 
12 pipi CC , the phase function of the internal pressure in cavity 2 to that of cavity 1 are 

given by [45] 
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In these equations, ωj1, ωj2, ωa, ωb and ωc are defined as [45] 
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As discussed by Sharma [45], since this model represents a coupled mechanical system with 

two mass-spring-damper systems connected in series, it has two resonant modes; the first 

where the air slug oscillations at the two openings are in phase, and the second where they are 

in anti-phase (i.e. 180 degrees out of phase). The corresponding un-damped natural 

frequencies ( aof , =ωo,a/2π and bof , = ωo.b/2π) are obtained by setting the damping coefficients 

to zero and then equating the denominator of Equation (8.7a) or (8.7b) to zero. This results in 

[45]: 
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at which maximum gains of internal pressures in the two cavities are expected to occur. 

8.1.4. Net dynamic load on the partition wall 

Having deduced the relationship of internal pressures in the two cavities with respect to the 

external pressure near the opening, it is imperative to study the net fluctuating load 

admittance as well as the RMS net load on the partition wall and how is it affected by the size 

of the internal as well as the external opening. 

The instantaneous net load per unit area on the partition wall expressed in coefficient form 

with internal pressure 1piC  and 2piC  in the two cavities can be written as 

     tCtCtC pipipinet 21                     (8.12) 

The auto-correlation of the fluctuating net pressure on the partition wall written in terms of 

the fluctuating internal pressures in the two compartments using Equation (8.12) is 
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12212211 piCpiCpiCpiCpiCpiCpiCpiCpinetC RRRRR               (8.13) 

where  xxR  and  yyR  are the auto-correlation of  cavity pressure coefficients x and y and 

 xyR  is the cross-correlation of x with y. The spectra of the net pressure coefficient on the 

partition wall in terms of the spectrum of cavity pressures can be obtained by Fourier 

transforming Equation (8.13) resulting in: 

          
212211 piCpiCpiCpiCpiCpiC

i

pinetCpinetC CoSSdeRS  




             (8.14) 

where   
pinetCS  is the spectral density of the net internal pressure coefficient on the internal 

partition wall,  
11 piCpiCS  and  

22 piCpiCS  are the power spectral density of the internal 

pressure coefficient in cavities 1 and 2, and  
21 piCpiCCo  is the co-spectrum (real part of the 

cross-spectrum) of internal pressure coefficient in the two cavities. 

If  
12 piCpiC

, given by Equation (8.9b), is the phase difference between the internal 

pressure fluctuations in cavities 1 and 2, then it can be shown that 
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Again, the frequency dependant coherence function  
21 pipi CC

, between the internal 

pressure coefficients in cavities 1 and 2 can be written as: 
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The coherence function between the fluctuating internal pressures in the two compartments 

can be analytically shown to be unity across all frequencies since the internal pressure 

fluctuations in the inner compartment is directly induced by fluctuations of internal pressure 

in the outer compartment. Equation (8.14) re-casted using Equations (8.15) and (8.16) results 

in 
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                          (8.17) 

The admittance of net internal pressure coefficient on the partition wall with respect to the 

onset turbulent velocity spectra ( qS ) and ratioed to the mean external pressure ( peC ) near the 

opening can thus be expressed using Equation (8.17) as:  
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in which the external wall pressure coefficient to ridge height dynamic pressure admittance 

function (   2
eq ) can be obtained from wind tunnel measurements while the other 

component admittances can be analytically estimated using the expressions developed earlier. 

The RMS net pressure coefficient ( pinetC
~

) on the partition wall can be evaluated by 

integrating the corresponding spectrum obtained from Equation (8.18). This is given by: 
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dffSfqCdffSC qqpinetCpepinetCpinet              (8.19) 

Sq(f) is the spectrum of ridge-height dynamic pressure. 

8.1.5. Peak net pressure coefficient and Net gust pressure factor on the partition wall 

The peak net pressure coefficient ( pinetĈ ) and net gust pressure factor ( inet ) on a partition 

wall can be derived assuming a Gaussian response of internal pressure following the work of 

Greenway [72]. 
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where |  fqpinetC |2 is given by Equation (8.18), inetp̂  is the peak net pressure and g is the 

mean dimensionless peak factor given by 

   00 ln2/5772.0ln2 ttg                     (8.21) 

where 0t is the averaging period (say 600 seconds) and   is the zero crossing rate of  tCpinet  

given by 
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8.2. Analytical Example 

Application of the developed theory involved calculation of the admittance [|  fqpinetC |2], 

spectrum [  fS qpinetC ] and the RMS net pressure coefficient ( pinetC
~

) on the internal wall 

separating the wind tunnel hall and the adjoining office space of the Twisted Flow Wind 

Tunnel (TFWT) building of the University of Auckland (UoA) for (a) varying internal to 

external opening area ratio and (b) varying internal to external compartment volume ratio. 

The basic conditions used for analyses are 

01V =6180m3, 02V = 1225m3, 1A =20 m2, 2A =2 m2, 

411 Ale  , 422 Ale  , 21 cc  = 0.6, 21 LL CC  =1.2, a =1.185kg/m3, 

 =1.4, aP =101300Pa, peC =0.6, uI =0.22, hU =30m/s, 

The admittance function of the external pressure coefficient to the ridge height dynamic 

pressure |χeq|
2 for the windward wall |χeWq|

2 was obtained from the wind tunnel experiments as 

shown in Figure 4.3(a) of Chapter 4. This was then used to evaluate the admittance of net 

pressure coefficient on the partition wall with respect to the ridge height dynamic pressure 

|  fqpinetC |2 and spectra [  fS qpinetC ] using Equation (8.18) and the RMS net pressure 

coefficient using Equation (8.19). 
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The admittance functions for varying internal to external opening ratio and the corresponding 

spectra are plotted in Figures 8.2(a) and 8.2(b) respectively while Figures 8.2(c) and 8.2(d) 

present the same for different ratios of internal to external cavity volume. The coupled and 

uncoupled resonant frequencies of the different configurations shown are listed in Table 8.1. 

Figure 8.2: (a) Admittance function (b) Spectra of net pressure coefficient in a partition wall for varying 
internal to external opening ratio and (c) Admittance function and (d) Spectra of net pressure coefficient 

in a partition wall for varying internal to external cavity volume ratio 

In Figure 8.2, for an internally sealed partition wall (i.e. area ratio is zero); only one resonant 

frequency (f11) is observed. For partition walls with an internal opening (i.e. a non-zero area 

ratio) between the two compartments, high gains as expected, are observed at two 

frequencies. For such configurations, a closer investigation reveals that the first peak gain 

occurs not at the first natural frequency aof ,  of the system, but at the lowest Helmholtz 

frequency of the cavity volume-opening area combination. The gain at aof ,  is near-zero due 

to in-phase fluctuations of internal pressure across the compartment nullifying each other. 

The second peak gain as expected occurs at the second natural frequency bof , , corresponding 

a  b 

c  d 
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to anti-phase oscillations of the internal pressure in the two cavities, resulting in additive load 

on the wall.  

Thus in Figures 8.2(a) and 8.2(b), for non-zero area ratio configurations, the first resonance is 

found to occur at the Helmholtz frequency 12f  of the outer cavity (i.e. cavity 1) with opening 

2 for all internal to external opening area ratios. This, as evident from Table 8.1, is due to 

lower value of 12f  than the Helmholtz frequency 22f  of the inner cavity (cavity 2) for all 

opening area ratios investigated because of the much smaller inner cavity volume 

( 02V ≈0.20 01V ). Since 12f  is close to 1Hz (see Table 8.1) where the bulk of the energy in the 

atmospheric turbulence spectrum resides, the partition wall is particularly susceptible to 

fluctuating load 2 to 4 times higher than the fluctuating ridge height dynamic pressure at this 

frequency. In general, the gains in Figure 8.2(a) are found to be higher for smaller opening 

area ratios at the first resonant frequency and lower in the higher mode. The spectral 

distribution of the net dynamic load on the partition wall in Figure 8.2(b) with different 

opening ratios is reflective of the increased gain at one particular frequency for a sealed 

system and at two resonant frequencies for partition walls with an internal opening. The RMS 

net pressures obtained in Table 8.1 by numerical integration of the spectral curves show 

increased net load with decreasing internal to external opening area ratio. Thus large 

responses observed at the frequency 11f  for sealed systems and at frequencies 12f  and bof ,  

for walls with internal openings are indicative of the narrow band dynamic load experienced 

by the partition wall. Such a load can hence inflict significant direct as well as fatigue 

damage to a wall not designed to withstand it.   

Figures 8.2(c) and 8.2(d) similarly show high gain of the net dynamic load on the partition 

wall at two frequencies, 22f  and bof , . The Helmholtz frequency 22f  of the inner cavity with 

opening 2 in this case is much lower than 11f  for all configurations investigated (see Table 

8.1) due to the relatively lower opening size ( 2A ≈0.10 1A ). The gain at 22f  is higher than at 

bof ,  for lower volume ratios due to reduced damping, but the trend gets reversed for volume 

ratios in excess of unity. In particular, the gain at 22f  is approximately 3-5 times higher than 

at bof , , for a volume ratio of 0.5 representing a typical industrial warehouse with large 

storage cavity and a smaller adjoining office space. Partition walls in such buildings may be 

particularly vulnerable to the dynamic wind loads induced through the external and the 

internal opening. For buildings with volume ratios in excess of unity, the large volume of the 
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internal compartment provides sufficient damping to internal pressure fluctuations at the 

lower resonant model at 22f  and increased additive load possible at the higher resonant mode 

at bof ,  are usually offsetted by lower excitation energy available in the wind spectrum.  

A particularly significant observation in Table 8.1 is the decrease in the RMS net pressure 

coefficient with increase in the internal to external opening area ratio A2/A1. A larger internal 

opening enables greater transmission of in-phase fluctuations across the partition wall, thus 

attenuating the net dynamic load on the wall to a greater extent. For the case of different 

internal to external compartment volume ratios, the RMS net wall load is found to decrease 

with increase in the volume of the internal compartment. 

Table 8.1: Resonant frequencies and RMS net load on the partition wall for the different configurations 

2A / 1A  

1A =20m2, 01V  = 6180m3, 02V = 1225m3 

11f (Hz) 22f (Hz) 12f (Hz) aof , (Hz) bof , (Hz) 
netpiC

~
 

0.0 

1.225 

0 0 0 1.225 0.281 

0.2 1.831 0.819 0.434 2.309 0.095 

0.4 2.177 0.974 0.451 2.643 0.054 

0.6 2.409 1.078 0.459 2.863 0.036 

0.8 2.589 1.158 0.465 3.054 0.028 

1.0 2.737 1.225 0.468 3.054 0.023 

02V / 01V  

01V  = 6180m3, 1A =20m2, 2A =2m2 

11f (Hz) 22f (Hz) 12f (Hz) aof , (Hz) bof , (Hz) 
netpiC

~
 

0.5 

1.225 

0.974 0.689 0.518 1.629 0.108 

1.0 0.689 0.689 0.581 1.453 0.116 

1.5 0.562 0.689 0.609 1.386 0.129 

2.0 0.487 0.689 0.625 1.349 0.138 

 

Net gust pressure factors on the internal wall of a building with different internal ( 2A ) to 

external ( 1A ) opening size ratios are presented for (a) varying ratio of the internal ( 02V ) to 

external ( 01V ) cavity volume (b) different ridge height wind velocities ( hU ) and (c) turbulent 



Load on an internal partition wall inside a compartmentalized building with an external opening 

202 
 

intensities (Iu) in Figure 8.3(a), 8.3(b) and 8.3(c) respectively. The ridge height dynamic 

pressure spectrum [Sq(f)] used to compute the gust factors using Equations (8.20-8.22) was 

derived from the fitted Von Karman spectrum in the wind tunnel as was the windward wall 

admittance function |χeWq|
2 discussed earlier. 

  

 

Figure 8.3: Net pressure gust factors on a partition wall for different (a) internal to external cavity 
volume ratio (b) ridge height wind velocities and (c) turbulence intensities 

Gust factors are usually found to vary in the range of 1.5 to 3.5 for all the cases investigated. 

A generally decreasing trend of the net gust pressure factor with increase in internal to 

external opening area ratio is observed in all cases. Higher internal to external cavity volume 

ratio and ridge height wind speeds in Figures 8.3(a) and 8.3(b) are found to act as dampers to 

the net dynamic load in agreement with the theoretical predictions. Higher intensity of 

turbulence in the approach flow is found to render higher net dynamic load on the partition 

wall due to buffeting action through the external and the internal opening; hence an increase 

in gust pressure factor with turbulence intensity in Figure 8.3(c). 

a 

c 

b
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8.3. Experimental Investigations 

8.3.1. Model characteristics 

Measurement of cavity internal and external pressures were carried out using a 1:100 scale 

wind tunnel model of a typical warehouse, the Twisted Flow Wind Tunnel (TFWT) building 

of the University of Auckland (UoA) of dimensions 35.1m by 24.9m by 7m. The 

measurements were carried out in a 1:100 scale Category 3 boundary layer profile. The basic 

details regarding the hardware and instrumentation used for measurements are presented in 

Section 4.2 and in Figure 4.2(a) of Chapter 4. The details regarding the size and position of 

the external opening(s) are described in Section 3.5.1 of Chapter 3. The details pertaining to 

the Category 3 simulated boundary layer characteristics are provided in Appendix B while 

Appendix C references the time domain based recursive filter technique used to correct the 

raw pressure data distorted during transmission through the tubing. 

The superstructure of the model lying above the tunnel floor consisted of the wind tunnel hall 

and the adjoining office space separated from each other by a replaceable partition wall with 

and without an internal opening. While the volume ( 01V ) of the wind tunnel hall with the 

external opening ( 1A ) was volume-scaled for a full-scale to wind tunnel velocity ratio of 1:4, 

the volume of the adjoining office space ( 02V ) with the internal opening ( 2A ) was not. Hence 

the internal compartment represents a volume much smaller than the office space at full-

scale. Two different internal opening sizes were investigated in addition to two external 

opening sizes for measuring the internal pressures in the two cavities Figure 8.4(a) illustrates 

the basic model configuration with the internal partition wall and an internal opening while 

Figure 8.4(b) shows the size and location of the internal openings used in the study.  

The smaller internal opening of dimensions 1cm by 1cm is hereafter referred to as a 

‘Window’ while the larger opening of dimensions 2cm by 2cm is to be denoted as a ‘Door’ in 

the subsequent discussions. The configuration without any internal opening is to be referred 

to as ‘Sealed’ type.  
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Figure 8.4: (a) Schematic of the volume scaled wind tunnel model along with an internal wall and opening 
and (b) Size and location of the internal door and window opening 

8.3.2. Experimental program: Arrangement of internal and external opening 

Six different combinations of internal and external opening size, each involving 

measurements of internal and external pressures were carried out, data essentially being 

sampled and digitized at 600 Hz for 2 minutes yielding 72,000 samples per channel for each 

angle of attack varying from -90°:90° in 10° increments. The different combinations 

investigated are summarized in Table 8.2. 34 blocks each of size 1024 elements were 

subsequently used for spectral investigations. 

Table 8.2: Configurations tested in the wind tunnel 

Angle of wind 

attack (θ°) 

External Opening 

Area 1A  (cm2) 
Configuration 

Internal Opening 

Area 2A  (cm2) 

Type of Internal 

Opening 

-90°-10°-90° 

10 

B-1 0 Sealed 

B-2 1 Window 

B-3 2 Door 

20 

C-1 0 Sealed 

C-2 1 Window 

C-3 2 Door 

8.3.3. Result and Discussions 

The effect of the external opening size on the admittance of the net pressure coefficient on the 

partition wall to the ridge height dynamic pressure in investigated by comparing the 

a  b 
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measured gain functions for configurations B-2 and C-2 in Figure 8.5 for a normal onset flow 

wind to the external opening. 

 

Figure 8.5: Admittance function of the net pressure coefficient on the partition wall for two different 
external opening sizes (B-2 and C-2) 

The admittance of the net pressure coefficient on the partition wall at the lower resonant 

frequency is slightly higher for the case of larger external opening due to higher external 

pressure fluctuations being effectively transmitted inside with lower damping. The opposite 

trend is observed for the higher resonant mode. While the first set of peaks around 28-32 Hz 

corresponding to the Helmholtz frequency ( 11f ) of external opening-outer cavity 

combination, the second set of narrow peaks around bof , ≈155 Hz has relatively lower overall 

contribution on the loading process due to lower available energy in the forcing spectrum. 

The maximum dynamic load on the partition wall is therefore expected to increase with the 

size of the external opening. For brevity, subsequent discussions shall hence be confined to 

configurations where the external opening was fully kept open; i.e. configurations C-1, C-2 

and C-3 with the maximum external opening size. 

The influence of the size of internal opening, which acts as a passage for internal pressure 

fluctuations to travel internally between the two cavities, is investigated using configurations 

C-1, C-2 and C-3. Figure 8.6 shows the measured gain function of the net pressure coefficient 

on the partition wall for three different internal opening area sizes. 
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Figure 8.6: Admittance function of the net pressure coefficient on the partition on the partition wall for 
different internal opening sizes (C-1, C-2 and C-3) 

A decrease in the net dynamic load on the partition wall with increase in internal opening 

area, as theoretically predicted, is evident from measurements. At around the lower resonant 

frequency of 32Hz, the gain of the net fluctuating load on the partition wall for C-3 is 

approximately 20% lower than that of C-2 which again is about 10% lower than the load for 

configuration C-1. A gain of around 3-4 at the lower resonant mode as seen here can have 

important connotations from a narrow band fatigue load point of view on the wall. The 

frequency of the higher resonant mode is usually not susceptible to excitation due to 

availability of less energy in the forcing spectrum.  

For the limiting case of an effectively sealed partition wall with no internal opening i.e. 

configuration C-1, there is a single gain at the Helmholtz frequency (f11) of the outer cavity, 

unlike C-2 and C-3, because the inner cavity is virtually sealed from the external flow field 

and the load on the wall is due to internal pressure fluctuations in the outer cavity (with an 

external opening) alone. While for the case of connected compartments mean internal 

pressures due to pressure equalization will be same on either side, the mean net wall pressure 

for C-1 will be only due to pressure in the outer compartment and hence much higher. This in 

combination with high dynamic pressures can lead to catastrophic failure of the sealed 

partition wall. This observation can essentially provide inferences as to whether or not; 

internal openings should be voluntarily kept open or closed during wind-storms where 

potential for the creation of an external opening exists. 

Figure 8.7(a) shows the plot of mean and peak-ratio coefficients of net pressure measured in 

the wind tunnel for different angles of wind attack for configurations C-1, C-2 and C-3. The 



Load on an internal partition wall inside a compartmentalized building with an external opening 

207 
 

peak-ratios obtained through Lieblein [77] analysis are understandably found to be much 

higher than the mean values due to the dynamic nature of the load contributed by resonance. 

The peak-ratio coefficients are found to decrease with increase in the size of internal opening. 

The corresponding RMS net pressures plotted in Figure 8.7(b) also provide evidence of the 

decrease in dynamic load on the partition wall with increase in internal opening size. The 

RMS net pressure on the partition wall is highest for the situation C-1 [see Figure 8.7(b)], in 

addition to the already high mean pressures [see Figure 8.7(a)] caused by the lack of pressure 

equalization due to the absence of an internal opening. The net load in this case is almost 

entirely influenced by the resonant fluctuations of internal pressure in the outer cavity. 

 

 

  Figure 8.7: (a) Mean and Lieblein fitted peak-ratio (b) RMS net pressures on the partition wall at 
different angles of attack for different internal opening size  

While the usual notation of positive and negative values of pressure indicates thrust (into the 

wall) and suction (out of the wall) respectively, positive and negative values of net pressure 

a 

b 
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(taken as internal pressure in the outer cavity minus that of the inner cavity) in Figure 8.7(a) 

means into and out of the partition wall on the side of the outer cavity respectively. An 

interesting observation in Figure 8.7(a) is the near-zero mean value of net pressure on the 

partition wall for configurations C-2 and C-3 at all angles of attack, but not so for the case of 

peak positive and negative values. In fact the peak values of net pressure are found to be 

slightly positive for wind directions 0° to -60°, implying that the internal pressure in the outer 

cavity is greater than that of the inner cavity, and slightly negative for wind directions +20° to 

+60°. This is possibly an indication of some degree of oblique-flow resonance for negative 

wind directions compared to the positive ones, the opening being close to the leeward wall 

edge compared to the windward edge by 2cm (2m in full scale) for negative angles of attack. 

Slightly higher RMS internal pressures for negative angles of attack (-20° to -60°) in Figure 

8.7(b) also support this observation. 

Figure 8.8 compares the net mean and peak ratio internal pressure on the partition walls with 

the provisions of AS/NZ 1170.2.2011 [9]. The provisions are found to be conservative for 

estimation of appropriate aero-dynamic shape factors of internal pressure even after the 

application of a combination factor (Kc) of 0.9 for design internal pressure respectively, to 

account for the lack of correlation of peak pressures on either side of the internal wall. 

 

Figure 8.8: Comparison of peak net pressures with the provisions of AS/NS 1170.2.2011 [9] 
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The ratio of the absolute maximum (positive) or minimum (negative) net pressure to the 

corresponding mean net pressures on the partition wall at different angles of wind attack are 

plotted in Figure 8.9 for configurations C-1, C-2 and C-3.  

 

Figure 8.9: Ratio of the absolute maximum net pressure on the partition wall to the mean external 
pressure for different internal opening size and wind direction 

The peak maximum/minimum to mean net pressure ratio is the highest for C-1 for most wind 

directions implying that sealed partitions are subjected to maximum wind loads resulting 

from a combination high net mean and dynamic loads. The peak-to-mean ratios are found to 

decrease with increase in the size of internal opening and are in the range of around 1.5 to 3 

at normal onset wind angles, similar in order of the magnitude of net gust pressure factors 

theoretically obtained in Figures 8.3(a), (b) and (c). 

As discussed earlier, this can have severe repercussions on the safety of the internal partition 

wall from direct as well as the fatigue wind loading point of view, since such walls are 

usually not designed to withstand any structural load in a framed structure. However it must 

be pointed out, that the latest version of the wind loading standard in Australia/New Zealand 

(AS/NZ 1170.2.2011 [9]) have recognized the necessity of appropriately designing such 

internal walls and has provided conservative design provisions as seen in this study. 

8.4. Comparison between theory and experiments: Model validation 

A comparison between the theoretically predicted and experimentally obtained admittance 

functions of net wall pressure coefficient for configuration C-3 is provided in Figure 8.10(a) 

and 8.10(b) using loss coefficients ( 21 LL CC  ) of 1.2 (as used earlier in numerical 

investigations) and 2.78 respectively. 
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Figure 8.10: Comparison between measured and theoretically predicted admittance functions using (a) 
CL1=CL2=1.2 and (b) CL1=CL2=2.78 

While a good agreement between the theory and experiments is obtained in terms of 

matching the frequencies of excitation, the response predictions at these frequencies are 

better matched for a loss coefficient value of 2.78 than 1.2 used for numerical analysis. Hence 

the admittance functions and gust factors presented in section 8.2 are slightly conservative. 

However appropriate value of the loss coefficients is still debatable with a widespread scatter 

in the values reported in the literature. The tendency of the loss coefficient to be overloaded 

with the effect of other dampers such as flexibility and leakage in the model is high, often 

resulting in higher values when attempting a spectral match between the measured and the 

predicted admittance (or spectrum) functions. The value of 21 LL CC  =1.2 used herein has 

been supported by previous computational and experimental studies by Sharma and Richards 

[37] and Chaplin et al. [70].   

The match between the theory and experiments in terms of predicting the nature of gain 

functions validates the theory developed for estimating the dynamic load on partition walls. 

8.5. Summary and Conclusions 

This chapter deals in detail on wind loads induced through a dominant opening on an isolated 

internal partition wall system inside a two compartment building. A theoretical model of the 

net dynamic pressure on a partition wall as a function of the internal and external opening 

area and cavity volumes is developed.  This is used to study in particular, the effect of the 

relative size of internal and external openings as well as of the cavity volumes on the gain of 

the dynamic wall load with respect to the onset turbulence. Theoretical estimates of net gust 

pressure factors on the partition wall are presented as a function of internal to external 

a b 
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opening ratio for a range of cavity volume ratios, ridge height wind speeds and turbulence 

intensities. 

A decrease in the net dynamic pressure on the partition wall with increase in the size of the 

internal opening, as predicted by the set of theoretical equations, is observed in wind tunnel 

tests involving a 1:100 scale model of an industrial building. An increase in the dynamic wall 

pressure with increase in size of the external opening is also observed in the tests. 

For a partition wall with an internal opening, the mean load on the wall is found to be 

predictably low due to pressure equalization on either side of the wall. However gust load 

factors of 2-3, induced by the turbulent external pressures in combination with Helmholtz 

resonance, observed in the study can have severe implications on the direct and fatigue wind 

loads on partition walls, not usually designed to withstand such loads. The situation is even 

worse for sealed partition walls subjected to a high net mean load in addition to increased 

dynamic net internal pressures. The importance of appropriately designing such partition 

walls has been recognized by the latest wind loading standard in Australia/New Zealand, as 

evident from the conservative deign provisions codified in AS/NZ 1170.2.2011. 

A general agreement between the measured and theoretically estimated gain functions of net 

dynamic wall load on a partition wall with an internal opening provides validation to the 

theory developed, although a loss coefficient of 2.78 needed to effect a match in the spectral 

response is found to be different from those reported in the literature. 

A decrease in the partition wall net load can be achieved by opening up an internal door 

during severe storms, in case a breach in the external envelope has occurred or about to 

occur. This will not only reduce the mean net load on the partition wall due to pressure 

equalization, but also reduce the dynamic load on it. However in the case of false ceilings 

installed to safeguard a roof, since the presence of a hatch opening (internal) has been found 

to transmit a substantial portion of the internal pressure into the loft thereby resulting in 

increased net roof load, it is recommended that internal openings be firmly closed in such 

cases, but the ceiling be designed to withstand the increased mean and dynamic load it would 

experience from consequences such as a breach in the external envelope.   
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Chapter	9 :	Internal	pressure	overshoot	in	buildings	with	

openings		

 

Non-neutral (i.e. non-zero) internal pressures induced by the wind in buildings through 

leakages; through dominant openings; and through flexibility of the structure contribute 

significantly to the wind loading of a low-rise building. Of particular interest and often the 

most critical case for wind load design consideration is the internal pressure inside a building 

due to a single dominant opening, either left open accidently or created by sudden impact of 

debris carried by the gusting wind against the building envelope during storms. The resulting 

internal pressure response can be broadly classified into two types: the initial overshoot, if 

any, and the subsequent Helmholtz resonance type of response. While the second of these 

two issues is often observed in wind tunnel studies (Sharma [16]) and is believed to produce 

maximum (hence design) internal pressure, the first issue of transient overshoot is usually 

thought to be insignificant. 

The creation of dominant openings in the building envelope during passage of strong gusts 

(resulting in high external pressure around the opening) by accompanying debris is far too 

common to be ignored. Various researchers using wind tunnel and full scale studies have 

however relegated the significance of the transient overshooting of internal pressure that 

follows a cladding failure by concluding that it gets lost amidst turbulence induced 

fluctuations and is usually not larger than the steady state resonant value.  

Stathopoulos and Luchian [60] carried out a study of the internal pressure overshoot response 

under simulated wind condition with a sudden opening created using a specially designed and 

fabricated mechanical device. The study concluded that the peak internal pressure after an 

opening is established is always higher than the transient overshoots. Yeatts and Mehta [55] 

carried out full scale studies of the overshoot internal pressure response of the TTU building 

by breaking tempered glass lite window at a desired time in the data acquisition runs and 

drew similar conclusions. Vickery and Bloxham [40] measured the overshoot response of 

internal pressure from sudden opening tests carried out in smooth uniform as well as 

turbulent boundary layer flow in the wind tunnel. The low overshoot factors obtained in the 

study was attributed to the limitation of the experimental setup to trigger a sudden opening 
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when the external pressure exceeded a threshold level. Matsui et al. [105] carried out a wind 

tunnel study of the sudden opening response of internal pressure using a shutter opening that 

could be opened instantaneously. None of these studies, as shown in Figure 9.1 for example, 

were understandably able to capture the overshoot response during very high windward wall 

pressure associated with a strong gust, since it is virtually impossible to synchronize the 

creation of a sudden opening with the occurrence of a strong gust in wind tunnel and full 

scale test studies.  

Strong gust

 

Figure 9.1: Field measurements (Yeatts and Mehta [55]) of overshoot internal pressure at TTU  

While advanced experimental techniques such as “damage models” might prove useful, it 

still requires the problem of finite time required for opening creation and the associated issue 

of initial overpressure (Stathopoulos and Luchian [60]) to be overcome. On the other hand, 
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analytical modelling, shown to perform satisfactorily in both sudden (Liu and Saathoff [63]; 

Stathopoulos and Luchian [60]; Vickery and Bloxham, [40]; Sharma and Richards [37]) and 

steady state (Sharma and Richards [106]) opening situations, offers a convenient way to study 

the overshoot effect with greater degree of flexibility such as control over the time and 

“suddenness” of opening creation. This thus offers an interesting area of investigation and 

Sharma [74] using analytical modelling for a rigid building reported the possibility of 

significant internal pressure overshoot in the turbulent wind. In response to a remark made by 

Professor Ted Stathopoulos on the relative importance of overshoot vs. steady state response 

of internal pressure, Professor Barry J. Vickery made the following comment [73]: “If the 

failure of the window is assumed to be independent of the external wind speed, then the 

expected value of the peak immediately following failure is definitely less than that induced 

during some extended period following the failure. If however, it is assumed that the failure 

occurs during an extreme gust, then the peak immediately following failure may well exceed 

the peak achieved during the remainder of the storm.”  

The critical question now is whether or not the sudden overshooting of internal pressure may 

be higher than the subsequent steady state (resonant) value under realistic storm and building 

(with leakages and flexibility) conditions encountered in practice. If so, what special 

provisions (such as over-shoot factors) should be provided in the wind standards to 

accommodate this potential effect? This chapter seeks to address these questions through 

numerical modelling of the internal pressure response for a range of building cavity volume-

opening area combinations of low rise residential and industrial structures. As a ‘control’, 

numerical simulations of the internal pressure overshoot response for a building representing 

the TTU full scale test facility (Yeatts and Mehta [55]) were carried out. The windward 

dominant opening (area ratio of 5%) was being created at four different time leads/lags with 

respect to the occurrence of the peak external pressure in the synthetically generated time 

series. Computational Fluid dynamics (CFD) modelling of a sudden opening was used to 

determine appropriate values of flow contraction and loss coefficients (c and CL respectively) 

for the internal pressure system. The effect of envelope characteristics on the internal 

pressure response of the TTU building is investigated using the modelled values of c and CL 

for two different envelope flexibility-leakage combinations namely (1) a quasi-statically 

flexible, non-porous envelope and (2) a quasi-statically flexible and porous envelope. The 

effect of the “suddenness” or rapidity of opening creation was further analyzed for the case of 
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TTU building through linear variation of the opening area from 1-100% over five different 

“durations”, at different time leads/lags to the occurrence of the peak external pressure.  

The study is then extended to encompass a range of building volume-opening area 

configurations encountered in normal design practices for (1) buildings with rigid/quasi-

statically flexible, non-porous (or nearly so) envelope, and (2) buildings with rigid/quasi-

statically flexible and porous envelope (representing most low rise residential buildings) by 

carrying out simulations using the non-dimensionalized form of the appropriate governing 

equations. Non-dimensional overshoot factors are provided for these two envelope flexibility-

leakage combinations, to be subsequently referred to as C1 and C2 respectively for brevity. 

9.1. Governing Equations 

9.1.1. Rigid and quasi-statically flexible building  

Holmes [38], Liu and Saathoff [63], Vickery and Bloxham [40], and Sharma and Richards 

[37] among others have separately proposed analytical models to predict the internal pressure 

response of a building with a dominant opening. The models use a second order non-linear 

differential equation similar to that for a single degree of freedom spring-mass-damper 

system to predict the internal pressure response assuming a slug/jet of air oscillating through 

the opening, acting against an air spring inside the building cavity as shown in Figure 9.2. 

 

Figure 9.2: Schematic of the theoretical model (Holmes, [38]) 

Using the unsteady discharge equation of flow through a sharp edged dominant opening 

combined with the mass balance of air flow inside the building and isentropic density 

formulation (assuming small air density change between the immediate external and internal 

region within the convergent flow zone), the internal pressure response can be shown 

(Sharma and Richards [37]) to be governed by [Eq. 2.12]: 



Internal pressure overshoot in buildings with openings  

216 
 

  pepipipi

a

ea
Lpi

a

eea CCCC
PA

qV
CC

PcA

Vl
 

2
0

2

0 2 





                             (9.1) 

where ρa is the density of air inside the building cavity, le is the effective length of the 

oscillatory air slug at the opening of area A0 with flow contraction coefficient and loss 

coefficient of c and CL, eV  is the effective volume of the cavity and equal to oV  (the nominal 

cavity volume) for a building with rigid envelope,  = 1.4 is the ratio of specific heat 

capacities, Pa is the ambient pressure of air, 25.0 haUq   is the ridge height dynamic 

pressure, qpC ipi  and qpC epe   are the internal and external pressure co-efficient 

respectively where ip  and ep  are the internal and external pressure around the opening. 

Ginger et al. [68] following the work of Holmes [38] non-dimensionalized Equation (9.1) 

using a non-dimensional time t* [= UhUt  ] as [similar to Eq. 3.20]:  
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where IC  is the inertia coefficient of the oscillating air-slug through the opening, 5  

[= oU A , U  is the integral length of turbulence at ridge height of the building and 0A  is 

the effective opening area] and S* [=    eohs VAUa 5.12
, as and hU  are the speed of sound and 

mean velocity of wind at building ridge height respectively] are the two non-dimensional 

quantities. For given value of c, CI and CL, Equation (9.2) can be solved for a range of 

building volumes, opening areas and wind speeds to produce a family of curves of the 

internal pressure statistics with variables S* and 5 .  

The Helmholtz frequency of resonance ( HHf ) derived from Equation (9.1) is given by [Eq. 

2.14]: 
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When the structural frequency of the building components (e.g. the roof) is considerably 

higher than the frequencies over the energy containing region of onset wind turbulence, the 

structure will respond in a quasi-static manner to the applied loading i.e. to envelope external 

and internal pressure). Assuming the structural deflections to be linearly related to the applied 
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loading, the resulting analytic equation of internal pressure response as shown by Vickery 

[82] and Sharma and Richards [49] can be represented by Equation (9.1) with the nominal 

cavity volume ( oV ) exaggerated by a factor  Ba KP1  such that  Baoe KPVV  1 , 

where BK  is the bulk modulus of the building envelope. 

9.1.2. Quasi-statically flexible and porous building  

The most representative case of a real residential or a small internally partitioned building is 

the one with a quasi-statically flexible and leaky envelope; both of which act as dampers to 

the internal pressure response. In Chapter 5, a non-linear analytical model of internal pressure 

dynamics for a building with a dominant opening and background leakage is presented based 

on lumping of leakages on the leeward side along with the usage of a time and area averaged 

leeward external pressure coefficient as forcing function. The resulting non-linear equation 

with lumped leakage is given by [Eq. 5.9]: 
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      (9.4) 

where LA  is the total or lumped area of the leakages on the leeward side, LK  is the 

representative loss coefficient of the lumped leakage opening and peLC  is the area and time 

averaged leeward wall external pressure coefficient. Equation (9.4) can be non-

dimensionalized as a function of *S  and 5  as 
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    (9.5) 

where r=AL/A0 is defined the porosity ratio of the building in the context of this research. This 

equation can be solved for a range of  *S , 5  and porosity ratios (r) to yield a family of 

design curves of the internal pressure response, for realistic values of c, CI and CL. 
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9.1.3. Dynamically flexible and porous building 

Wide-span low-rise light industrial buildings and warehouses (with a large un-partitioned 

internal volume) with leaky and flexible envelopes are usually designed as static structures 

such the internal pressure response may be sufficiently modelled using Equations (9.4-9.5). 

For such buildings, the envelope usually has a greater flexibility, especially in the roof. The 

roof, though not very common, under certain conditions such as during tropical cyclone with 

an inherent shift in the spectrum towards higher frequencies near the natural frequency of the 

envelope (roof), may respond dynamically to the fluctuating wind.  

Sharma [16] and Sharma and Richards [49] following the work of Novak and Kassem [79] 

and Vickery and Georgiou [47] have proposed a coupled non-linear model of internal 

pressure response of such dynamically flexible roofed buildings but without background 

leakage in which the interaction between the roof-internal pressure system is inherent. It 

represents a coupled mechanical system consisting of two mass-spring dampers exhibiting 

double resonance with natural frequencies displaced somewhat from the uncoupled situation. 

The resulting dynamic equations of internal pressure and roof responses respectively are 

[similar to Eq. 4.6]  
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were r , r , rm and rA  are the natural (structural) frequency, damping ratio, mass and area 

of the flexible roof respectively while eVV , where V is the instantaneous volume of the 

building, is the time varying non-dimensional volumetric ratio. The structural frequency of 

the roof (or of the supporting beams) can be approximately estimated as shown by Vickery 

[19] to be 
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where DL  and LL  are uniform dead and live loads per unit lengths, g is the acceleration due 

to gravity, N is 180-360 (unit less) for industrial and residential structures for which the 

constant F approximately varies from 60-90 m1/2/s.  
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Equations (9.6a) and (9.6b) can be solved simultaneously to yield the response of internal 

pressure and roof being forced by the turbulent external pressure fluctuations at the opening. 

A non-dimensional form of Equations (9.6) and (9.7) written in terms of the inverse of Mach 

number 2 (= hs Ua ), *S  and 5  is given by 
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where (Sharma and Richards, [102])  
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is the inverse of the time taken for the internal pressure fluctuations to be transmitted inside 

the building cavity through the opening and      
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is a non-dimensional quantity that depends on the roof height, nature of roofing material, 

overall dimensions of the roof in comparison to the gust size as well as the building and roof 

geometry. In Equation (9.10), r  is the density of the roof, h is the building ridge height and 

tr is the thickness of the roof slab/sheet. The roofs of low rise industrial buildings, 

warehouses and factory sheds, with ridge heights of the order of 5-20m, are usually made of 

fibre-cement or galvanized- steel corrugated sheeting 1-6mm thick in addition to lap and 

fastenings. For roofs of such materials and for typical ridge height integral length scales of 

velocity (~100-150m), values of 6  ranging from 25-100 can be considered as an upper-

bound estimate in cyclonic areas with a high potential for dynamic overshooting of internal 

pressure following a sudden breach in the envelope. Equations (9.8a) and (9.8b) can be 

simultaneously solved for a range of realistic values of non-dimensional parameters *S , 5  

and 6  to turbulent external pressure forcing.   
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A coupling of the damping effects of envelope flexibility and background leakage is possible 

by combining the individual governing equations into a generalized model. The resulting 

equation of internal pressure response for flexible and leaky building is obtained by 

combining Equations (9.4) and (9.6a) resulting in [similar to Eq. 6.8] 
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This can be solved simultaneously with Eq. (9.6b) to yield the response of internal pressure 

for a dynamically flexible and leaky under forcing from external pressure. Non-

dimensionalising Equation (9.11) results in 
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Simultaneous solution of Equations (9.12) and (9.8b) results in a family of curves of the 

internal pressure response statistics to turbulent external pressure forcing for realistic values 

of *S , 5  and 6  and building porosity ratio (r). 

In order to correctly simulate the internal pressure response using the governing equations 

described above (a) appropriate values of the uncertain or ill-defined parameters of the 

internal pressure system, namely c, CL and le and (b) characteristics of external pressure at the 

opening, are required. 

9.2. Determination of flow contraction and loss coefficient using CFD 

The first objective here is satisfied through Reynolds Averaged Navier Stokes (RANS) 

Computational Fluid Dynamics (CFD) modelling of the internal pressure response of a rigid 
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walled TTU building (Yeatts and Mehta [17]) following the creation of a sudden windward 

opening (area ratio 5%). 3D modelling of the problem has been conducted using the finite 

volume based commercial CFD package Ansys CFX [107]. Typically a rectangular structured 

mesh setup with 92x92x79 hexahedral cells is used to mesh the domain 23H (H is the 

building height) long and wide and 12H high. Figures 9.3(a) and 9.3(b) show the meshed 

computational domain in stream-wise and stream-normal direction while 9.3(c) shows the 

meshed up TTU building with the opening sitting inside the domain. 

 

Figure 9.3: Meshed computational domain in the (a) stream-wise and (b) stream-normal direction (c) 
meshed up TTU building 

An appropriate boundary layer velocity profile along with the turbulent boundary conditions 

based on the recommendations of Richards and Hoxey [108] was assigned to the inlet. An 

isentropic density formulation was incorporated for the entire flow field according to the 

physics of the problem. The ground of the computational domain was treated as a rough wall 

and the first node was carefully placed beyond the roughness height. The sides and top of the 

computational domain were treated as free slip boundaries. Computations were carried out 

using the Shear Stress Turbulence (SST) turbulence model (Menter [109]) for ridge height 

wind velocities of 10 and 30m/s. 

A steady state solution was first obtained for the sealed building situation such that the 

pressure and velocity of flow inside the building remain nearly zero. The result of the steady 

run was used as the initial field for the transient computations with cell blocks corresponding 

a  b 

c 
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to the opening in the windward face removed to simulate a sudden opening. Typically a time 

step of 1/20th of the period of Helmholtz oscillation (fHH = 3Hz for the TTU test building) was 

used for transient CFD simulations for 1 seconds, following computations involving 1/100th 

of the time period of oscillation, without much loss of accuracy. 

Overshoot response obtained using CFD with a mean internal pressure coefficient ( piC ) is 

compared with the analytical predictions obtained by numerically simulating Equation (9.1) 

to a step change in the mean internal pressure.  The analytical equation was solved as an 

initial value problem of zero pressure using the fourth order Runge-Kutta scheme with an 

adaptive time-step of less than or equal to 0.0001 seconds. A flow contraction coefficient (c) 

of 0.6, effective slug length (le) of 40A  and different loss coefficient (CL) values were 

used to fit the analytical estimates to the CFD predictions. Figures 9.4(a) and 9.4(b) compare 

the CFD results with the analytical predictions of the overshoot response for a ridge height 

wind velocity of 10 and 30m/s respectively along with loss coefficients of 2.78 and 1.2. 

Figure 9.4: Comparison of internal pressure overshoot response between boundary layer CFD model and 
analytic solution for (a) hU = 10m/s and (b) hU = 30m/s 

An increased damping with higher loss coefficient and ridge height wind speeds, consistent 

with the behaviour of the analytical model is seen to be predicted by CFD. While a good 

agreement between CFD and analytical predictions in terms of matching of the Helmholtz 

frequency is obtained by using a flow contraction coefficient of c = 0.6 in the analytic 

equation, the CFD results were found to consistently over predict the decay rate of response. 

Sharma and Richards [37] attributed this enhanced damping to increased viscosity associated 

with turbulence models to simulate the onset free stream turbulence and to the aerodynamic 

damping caused due to the relative motion of the oscillating slug at the opening with respect 

to the external flow. As suggested by Sharma and Richards [37], the effect of first possible 

a  b
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source of damping in the CFD solution was eliminated by subjecting the TTU building to a 

smooth laminar onset flow instead of a boundary layer flow to be referred to subsequently as 

smooth flow. The effect of second possible source of damping was nullified by creating an 

initial internal-external pressure difference equal to the onset flow dynamic pressure used in 

smooth flow situations hereafter referred to as the static test. For the purpose of comparison, 

the internal pressure coefficients for static test were calculated as [37]: 

 statesteady i

i
pi p

p
C                                                                                                                   (9.13) 

Figure 9.5 compares the smooth flow and static test CFD predictions to the analytic solution 

of Equation (9.1) to a step change in external pressure. A loss coefficient of 1.2 along with a 

flow contraction coefficient of 0.6 and le= 40A  is found to give a reasonably good match 

in terms of predicting the damping characteristics. These values are in good agreement with 

the findings of Sharma and Richards [37] and confirms the speculations regarding the 

possible sources of damping. 

 

Figure 9.5: Comparison of internal pressure overshoot response between Smooth flow, Static test and 
analytic solution for hU = 30m/s 

Comparison of the CFD results with analytical solutions thus enabled a confident estimation 

of c, CL and le as 0.6, 1.2 and oA89.0  respectively for this particular problem involving a 

thin windward door opening ( dle <<1, d  being the effective diameter of the opening) and 

rigid envelope. An experimental validation of the chosen values of c and CL has previously 

been reported by Sharma and Richards [37, 106] for the TTU building. Chaplin et al. [70] 

also reported values of CL similar or very close to those being used here from their wind 
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tunnel measurements. Owing to computational complexities however, CFD was not used to 

model the building with a flexible and leaky envelope. 

9.3. Generation of synthetic velocity and pressure time history 

An Inverse Fast Fourier Transform (IFFT) method was used to generate a synthetic external 

pressure time history (McFarlane et al. [110]) after applying appropriate aerodynamic 

admittance (Vickery [31]) and randomized phase to the Fourier coefficients derived from 

Kaimal spectrum (Kaimal et al. [111]) at 100Hz. Figure 9.6 summarizes the steps involved in 

the synthesis. The internal pressure response was forced by the external pressure time series 

by creating the opening at different time leads/lags corresponding to the peak external 

pressure in the generated time series. 

 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 9.6: Synthesis of external pressure time series and simulation of internal pressure response 

9.4. Numerical simulations of over-shoot response: Results and Discussions 

Due to the recognized practical difficulties of experimentally simulating such scenarios, 

numerical simulations of the overshoot internal pressure response of the TTU building for 

envelope flexibility-leakage combinations C1 and C2 were carried out. The first set of 
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simulations involved instantaneous (i.e. very sudden) creation of openings at different 

temporal proximities to the peak external pressure for comparison of the transient internal 

pressure overshoots to the peak values in the subsequent resonant response. The second set of 

simulations involved comparison of the overshoot transient values of internal pressure, for 

openings created at the instance of peak external pressure, to the peak resonant response of 

internal pressure for already existing openings. It should be noted that these existing openings 

were created at least 50 cycles (based on the Helmholtz frequency of the system) prior to the 

occurrence of the peak gust in the external pressure to eliminate the initial transients in the 

internal pressure response. Also investigated numerically is the influence of the duration of 

opening creation or “suddenness of opening” during high external pressure events on the 

overshoot response of internal pressure. All numerical simulations of the analytical model(s) 

were carried out using the fourth order Runge-Kutta method with an adaptive time-step 

(Matlab 7.9.0.529 [112]) of less than or equal to 0.0001 seconds. 

9.4.1. Overshoot vs. subsequent resonant response of internal pressure 

9.4.1.1. Rigid/Quasi-statically flexible TTU building (C1) 

Equation (9.1) was used to numerically simulate the internal pressure response of a quasi-

statically flexible TTU building ( 0V = 497m3) with BK = 1.5Pa (Ginger et al. [66]) for 10 

seconds following the creation of a windward dominant opening ( 0A = 1.94 m2) for a design 

ridge height wind velocity of 30 m/s. The opening was created at different time leads/lags 

[ t = 0 , ±1/fHH, ±2/fHH, ±3/fHH; fHH≈3Hz] with respect to the occurrence of the peak pressure 

in the external pressure time series. 

Figures 9.7(a) and 9.7(b) present one of several such realizations of the internal pressure 

response for a quasi-statically flexible TTU building. The peak overshoot response of internal 

pressure ( piosĈ ), when the instantaneous creation of opening is well synchronized ( t =0) with 

the occurrence of peak external pressure [in Figure 9.7(b)], is found to exceed the subsequent 

steady state peak value ( sspiC 
ˆ ). It should be noted that sspiC 

ˆ , the steady state peak internal 

pressure is the peak value that occurs sufficiently (at least 3 periods) after the opening has been 

created. 
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Figure 9.7: Internal pressure response of a quasi-statically flexible TTU building with opening created at 
different time (a) leads (- t ) and (b) lags ( t ) with respect to peak external pressure in the time series 

piosĈ  is also found to be higher than the corresponding overshoot response of internal 

pressure ( piosCˆ ) for the opening created at different lead/lag time to the peak external 

pressure [in Figures 9.7(a) and 9.7(b)]. The ratio of the peak internal pressure overshoot 

coefficient for the opening created at zero time-lag ( piosĈ ) to the peak instantaneous external 

pressure coefficient ( peinĈ ), piosĈ / peinĈ =1.59 for the particular realization shown here 

qualitatively indicates that significant overshooting is possible for openings created during 

strong gusts. This is similar to the findings of Sharma [74] for a rigid building. 

9.4.1.2. Quasi-statically flexible and porous TTU building (C2) 

The most realistic representation of a residential, small industrial or an internally multi-

partitioned building, usually designed as a “static structure”, is one with a quasi-statically 

flexible and leaky envelope. The internal pressure response of such a building representing 

the full scale TTU setup was obtained by numerically simulating Equation (9.4) for a porosity 

ratio (r= 0AAL ) of 10% and BK  = 1.5Pa, LK =2.78 and peLC = -0.2 and a ridge height wind 

speed of 30 m/s. One such realization of the internal pressure response for different leads and 

lags with respect to the peak instantaneous external pressure are presented in Figures 9.8(a) 

and 9.8(b) respectively. A porosity ratio (ratio of the area of leakage to that of the dominant 

opening) of 10% is a conservative estimate for typical well sealed modern buildings in 

Australia/New Zealand; porosities beyond this value lead to significant damping of internal 

pressure fluctuations (Vickery and Bloxham [40]). 

a  b 
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Figure 9.8: Internal pressure response of a quasi-statically flexible and leaky TTU building with opening 
created at different time (a) leads (- t ) and (b) lags ( t )with respect to peak external pressure in the 

time series 

The overall response of internal pressure for C2 is lower compared to C1, but the overshoot 

response ( piosĈ ) of internal pressure is approximately 1.52 times higher than the 

corresponding peak external pressure ( peinĈ ) at the instant of opening creation, 

notwithstanding the enhanced damping due to the envelope flexibility and background 

leakage. 

The importance of timing of the opening creation in relation to the peak gust and its effect on 

overshoot internal pressure response is illustrated in Table 9.1 for the two cases (C1 and C2). 

Comparison is made with the subsequent steady state peak response. To account for the 

statistical variability in numerical simulation, results are presented as the ensemble average of 

ten representative 10 second simulations for each lead/lag time and envelope configuration.  

The importance of the timing of opening creation in relation to the peak external pressure and 

its effect on overshoot internal pressure response is illustrated in Table 9.1 for the two cases 

(C1 and C2). Comparison is made with the subsequent steady state peak response. To account 

for the statistical variability in numerical simulation, results are presented as the ensemble 

average of ten representative 10 second simulations for each lead/lag time and envelope 

configuration.  

It is evident that strong overshoot response of internal pressure ( piosĈ ), higher than the 

subsequent steady state response ( sspiC 
ˆ ), is possible for openings created at the instant (in 

bold in Table 9.1) of high external pressure near the opening. For all other time lead/lags 

a  b 
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investigated, the overshoot response ( piosCˆ ) was found to be lower than the subsequent 

resonant response of internal pressure. 

Table 9.1: Comparison of overshoot and subsequent resonant response of internal pressure with openings 
created at different lead/lags to peak gusts for the TTU building 

Lead/Lag time to 

peak gust 

C1 (flexible envelope) C2 (flexible and porous envelope) 

piosĈ / piosCˆ  sspiC 
ˆ  piosĈ / piosCˆ  sspiC 

ˆ  

-3/fHH 1.10 

1.80 

1.40 

1.72 

-2/fHH 1.35 0.90 

-1/fHH 1.85 1.70 

0/fHH 2.02 1.95 

1/fHH 1.75 1.55 

2/fHH 1.45 1.20 

3/fHH 1.50 0.75 

 

9.4.2. Overshoot vs. existing resonant response of internal pressure 

In order to investigate the effect of high external pressure near the opening on the resonant 

response of internal pressure and vis. a vis. its severity in relation to the overshoot response in 

the case of openings created almost instantaneously during a similar peak event, numerical 

simulations were carried out for cases C1 and C2. Ten different 100 second time histories of 

representative external pressures for a ridge height wind speed of 30 m/s were used to force 

the response of internal pressure. The peak instantaneous pressure in each of these external 

pressure time histories occurred between the 30th and the 60th second. This ensured that the 

initial transients of internal pressure for the opening created right at the beginning of the 

simulation (i.e. at time zero) get attenuated before the occurrence of the peak external gust, 

and the steady-state response of internal pressure, if any, is induced primarily by resonance. 

The overshoot response of internal pressure was triggered at the instant of that peak pressure. 

Table 9.2 compares the overshoot with the existing steady state peak response for the 10 

realizations. 
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Table 9.2: Comparison of overshoot response during peak gust to the resonant response of internal 
pressure with already existing openings for the TTU building 

Simulations 

 (Run) No. 

C1 (flexible envelope) C2 (flexible and porous envelope) 

piosĈ  sspiC 
ˆ  % diff. 

piosĈ  sspiC 
ˆ  % diff. 

1 1.44 1.30 9.70 1.36 1.10 19.12 

2 1.53 1.31 14.40 1.43 1.12 21.67 

3 1.45 1.33 8.27 1.37 1.08 21.17 

4 1.40 1.22 12.86 1.35 1.07 20.74 

5 1.42 1.22 14.08 1.32 1.04 21.21 

6 1.53 1.23 19.61 1.42 1.10 22.53 

7 1.43 1.16 18.88 1.33 1.02 23.31 

8 1.43 1.24 13.29 1.34 1.09 18.66 

9 1.41 1.32 6.38 1.31 1.11 15.26 

10 2.07 1.53 26.08 1.88 1.45 22.87 

Mean 1.51 1.29 14.6 1.48 1.12 24.32 

 

Figure 9.9(a) and 9.9(c) shows one such realization of the internal pressure responses 

(resonant and transient) for configurations C1 and C2 respectively. Also plotted are the 

external pressure traces used to force the responses. Figures 9.9(b) and 9.9(d) are the blow-

ups of Figures 9.9(a) and 9.9(c) respectively. 

For the particular realization shown in Figure 9.9(a) for configuration C1 (Simulation no. 10 

in Table 9.2) and a blow-up of the peak responses in Figure 9.9(b), the overshoot internal 

pressure coefficient ( piosĈ ≈2.07) is found to exceed the global peak resonant response 

( sspiC 
ˆ ≈1.53) of internal pressure by around 26%. It is interesting to note that the peak 

resonant response ( sspiC 
ˆ ) and the overshoot response ( piosĈ ) of internal pressure occurred at 

the same instance in time associated with the peak external pressure in the time series. This 

implies that while the resonant response of internal pressure may usually be the guiding 

design criteria for already existing openings left open accidentally during storms, the 

overshoot response associated with strong external pressures near the opening could well 

exceed this value under exceptional circumstances. Similar conclusions can be drawn for 
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configuration C2 in Figure 9.9(c) with a blow-up of the peak responses in Figure 9.9(d), in 

which the overshoot response ( piosĈ ≈1.88) exceeds the global peak resonant response by 

approximately 23%. However, both the overshoot and resonant response of internal pressure 

for C2 are comparatively weaker to those for C1 due to additional damping by background 

porosity in the envelope. 

Figure 9.9: (a) Overshoot and resonant internal pressure response and (b) Enlarged view of the overshoot 
vs. resonant response of a quasi-statically flexible TTU building, (c) Overshoot and resonant internal 
pressure response and (d) Enlarged view of the overshoot vs. resonant response of a quasi-statically 

flexible and porous (10%) TTU building 

This investigation, thus reveals that the internal pressure overshoots should not be seen in 

isolation to that of the resonant effects, but the implication of the severity of such overshoots, 

at the time of high external pressures near the opening, should be carefully analyzed in 

relation to the situation of an already existing opening with equalized (or nearly so) mean 

pressures for design considerations. 

9.4.3. Duration of opening creation 

The above analyses of internal pressure overshoot response are based on the assumption of 

instant creation of the opening (or almost so when the opening is created much faster 

a  b

c  d
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compared to the time constant of the building volume-opening combination). In certain 

situations involving ductile/malleable building envelope materials however, it may take some 

time for a façade or a cladding to fully breach so that the severity of the overshoot response 

may be reduced. Such scenarios have been numerically investigated for the TTU building 

with configurations C1 and C2 using four different “opening durations” namely 0.5/fHH, 

1.0/fHH, 1.5/fHH and 2.0/fHH. The size of the opening was assumed to linearly vary from 1 to 

100% of the final size ( 0A = 1.94 m2) over the different “opening durations”. As before, 

openings were initiated at different leads/lags with respect to the peak instantaneous pressure 

in the external pressure time series. In order to minimize the effect of localized random peaks 

of external pressure on the overshoot internal pressure response, an ensemble average of the 

overshoot response of internal pressure for a given time lead/lag and “opening duration” was 

calculated using ten different representative external pressure time histories of 50 seconds 

duration each. Figure 9.10(a) presents the averaged overshoot factors ( R ) for case C1 while 

Figure 9.10(b) presents the same for C2. The over-shoot factor ( R ) is defined as 

pein

pios

C

C
R

ˆ

ˆ
                     (9.14) 

The time leads/lags for opening creation used for the purpose of analyses was varied from -

5/fHH (lead) to 5/fHH (lag); fHH being the Helmholtz frequency based on the final opening size.  

As expected, the overshoot response of internal pressure for a given “duration of opening 

creation” and time lead/lag of opening creation with respect to the peak external pressure 

decreases with increase in envelope flexibility and background leakage. The rapidity of the 

duration of opening creation is also found to induce a higher overshoot (see for example the 

curves for 0.5/fHH compared to those for 2/fHH) for both C1 and C2. It is interesting to note 

that the zone of influence for maximum overshoot involving initiation of opening creation 

lies between 1 to about 0 periods leading to the occurrence of the peak external pressure for 

cases C1 and C2 both. This is because a slightly early initiation of the opening creation (but 

close enough to be in the temporo-spatial zone of influence of the peak external pressure) that 

grows steadily in size with the peaking gust induces a strong air mass movement through the 

opening dominated by inertia resulting in significant overshooting of internal pressure. 

Within the zone of maximum overshoot, the effect of the duration of opening creation on the 

overshoot response seems less obvious though. Over a broad zone of influence and opening 
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duration, however, the overshooting of internal pressure is found to be significant (>1) for the 

cases analyzed. 

Figure 9.10: Average internal pressure overshoot response of (a) TTU building with quasi-statically 
flexible envelope (KB = 1.5Pa) and (b) TTU building with quasi-statically flexible (KB = 1.5Pa)  and leaky 

(r = 10%) envelope for different “opening duration” and time leads/lags with respect to peak external 
pressure in the time series 

Thus, it appears from the above analyses for the TTU building that adequate provisions such 

as over-shoot factors may need to be provided for such buildings in the wind loading 

standards, especially for cyclone prone areas, where potential for opening creation during 

strong external pressure near the opening remains high. However, the TTU building setup 

with its relatively smaller internal volume and a comparatively larger door opening is 

representative of small workshops or partitioned halls in a larger residential building for 

which the results of the study can roughly be extended. As such it represents only one of the 

several combinations of design scenarios possible and hence would not be prudent to base an 

inference on the above analyses alone. The non-dimensional governing equations offer a 

distinct advantage in such cases where simulations carried out for a vast range of realistic 

non-dimensional parameters can be used to derive conclusive inferences as to whether or not 

such provisions are necessary at all or if necessary under what circumstances. 

It is also worth noting at this stage that the level of internal pressure overshoot obtained 

through numerical analysis is highly sensitive to the value of loss coefficients used for 

simulation. While a value of CL = 1.2 used here is based on matching the analytical and the 

CFD predictions as discussed in section 3, a summary provided by Oh et al. [15] and Holmes 

and Ginger [96] of the value of loss coefficient reported in literature shows a wide-spread 

scatter. Values as high as 44.44 and 100, obtained through spectral match of the measured 

a  b 
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and the predicted internal pressure spectra in some studies, when used for numerical 

simulations will generally lead to smaller overshoots than presented in Figures 9.7-9.10. 

9.5. Non-Dimensional Overshoot Factors 

For building configurations C1 and C2, non-dimensionalized over-shoot factors ( R ) already 

defined in Equation (9.14) were derived by numerically simulating the non-dimensional 

Equations (9.2) and (9.5) respectively to obtain a family of curves of R  as a function of *S  

ranging from 0.5 to 15 for realistic values of 5  varying between 20 and 100. Values of 5  

are based on a typical longitudinal integral length scale ( U ) of 100m (Ginger et al. [68]) for 

low-rise buildings A ridge height velocity ( hU ) of 30 m/s, flow contraction (c) and loss 

coefficient (CL) of 0.6 and 1.2 respectively for the windward opening, a loss coefficient ( LK ) 

and area and time averaged external pressure coefficient ( peLC ) of 2.78 (quasi-steady flow 

condition) and -0.2 respectively for the lumped leeward leakage opening was used for the 10 

second simulations. Overshoot factors (calculated by triggering the internal pressure response 

at the instance of peak external pressure) are presented as an ensemble average of ten 

realizations to account for the statistical variability in the magnitude of the peak external 

pressures in the time series used. 

Figures 9.11(a) and 9.11(b) present a family of non-dimensional curves of over-shoot factors 

for configurations C1 and C2 obtained by numerically simulating Equations (9.2) and (9.5) 

respectively. A porosity ratio of 10% used for simulation is conservative and can be 

considered to represent one extreme for leaky buildings (both residential and industrial), no 

leakage in the envelope being the other extreme end. Overshoot factors for buildings with 

intermediate leakages (or porosities) can be linearly interpolated from these figures. 

It can be seen that the overshoots are still significant for the range of building cavity-opening 

combinations investigated but gradually decreasing with increasing area of the opening for a 

given S* due to the corresponding increase in internal volume induced damping. As discussed 

earlier, the significantly high overshoot ratios (R) in excess of unity obtained in Figures 9.11 

(a) and 9.11(b) can also be partially attributed to the small loss coefficient value of CL=1.2 

used in the analysis, in addition to the high external pressure used to force the internal 

pressure transient response. The overshoot factors also tend to gradually diminish with 

reduction in S* (or increase in envelope flexibility) for a given 5  (i.e. opening size) and 
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beyond S* of around 2, the overshoot factors are found to be more or less constant. The 

damping influence of background porosity is reflective in the relatively smaller overshoots in 

Figure 11(b) than in 11(a) for a given value of S* and 5 . The overshoot factors of the TTU 

building configurations investigated as a ‘control’ corresponding to S*=0.698 for a rigid 

envelope and S*=0.279 as a quasi-statically flexible envelope are also marked (as black dots) 

in Figure 9.11(a) while that of a quasi-statically flexible and porous TTU building is shown in 

Figure 9.11(b). 

 

Figure 9.11: R vs. S* simulated for (a) rigid/quasi-statically flexible building and (b) building with quasi-
statically flexible envelope and 10 % background porosity 

It can thus be inferred from Figures 9.11(a) and 9.11(b) that the effect of the sudden opening 

tends to get negated by the damping influence of the building flexibility and background 

leakage such that for porous structures with large flexible envelope, sudden overshooting of 

internal pressure may be quite small. In addition to the practical difficulty in synchronization 

of the creation of an opening to a strong gust event with high external pressures, this partially 

explains the reason why sudden opening overshooting have never been captured in limited 

wind tunnel and full scale studies under turbulent wind conditions. 

Of paramount importance and ultimate interest to structural engineers is the response of the 

building envelope to sudden overshooting of internal pressure following envelope breakage 

during the occurrence of strong gust. The response, whether dynamic or quasi-static, depends 

on the relative magnitude of the structural frequency of the building components such as the 

roof with respect to the Helmholtz frequency of the building. An estimation of the non-

dimensional volumetric ratio overshoot R  (=̂ , where ̂  is the peak non-dimensional 

volumetric ratio following the creation of an opening;   just at the instant of opening 

creation being unity) following a sudden opening will help to ascertain whether the structural 

a  b 
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deflection of the envelope is within permissible limits or not and what precautions, if 

necessary, should be undertaken to keep the structural response within the allowable limit 

states (ultimate and serviceability). Figure 9.12 provides a realization of the non-dimensional 

volumetric ratio overshoot ( R ) vs. S* for different values of 5  and 6 = 25.  

The volumetric overshoots are relatively higher at lower values of S* (higher internal volume 

and roof area) for a given 5 , because at lower structural frequencies, the dynamic or inertial 

response of the roof becomes significant. On the other hand, at higher values of S* 

corresponding to higher roof structural frequencies (smaller roof areas), the stiffness of the 

envelope (roof) mitigates the dynamic volumetric overshoot response. Marked as black 

dashed line in the figure is the approximate divide between dynamically sensitive and quasi-

statically responsive envelopes depending on the roof natural frequency being lower or higher 

than 1Hz (ACSE 7-05 [10]), calculated as a function of the roof area using Equation (9.7) for 

different values of S* and 5  ( 6  being essentially independent of the roof area). 

 

Figure 9.12: Non-dimensional volumetric ratio overshoots ( R ) vs. S* for different 5  as a measure of the 

simulated structural responses of quasi-statically and dynamically flexible structures 

The internal pressure overshoot factors presented in this paper appear to be slightly on the 

higher side due to the conservative assumptions made in the analysis (high external pressures, 

instantaneous opening creation and low CL value), and will possibly be over-ridden by the 

steady-state resonant factors, such as the ones reported by Ginger et al. [68], for most part 

due to the small window of time and conditions necessary for overshoots to exceed the 

ensuing resonant response of internal pressure. Nevertheless, a careful consideration 

regarding the implication of the timing and level of such overshoots during peak gusts in 
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relation to the steady state internal pressure response for already existing openings, especially 

in cyclonic regions for very small buildings (high S*) with comparatively large potential 

openings such as small garages and garden-sheds, is warranted. 

9.6. Sensitivity of overshoot response to loss coefficient (CL) 

The value of loss coefficient (CL) through the opening reported in the literature for the kind of 

unsteady flow considered in the current study shows widespread scatter, derived either from 

fan-pressurization tests or through fitting of the numerical predictions to the experimental 

data. Oh et al. [15] and Holmes and Ginger [96] provide a summary of the different values of 

loss coefficient (CL) reported in literature. The value of CL=1.2 used in this study, primarily 

derived from fitting the analytical predictions to CFD results, as discussed earlier was also 

experimentally validated by Sharma and Richards [37, 106]. However, it is helpful to 

consider the sensitivity study of the overshoot response of internal pressure to the opening 

loss coefficient. Figure 9.13 provides a realization of the ratio of the overshoot factors for 

different values of CL to the overshoot factors for CL =1.2 (RCL/RCL=1.2) vs. S* for a non-leaky 

rigid/quasi-statically flexible building of opening size 5 =20.  

 

Figure 9.13: Sensitivity of internal pressure overshoots (R) to the value of CL for a non-porous rigid/quasi-
statically flexible building envelope 

The influence of loss coefficient on overshoot factors is evident, such that for loss 

coefficients higher than 1.2 (as used in the study), the overshoot factors are predictably lower. 

9.7. Summary and Conclusions 

The importance of wind-induced transient response of internal pressure following the 

creation of a sudden dominant opening during the occurrence of strong external pressure in 
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low rise residential and industrial buildings have been numerically investigated. The values 

of flow contraction and loss coefficient obtained by fitting the analytical response to that 

predicted by the CFD model for the windward opening-cavity volume combination of the 

TTU test building was used for numerical investigations. Simulations of internal pressure 

overshoot response following the creation of a sudden windward opening (area ratio of 5%) 

in the full scale WERFL setup at TTU at different time leads/lags to the occurrence of a peak 

instantaneous external pressure for (1) a quasi-statically flexible non-porous envelope and (2) 

a quasi-statically flexible and porous envelope showed that significant overshooting of 

internal pressure, higher than the pre-sequent or subsequent steady state resonant values are 

possible when the opening is created almost instantaneously during the occurrence of high 

external pressure near the opening. For all other situations, the steady state resonant response 

of internal pressure was found to supersede the overshoot response Investigation into the 

effect of the “suddenness” of opening creation on the TTU building, with different envelope-

leakage combination, using five different “opening durations” revealed the influence of the 

duration of opening creation on the internal pressure response. In particular it was found that 

the maximum overshooting of internal pressure is effected with the opening creation initiated 

0-1 periods preceding the occurrence of high external pressure, severity of overshoot being 

inversely proportional to the duration of opening creation.   

Non-dimensional overshoot factors presented for a variety of cavity volume-dominant 

opening combinations for (1) buildings with rigid/quasi-statically flexible but non-leaky 

envelope and (2) buildings with rigid/quasi-statically flexible and leaky envelope 

(representing most low rise residential buildings) by simulating the non-dimensional form of 

the governing equations show that that significant overshooting can occur when a sudden 

opening creation is well-synchronized with high external pressures near the opening The 

transient response and the level of internal pressure overshoot are expectedly found to 

diminish with increase in flexibility and background porosity in the building envelope. The 

overshoot factors are found to be strongly sensitive to the opening loss-coefficient used for 

numerical simulation of the governing equations. For higher loss coefficient values, the 

overshoot response of internal pressure practically ceases to exist 

It is suggested that a careful consideration regarding the implication of the timing and level of 

internal pressure overshoots, associated with high external pressure near the opening, be 

made in relation to the situation of an already existing opening, especially in cyclonic regions 

with high possibility of such occurrence. 
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Chapter	10 :	Influence	factors	for	internal	pressure	in	a	

building	with	an	opening		

 

Low and medium rise buildings represent a high percentage of non-engineered or semi-

engineered structures, in which internal pressures constitute a major portion of the net wind 

load across the building envelope. The consideration of appropriate estimates of internal 

pressure is especially important for designing low rise buildings in cyclone-prone areas, 

where the potential of envelope damage due to debris impact leading to the creation of a 

dominant opening remains high. The ensuing internal pressure response caused by the 

breakage of doors and/or windows presents two issues of concern; the internal pressure 

overshoot, if any, and the dynamic resonant (Helmholtz) response.  

The first issue of internal pressure overshoot, resulting from a sudden breakage in cladding 

elements are usually thought to be insignificant in real life; being damped by the flexibility 

and leakage in the building envelope and gets lost amidst fluctuations in the turbulent wind. 

That this is not always true is reflected in Chapter 9, wherein it is shown that under certain 

circumstances, such as for openings created just before or during the occurrence of high 

external pressures related to a strong gust, overshoots can be higher than the subsequent 

steady state resonant value of internal pressure for smaller buildings with comparatively large 

openings.  

The second of the two issues, involving resonating internal pressure in combination with high 

external pressures, is generally accepted to generate load on the envelope or claddings in 

excess of the design value, thereby resulting in catastrophic failures. A number of wind 

tunnel studies have corroborated this view and highlighted the need for further strengthening 

of the quasi-steady based provisions of internal pressure in current wind loading standards. 

Many of these studies (for e.g. Oh et al. [15]; Sharma and Richards, [14, 113]) also suggested 

the possible inadequacies of the current provisions in the wind loading standards such as 

AS/NZ 1170.2.2002 [8] to potentially counter such a scenario and proposed suitable remedial 

measures. The codal committees on the other hand have been somewhat hesitant and on 

occasions reluctant in implementing their suggestions due to the idealizations involved in 

these experiments such as the usage of rigid walled building models not representative of real 
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buildings with inherently flexible and leaky envelopes. Many of these early studies (for e.g. 

Woods and Blackmore [88], Sharma and Richards, [14, 113]) also overlooked the issue of 

volume scaling necessary to maintain the dynamic similarity between model and full scale 

such that the chances of occurrence of the vigorous and pronounced Helmholtz resonance 

reported by them appear unlikely in real buildings of any appreciable size and volume. This 

“difference of opinion” has resulted in an apparent stalemate in which designers continue to 

use the current wind loading provisions for designing a large number of so-called low rise 

buildings. The safety of such structures, usually built on modest budget and being unable to 

afford the high cost of wind tunnel studies, thus depends to a great extent on the suitability of 

the provisions in the relevant code of practice. 

The fact is that both academic literature and the codal provisions pertaining to internal 

pressures are in general based on “idealized” wind tunnel and full scale studies from a limited 

range of opening sizes and building volumes. This fails to evoke the confidence necessary for 

their applicability and usability in typical range of buildings encountered in practice. Some 

recent theoretical and experimental work by Ginger et al. [67, 68] have been directed towards 

addressing this issue by putting the Root Mean Square (RMS) and peak internal to external 

pressure coefficient values in non-dimensional format for a range of cavity volume-opening 

area combinations. An empirical bi-linear non-dimensional model (Holmes and Ginger, [20]) 

of the ratio of the RMS internal to external pressure coefficients that matched the wind tunnel 

results was proposed for design considerations of internal pressure. 

In this Chapter, attempts to add to this database is made by carrying out volume-scaled wind 

tunnel tests for a range of building volumes, opening sizes and wind speeds for a normal 

onset wind flow. The results, presented in terms of the influence factors of internal to external 

pressure coefficients, are used to develop non-dimensional design equations that agrees well 

with the experimental data. Also investigated in some detail is the effect of wind direction 

and background leakage on the internal pressure influence factors in a building with an 

opening. 

The idea of influence factors for internal pressure in buildings with openings, as presented 

here, is drawn from the approach involving treatment of the conventional dynamic response 

(such as moments, deflections etc) of structures driven by the fluctuating wind force. Out of a 

number of methods available for determining the spatial statistics of the fluctuating external 

pressure that forces the internal pressure response through the opening, the covariance 
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integration method coupled with Eigenvalue analysis as described by Holmes and Best [18] 

has been used to determine the influence factors and modal parameters of internal pressures 

in buildings. The approach involved analyses of the opening external and internal pressure 

signals obtained from wind tunnel to estimate the internal pressure influence factors with 

intrinsically incorporated spatial properties of the turbulent external flow field and dynamic 

characteristics of the internal pressure response. 

10.1. Theoretical considerations 

10.1.1. Governing Equation: The Dominant opening Case 

As already discussed in Sections 3.2.1 and 9.1.1 of Chapters 3 and 9, the first mathematical 

treatment of the dynamics of internal pressure in buildings with a dominant opening was 

presented by Holmes [38] in his seminal paper, in which the internal pressure fluctuations 

was conceived of as a narrow band resonant response to the wind induced turbulent external 

pressures near the opening. The theory supported by wind tunnel experiments showed that an 

analogy based on the Helmholtz acoustic resonator can be used to describe the response of 

internal pressure in a rigid non-porous building (building being treated as a Helmholtz 

resonator) using a second order non-linear differential equation. Figure 10.1 shows a 

schematic of the model. 

 

Figure 10.1: Air slug model (Holmes, [38]) 

The derivation assumed a “slug” of air of area 0A  and effective length 40Ale   to 

oscillate at the opening under the forcing of external fluctuating pressure, the stiffness being 

provided by the internal volume ( 0V ) of air acting as a pneumatic spring and damped by the 

irrecoverable energy lost due to flow past the opening. Since then, important theoretical 
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contributions from Liu and Saathoff [43], Vickery and Bloxham [40], Sharma and Richards 

[37, 106], Oh et al. [15] supported by wind tunnel (Sharma and Richards, [14, 113]; Oh et al., 

[15]) and some full scale studies (Ginger et al., [66]; Fahrtash and Liu, [85]; Kwok and 

Hitchcock,[86]) by others have greatly led to the development of a sound theoretical basis of 

internal pressure dynamics. A second order ordinary differential equation with non-linear 

damping of the form [Eq. 2.12] 
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has been established by the researchers to model the wind induced internal pressure response 

of a building cavity with an opening. In this equation, ρa is the density of the air inside the 

building cavity; eV  is the effective volume of the cavity, being equal to 0V  (the nominal 

cavity volume) for a building with rigid envelope, and equal to  bV 10  for a building with 

quasi-statically flexible envelope (b being the ratio of the bulk modulus of air inside the 

cavity to that of the building envelope);  = 1.4 is the ratio of specific heat capacities; Pa is 

the ambient pressure of air; c and CL are the flow contraction and loss coefficient of flow 

through the opening; 25.0 haUq   is the ridge height dynamic pressure for a ridge height 

velocity of hU ; and qpC ipi   and qpC epe   are the internal and external pressure co-

efficient respectively. It is worth noting that significant differences regarding appropriate 

values for the ill-defined parameters (c, CL and el ), as discussed in Section 3.2.1 of Chapter 

3, still exist among researchers. 

The undamped resonant frequency (also known as the Helmholtz frequency) is given by [Eq. 

2.14], 
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Equation (10.1) implies that under favourable forcing by the external pressure (i.e. with 

enough turbulence energy) near the opening, the internal pressure can exhibit a significant 

resonating response at the Helmholtz frequency of the cavity-opening combination much like 

the dynamic response of a structure under the fluctuating wind load. While the strongest 

resonance of internal pressure due to turbulent buffeting is expected for an onset flow normal 

to the opening, Sharma and Richards [14] have shown using wind tunnel tests that an even 
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stronger resonance of internal pressure driven by “eddy dynamics” is possible at oblique flow 

angle under certain conditions. For a threshold value of 0.34 of the reduced frequency based 

on the opening width and ridge height wind velocity in Category 2 terrain as well as 

depending on the thickness of wall boundary layer upstream of the opening and the strength 

of the tangential flow, the pressure inside a building cavity may undergo strong Helmholtz 

resonance, irrespective of whether or not, the Helmholtz frequency lies in the energy 

containing region of the turbulent velocity spectrum. Thus, at the condition of a resonating 

internal pressure driven by turbulent buffeting or “eddy dynamics”, the net dynamic load on 

the building envelope as a whole, or in parts (such as claddings), may increase considerably 

leading to its failure. 

10.1.2. Non-dimensional form of the governing equation 

Holmes [38] showed that the internal pressure fluctuations can be represented as a function of 

five non-dimensional parameters: eVA 23
01  , hs Ua2 ,  03 AUha , hU U 4  

and 05 AU  , where μ is the viscosity of air, as is the speed of sound, σU is the RMS 

velocity and λU is the integral length scale of longitudinal turbulence at the building ridge 

height. 

Using these non-dimensional parameters, Ginger et al. [68] non-dimensionalized Equation 

(10.1) by defining a non-dimensional time,  UhUtt * . The resulting equation [Eq. 3.20] 
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                (10.3) 

where 2
21

* S  and IC  is the inertia coefficient of flow through the opening, was 

numerically simulated to present a family of curves of RMS and peak internal to external 

pressure coefficient ratios with variables S* and 5  for a given value of  IC  and CL.  The 

effect of dependency of internal pressure on Reynolds number (i.e. 3 ) and turbulence 

intensity (i.e. 4 ) were neglected as it was considered to be insignificant in analysis of 

internal pressures in ultimate limit wind speeds and openings investigated. 



Influence factors for internal pressure in a building with an opening  

243 
 

10.1.3. Design equations  

Vickery and Bloxham derived an expression for the ratio of RMS internal ( piC
~

) and external 

( peC
~

) pressure fluctuations following linearization of Equation (10.1). The assumptions 

involved approximation of external pressure as a ‘white noise’ inducing internal pressure 

with a dominant resonant contribution compared to the low frequency ‘background’ noise. 

The resulting expression is [Eq. 3.13] 
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where S0(fHH) is the non-dimensional spectral density of the external pressure fluctuations 

evaluated at the Helmholtz frequency of the building and β is the defined as [Eq. 3.14] 
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An empirical term (αc = 1.5) was introduced in Equation (10.4) to improve upon the 

approximation for large building volumes resulting in [Eq. 3.15] 
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Holmes and Ginger [20] non-dimensionalized Equation (10.6) assuming the approach 

velocity and external pressure fluctuations to follow the Von Karman spectral density model 

as used in AS/NZS 1170.2 [8]. The model given by 
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and β given by Equation (10.5) was non-dimensionalized using the parameters S* and 5 . 

Further introducing peC
~

= 0.35 and 4IC results in a non-dimensional form of Vickery 

and Bloxham (V&B) model as 
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An alternative expression for the ratio of internal to external pressure fluctuations was 

derived by RWDI [69] by neglecting the inertial term in Equation (10.1), assuming a Von 

Karman spectral density model with a gust filter function applied to account for the 

attenuation of internal pressure. The resulting expression 

 
      1

10

1

175.2

1

8.701

4
~

~ 21

0
214652


















 






df

fUf

Uf

C

C

hU

hU

pe

pi               (10.9) 

 is based on a characteristic time scale 
5





*SU
C

PA

VU
C

h

U
L

ao

eha
L  , such that the internal 

pressures are attenuated beyond a frequency of 1/τ.  

Holmes and Ginger [20] non-dimensionalized Equation (10.9) resulting in 
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The RWDI (I&D) model was adopted by American Loading Standard ASCE 7-05 [10] by 

further simplifying Equation (10.9) through assumption of the following values of the 

parameters; LC = 44.44, hU =25m/s, sa =340m/s, U =100m. 
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A performance evaluation carried out by Holmes and Ginger [20] using both V&B and I&D 

models with their experimental data resulted in an over prediction of the internal pressure 

fluctuations by Vickery and Bloxham model beyond *S  of about 10 due to an overestimation 

of the resonant component and under prediction by the RWDI model at all but very small 

values of *S  due to neglecting the inertial term. The ACSE version of the model was found to 

give even lower predictions compared to the RWDI version due to its usage of a higher CL 
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value. An alternate bi-linear model derived empirically by fitting the measured data was 

proposed as 
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For internal pressure fluctuations generated by atmospheric turbulence as is the case for a 

normal onset turbulent flow, Holmes and Ginger [20] have shown that the internal pressure 

gust factor (γi) and the ratio of the peak internal ( piĈ ) to external pressure ( peĈ ) coefficient 

can be determined from the following equations: 
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where g is the peak factor (3.5 to 4) and Iu is the intensity of turbulence. The ratio of the 

internal to external pressure fluctuations needed in the estimation of Equation (10.13a, b) can 

be obtained from Equations (10.8), (10.10) or (10.12a, b) for a range of non-dimensional 

parameters S* and 5 . 

10.1.4. Covariance Integration method and Eigenvalue analysis 

As mentioned earlier, a different analysis technique namely the covariance integration 

approach has been used in the current study to generate influence factors for a range of 

opening sizes, volumes and wind speeds from scaled wind tunnel tests. The influence factors, 

which are a measure of the ratio of the internal to external pressure fluctuations weighted 

over the tributary areas that make up the opening, are presented in a non-dimensional format 

similar to Holmes and Ginger [20]. 

It is assumed for the purpose of this analysis that the pressures acting on the surface of the 

building around the opening are stationary, ergodic random processes. This will be close to 
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reality when the mean velocity ( hU ) can be assumed to be nearly constant over the period of 

passage of storms. Assuming equal loss coefficient over all the tributary areas, the mean 

internal pressure ip  influenced by mean external pressure 
jep  acting over an opening 

tributary area jA  with a mean influence factor m
j  is given by 
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where n  is the number of tributary areas representing the external pressure taps influencing 

the internal pressure around the opening. For  kjAA kj  , then Equation (10.14) reduces 

to 
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Similarly, the root mean square fluctuating internal pressure ( ip~ ) influenced by the 

fluctuating external pressures acting on tributary areas jA  and kA   kj   over the opening 

can be expressed as  
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where f
j  and k

j  are fluctuating influence factors for tributary areas jA  and kA  

respectively. Normalized by the ridge height dynamic pressure q, Equation (10.16) can be 

expressed in coefficient form as 
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where jkr  is the correlation coefficient between the fluctuating pressures at areas jA  and kA  

and piC
~

 is the RMS internal pressure fluctuations. Assuming  kjAA kj  , Equation 

(10.17) written in matrix form results in 
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where the RMS external pressure coefficient diagonal matrix [ peC
~

] and the correlation 

coefficient matrix [r], both of order n can be combined together to form the pressure 

coefficient covariance matrix ([Cp]) defined as 

     pepep CrCC
~~

                             (10.19) 

The pressure coefficient covariance matrix [Cp] and the RMS internal pressure coefficient are 

evaluated from the sampled pressure signals, around the opening and inside the cavity 

respectively, in the wind tunnel. Further, if it is assumed that the influence factors 

 njf
j :1,   of the fluctuating internal pressure due to the external pressure acting over 

each tributary area are equal, then an expression for the fluctuating internal pressure influence 

factor for a particular angle of wind attack   f
j  can be derived as follows: 
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Eigenvalue analysis or Proper Orthogonal Decomposition (POD) can be applied to the 

pressure coefficient covariance matrix [ pC ] given by Equation (10.19), such that the 

Eigenvalues  njj :1  sorted in order of magnitude can be arranged into a nth order 

diagonal matrix   . This along with the corresponding matrix of normalized Eigenvectors 

 E  can be used for reduction into the diagonal form as 

      ECE p
1                   (10.21) 

A vector of modal parameter    defined (Holmes and Best [18]) as 
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          TEE  1
               (10.22) 

can be used to investigate the relative contribution of the individual modes to internal 

pressure dynamics. The RMS internal pressure coefficient ( piC
~

) can be re-generated using 

Equations (10.18), (10.21) and (10.22) using all (n) or a small number (ns≤ n) of dominant 

Eigenmodes associated with large Eigenvalues  
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An alternate and relatively simple metric for exhibiting the relative modal contributions of 

the fluctuating external flow field to internal pressure fluctuations can be established in terms 

of the partial energy content (g) of each participating mode. The value of g calculated as 
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is used to justify the assumption of equal influence factors due to each tributary opening area 

in the current analysis. 

10.2. Experimental Considerations 

10.2.1. Model characteristics 

Measurement of cavity internal and external pressures were carried out using a 1:100 scale 

wind tunnel model of a typical warehouse, the Twisted Flow Wind Tunnel (TFWT) building 

of the University of Auckland (UoA) of dimensions 35.1m by 24.9m by 7m. Investigations 

were carried out in both Category 2 and 3 terrain conditions as per AS/NZS 1170.2 [8].  

The basic configuration of the building model, hardware and instrumentation used for 

measurements are presented in Section 4.2 and in Figure 4.2(a) of Chapter 4. The details 

regarding the size and position of the external opening(s) are described in Section 3.5.1 of 

Chapter 3. The details pertaining to the Category 2 and 3 simulated boundary layer 

characteristics are provided in Appendix B while Appendix C references the time domain 

based recursive filter technique used to correct the raw pressure data distorted during 

transmission through the tubing. 
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Out of the 51 external pressure taps on the face containing the opening of dimensions 5cm by 

4.2cm, data from a total of 11 taps evenly distributed around the opening at equal distance 

from each other [marked as black cross in Figure 10.2], each representing the pressure over a 

single tributary opening area, were used for analysis.  

 

Figure 10.2: Layout of external pressure taps on the windward wall with the opening (All dimensions in 
mm) 

10.2.2. Experimental program: Combination of opening area, internal volume and wind 
speeds  

A number of model configurations involving a range of building volumes, opening sizes, 

wind speeds and angle of attack were tested in the wind tunnel. While the opening sizes 

(hence 5 ) were altered using acrylic plugs of various size, the overall volume of the model 

(and hence S*) was varied using polystyrene (foam) blocks of different dimensions. Table 

10.1 summarizes the different combinations of building volumes, opening sizes, wind speeds 

and their magnitudes used in the study. 

Table 10.1: Model configurations tested in the wind tunnel 

Volume designation V0 V15 V30 V45 V60 V93 

Magnitude(m3) 0.089 0.075 0.062 0.049 0.035 0.006 

 

Opening size designation A100 A80 A50 A30 A0 

Magnitude (m2) 0.002 0.0017 0.001 0.0006 0.0 

 
 

Ridge height wind speed 

designation 
W60 W65 W70 W75 W80 
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Magnitude (m/s) 5.7 6.2 6.7 7.2 7.6 

 

For category 2 configuration, some additional tests, with wind speeds lower than those shown 

above, were also carried out to achieve higher values of S* in the study. The corresponding 

ridge height wind speeds are shown in Table 10.2. 

Table 10.2: Additional wind speeds tested for category 2 in the wind tunnel 

Ridge height wind speed 

designation 
W40 W45 W50 W55 

Magnitude (m/s) 4.3 4.7 5.1 5.5 

 

Table 10.3 summarizes the different permutation-combinations of the parameters used to 

calculate the influence factors in this study. 

Table 10.3: Combinations used in the current work 

Building Volume Opening size 
Angle of attack 

(θ) 
Leakage 

Wind speed 

V0 A0;A30;A50;A80;A100 
0:20:360 No/Yes W65 

0 No W60;W65;W70;W75;W80 

V15 A30;A50;A80;A100 0 No W60;W65;W70;W75;W80 

V30 A30;A50;A80;A100 0 No W60;W65;W70;W75;W80 

V45 A30;A50;A80;A100 0 No W60;W65;W70;W75;W80 

V60 A30;A50;A80;A100 0 No W60;W65;W70;W75;W80 

V93 (Cat 3) A30;A50;A80;A100 0 No W60;W65;W70;W75;W80 

V93 (Cat 2) A30;A50;A80;A100 0 No 
W40;W45;W50;W55; 

W60;W65;W70;W75;W80 
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10.3. Result and Discussions 

10.3.1. Effect of opening size 

Influence factors for fluctuating internal pressure calculated using Equation (10.20) for 

volume V0 and a ridge height wind speed of 6.2m/s (W65) are plotted in Figure 10.3 for the 

different opening sizes listed in Table 10.3. The influence factors for internal pressure are 

found to vary significantly with the size of the opening. In fact the influence factors for A100 

are consistently 4-5 times higher for the windward angles and around 2-3 times higher than 

for sidewall and leeward angles in comparison to those for A0 configuration; implying that 

the size of the opening, over which the external pressure acts, is an important factor 

influencing the internal pressure fluctuations as theoretically predicted. 

 

Figure 10.3: Effect of opening area on Influence factors of internal pressure 

While the influence factor for A100 and A80 configurations at all wind directions, except 

leeward openings, is in excess of unity, most prominent effects of increased internal pressure 

fluctuations are visible at around ±80:90° for all configurations. This as explained in Chapter 

3 is possibly caused due to flow separation on the side wall. The RMS and peak internal 

pressure values at these angles are in fact much lower than those at or near onset wind angles 

(i.e. 0°). 

For leeward opening situations i.e. for wind angles greater than ±135°, the influence factors 

are lower than unity for all configurations. This is due to the weaker external pressure 

fluctuations at such wind angles coupled with the low pass filtering process of the body-

induced turbulence. 
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10.3.2. Effect of background leakage 

Typical porosity (defined as the ratio of the leakage to the wall area) of modern buildings in 

Australia/New Zealand range from 0.01% to 0.2%. As discussed in Chapter 5, porosity ratio 

in the context of this research is however, defined as the ratio of the total leakage (AL) to the 

dominant opening area (A0). Representative leakages of 10% and 20% uniformly distributed 

on roof and the leeward wall were used to determine its effect on the fluctuating internal 

pressure influence factors induced through a dominant opening inside the building. Such 

porosity ratios are usually considered conservative from a design point of view (Vickery and 

Bloxham [40] and Oh et al. [15]). Figure 10.4 plots the influence factors for a building 

volume V0 with opening A0 with and without background leakage.  

 

Figure 10.4: Effect of background leakage (porosity ratio) on the influence factors of internal pressure  

The effect of background leakage on fluctuating internal pressure is evident from the 

reduction in magnitude of the influence factors with increase in building porosity. In other 

words, the influence of the external pressure around the dominant opening as well the 

resonant response of the building cavity in determining the magnitude of internal pressure 

fluctuations is reduced by the damping effect of background leakages. The damping influence 

of background leakage has been investigated theoretically and experimentally in details in 

Chapter 5. 

10.3.3. Proper Orthogonal Decomposition (POD) 

In order to estimate the relative contribution of the different modes of the fluctuating external 

pressure around the opening to internal pressure fluctuations, modal parameter   and the 

partial energy content (g), calculated as per Equations (10.22) and (10.24) respectively for 

wind directions, 0° and ±80°, are plotted in Figures 10.5(a) and 10.5(b) for building V0 with 
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opening area A100. These wind directions were chosen due to the relatively higher values of 

influence coefficient βf obtained at these angles in Figure 10.3. 

Figure 10.5: Magnitude of the (a) modal parameter,   and (b) partial energy content, g of the 
participating modes at different angle of wind attack 

The first modal parameter   for all wind angles is much higher in magnitude compared to 

others in Figure 10.5(a) and hence will provide maximum contribution to the internal 

pressure fluctuations. The first mode can be seen in Figure 10.5(b) to contribute around 75-

80% of the fluctuating energy, reconstruction (ns=1) using which would generate a 

fluctuating pressure field around the opening, accurate enough for engineering purpose. 

The first fluctuating mode of external pressure around the opening can be considered to 

represent low frequency turbulence in the flow field, induced by eddies of size equal to the 

integral length scale of turbulence at the opening height of the building for a windward 

opening case. These eddies, usually much larger than the opening dimensions, induce highly 

correlated external pressures over the opening area. This somewhat justifies the consideration 

of equal contribution of external pressure over a tributary opening area (represented by an 

external pressure tap), to internal pressure fluctuations, in the estimation of influence factors. 

10.4. Design solutions 

Often the critical design case, particularly during severe storm events is the case with a single 

windward dominant opening under normal onset flow (θ=0°). Quantification of the influence 

factors of internal pressure in such situations has been carried out for a range of building 

volumes, opening area and wind speeds listed in Table 10.3. 

Figure 10.6 plots the internal pressure influence coefficients obtained in the current study as a 

function of S* for different opening sizes (i.e. 5 ) in comparison with the RMS internal to 

a  b 
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external pressure ratios predicted by non-dimensionalized Vickery and Bloxham (V&B) 

model (Equation 10.8), RWDI (I&D) model (Equation 10.10) and Holmes and Ginger 

(H&G) model (Equation 10.12). A loss coefficient of 2.78 (corresponding to k=0.6 as per 

Holmes model [38]) is used for analysis along with the integral length scale values of 24.8 

and 29.5 m (full scale) for Category 3 and 2 terrain respectively measured in the wind tunnel. 

 

Figure 10.6: Comparison of the measured influence factors (βf) with the models of Vickery and Bloxham 
(V&B), RWDI (I&D) and Holmes and Ginger (H&G)  

The V&B model in general, appear to be conservative for all but lower values of S* 

corresponding to 5 =5.5 (A100) whereas the I&D model appears to under predict the 

measured values at higher S* for larger openings ( 5 =5.5 and 6.1). H&G model on the other 

hand provides safe design values for all but a small range of S* between 2 and 6 for the 

largest opening configuration ( 5 =5.5). 

Interestingly, none of these models exhibit such a high sensitivity to area size (or 5 ) as 

observed in the current experiments. This makes all the models highly conservative, 

especially for smaller opening sizes ( 5 =7.7 and 9.9 in the current study), across all values of 

S*. This is possibly due to the location of these smaller openings away from the stagnation 

region with high external pressures in the windward wall. The locations of the openings are 

illustrated in Figure 3.4 of Chapter 3. 

Hence to match the current dataset, a modified set of equations sensitive to the opening 

location is proposed 
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Figure 10.7 provides a comparison of the proposed model with the experimentally obtained 

influence factors for Category 3 terrain conditions. The model expectedly exhibits the 

required sensitivity of influence factors to the size and location of the opening in the wall. 

 

Figure 10.7: Comparison between the predicted and experimentally obtained influence factors (βf) for 
category 3 terrain roughness 

Equations (10.25a) and (10.25b) can be further simplified for implementation in wind loading 

standards using hard-coded values of ridge height wind speed ( hU =25m/s), loss factor 

(CL=44) and integral length scale (λU =25m) as was done in the RWDI model (Equation 

10.11) or by Holmes and Ginger [20] leading to 
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but can be suitably modified using a site/region specific parameters obtained either from field 

tests or through consultation of relevant wind loading standards of the region/country, ESDU 

[114] and/or ASHRAE [97] guidelines.  
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Figure 10.8 plots the Lieblein BLUE [77] fitted peak ratio of fluctuating internal to opening 

external pressures measured in the wind tunnel in comparison to the peak ratio predicted by 

the empirical model (Equation 10.25) in conjunction with Equation 10.13(b).  Lieblein 

analysis involved dividing the sampled data into twenty equal segments, weighting the sorted 

peak values of each of the segments using BLUE estimators to calculate the mode and 

dispersion of the Type I extreme value distribution and using them to determine the mean ½ 

hour (full scale) peak pressure coefficient values. The Lieblein peaks are slightly lower than 

the recorded worst peak pressure coefficients in the study but are considered to be statistically 

more reliable. 

 

Figure 10.8: Comparison between the predicted and the measured peak ratio of internal to external 
pressure coefficients for category 3 terrain roughness 

The agreement between the predictive model and the measured data is found to be 

satisfactory. 

A similar exercise with the measured internal pressure influence factors for category 2 terrain 

condition leads to over-prediction by the proposed model both for the RMS and peak ratios of 

internal to external pressure for the smaller opening configurations i.e. 5 =9.1 and 11.7 in 

Figure 10.9(a) and 10.9(b). The overestimation is more severe in the case of the smallest 

opening near the ground with 5 =11.7. This discrepancy is due to the value of 5  being 

higher than those used for the category 3 measured data used for model calibration.  
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The proposed model will hence provide conservative predictions of RMS and peak ratio 

values of internal to external pressures for cavity-opening area configurations with 5  greater 

than 10. 

 

 

Figure 10.9: Comparison between the (a) predicted and experimentally obtained influence factors (βf) and 
peak ratio of internal to external pressure coefficients for category 2 terrain roughness 

10.5. Summary and Conclusions 

Influence factors of fluctuating internal pressure are evaluated using the covariance 

integration approach for a range of building volumes, opening sizes and wind speeds tested in 

the wind tunnel for a normal onset flow using the covariance integration approach. The 

results are used to empirically develop non-dimensional design equation of influence factors 

for a normal onset wind flow for category 3 terrain roughness condition based on data-fit. 

The ratios of the peak internal to external pressures are also found to be predicted 

a 

b 



Influence factors for internal pressure in a building with an opening  

258 
 

satisfactorily by the presented model. In particular, the sensitivity of influence factors to the 

size and location of the opening in the wall evident in experiments are accounted for in the 

model. The proposed model is further simplified, using hard-coded values of the relevant 

parameters, in terms of building volume and opening size to make it more suitable for use in 

wind loading codes. 

The model however, is found to over-predict the measured influence factors for values of 5  

greater than 10 in category 2 terrain condition, and hence can be considered as a conservative 

estimate from a design view point.  

Investigation of the effect of opening area on the influence factors at different wind angles 

showed those for a building with an opening near the stagnation zone i.e. at around two-third 

of the building height, influence factors are approximately 4-5 times higher for the windward 

angles and around 2-3 times higher than for sidewall and leeward angles than that of a sealed 

building. The increasing porosity of the building envelope present as uniformly distributed 

background leakage is found to have a damping influence on internal pressure fluctuations 

associated with a reduction in magnitude of the influence factors. Eigenvalue analysis of the 

opening external pressure covariance matrix, corresponding to wind angles with high 

influence factors, indicates that 75-80% of internal pressure fluctuations are contributed by 

the first mode while the contributions of higher modes are less significant. This observation is 

used to justify the consideration of equal contribution of external to internal pressure 

fluctuations due to each tributary opening area in the evaluation of influence factors. 
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Chapter	11 :	Field	measurements	of	internal	pressure	in	a	

warehouse:	A	case	study		

 

Quite a few theoretical and wind tunnel studies on the different aspects of mean and 

fluctuating internal pressure inside nominally sealed buildings and those with dominant 

openings have been carried out, with Appendix A tabulating the significant ones reported in 

literature. Many of these past studies (for e.g. Oh et al. [15]; Sharma and Richards [14]) have 

also suggested possible inadequacies of the design provisions of internal pressure in the 

current wind loading standards such as the AS/NZS 1170.2 [8] for buildings with openings. 

These studies however, fail to incorporate the typical range of building and environmental 

conditions encountered in practice at full scale and their recommendations therefore, might 

prove to be overly conservative for the design of a vast range of semi-engineered low-rise 

buildings, with comparatively larger internal volume, background leakage and inherent 

envelope flexibility. 

In this research, having separately investigated the different factors that influence internal 

pressure in buildings, analytically and in the wind tunnel and having proposed design 

solutions in the previous chapters, it is imperative to study the effect of all or some of these 

factors interacting together in real buildings at full scale. Full scale studies of internal 

pressure reported in literature, have been somewhat limited due to logistical difficulties and 

are often very resource intensive, time consuming and expensive. In addition, it is difficult to 

segregate the effects of the different factors in full scale. Nevertheless, they provide the most 

realistic database of internal pressures that buildings are likely to experience during strong 

wind conditions with different factors in conjunction at play.  

Fahrtash and Liu [85] carried out full scale internal pressure studies for three different 

buildings to verify the theoretical and wind tunnel predictions. The study concluded that large 

leakage and envelope flexibility in ordinary buildings usually provide sufficient damping to 

prevent the occurrence of Helmholtz resonance, but large internal pressure fluctuations 

induced through openings still existed inside buildings. Ginger et al. [66] carried out 

measurements of mean and fluctuating internal pressures at the WERFL low-rise full-scale 

test at TTU with and without an opening. The mean pressure inside a nominally sealed TTU 
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building was found to be small and increased with increase in wind to leeward open-area 

ratio. The fluctuating pressure was found to be attenuated beyond a characteristics frequency 

based on the lumped leakage area. For a dominant opening case, internal pressures were 

found to exhibit a resonating response near the Helmholtz frequency, taking into account the 

effects of building flexibility. Yeatts and Mehta [55] carried out sudden opening and static 

tests of internal pressure using the same setup with openings for performing a cross-

correlation analysis between internal and external windward and roof pressures. Correlations 

as high as 0.9 between internal and external wind pressures and around -0.7 to -0.9 between 

internal and roof suction pressures at zero time-lag were reported. Kato et al. [115] 

investigated the characteristics of internal pressure with high-resolution absolute pressure 

meters in a high rise building. The mean internal pressure coefficient, effectively constant 

over the building height, was found to be similar to that measured in the wind tunnel. 

Additionally the influence of internal walls and doors on the measured internal pressure 

coefficients at different locations on the same floor was found to be insignificant. Wood and 

Mason [116] measured internal pressures inside a large compartmentalized industrial building 

with a dominant opening at moderate to low wind speeds. No Helmholtz resonance was 

observed due to the large flexible nature of the building, but internal pressure was found to 

closely follow the external pressure traces near the opening as theoretically predicted. Kwok 

and Hitchcock [86] conducted a series of internal pressure measurements in a typical 

compartmentalized residential building in Hong Kong during the passage of a typhoon. The 

mean and fluctuating internal pressures measured in the field were validated theoretically 

using steady-state, Helmholtz resonator and CFD models. Multiple resonant frequencies were 

also observed in case of multiple compartments interconnected by internal doorways. The 

level of resonance of the fluctuating internal pressure however, was found to be weaker due 

to flexibility and leakage in the envelope. 

This chapter reports a case study of the field measurements of internal pressure in a 

warehouse with an intrinsically leaky and flexible envelope for a range of dominant opening 

sizes and wind directions, taken from October, 2009-April, 2010. The measured data is 

compared with the theoretical predictions using the generalized model of internal pressure for 

a flexible and porous building developed in Chapter 6. Ratios of the RMS and peak internal 

to opening external pressures obtained in the study are presented in a non-dimensional format 

along with other published full scale measurements and compared with the non-dimensional 

design equation proposed in the recent literature by Holmes and Ginger [20]. 
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11.1. Test Facilities and Experimental Setup 

The Twisted Flow Wind Tunnel (TFWT) building of the University of Auckland (UoA), a 

typical warehouse consisting of a large hall housing the Twisted Flow Wind Tunnel with 

adjoining office space is located on the outskirts of the city of Auckland, New Zealand in an 

industrial area at Tamaki flanked by similar structures to its north and the west. The hall of 

dimensions 35.1m by 24.9m by 7m has two closely spaced roller doors of size 5m by 4.2m in 

its southern wall that opens into a space interspersed with obstructions such as bushes, fences, 

etc. The site experiences predominantly south-westerly winds with mean hourly speeds in the 

range of 4-5 m/s being influenced by the presence of Mount Wellington a kilometre away in 

the southwest. The winds are mostly oblique (40-60° to the wall normal) to the wall 

containing the opening(s) during such times. North-easterly winds are also common during 

the summer months (December-March) such that the opening(s) are located in the leeward 

wall during such events. Of the two roller doors connecting the hall to the exterior, one which 

could be opened was used for testing purposes. Figure 11.1(a) shows the southern wall of the 

TFWT building with the roller door used for tests partially open in the picture while Figure 

11.1(b) shows a detailed plan view of the site. 

 
 

a 
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Figure 11.1: (a) The TFWT building and the roller doors used for the tests and (b) Test site detail in plan 
(source: Google map) 

Six pressure pads connected to differential pressure sensors (range ~± 650 Pa, XSCL series, 

operating range ±4 inch of water ≈ 1 KPa, Honeywell Inc) through plastic vinyl tubings (Y-

105 Scanivalve Corp. USA) of internal diameter 1.8mm were externally installed on the outer 

wall of the hall surrounding the roller door to capture the wind induced external pressure 

signals near the opening. Two pressure pads were installed on the internal wall of the hall to 

acquire the internal pressure response, with the roller door used to create different opening 

sizes, namely 0, 50, 80 and 100% of its maximum size (referred to as configurations A0, A50, 

A80 and A100 respectively in Chapter 3).  

The signals acquired by the 6m long vinyl tubes connecting the external pressure taps to the 

transducer were corrected for tubing induced distortion by the transfer function approach 

(Irwin et al. [117]) in the frequency domain. The transfer function between the 6m tubes used 

in the study and a short 10mm restricted tube, (brass restrictor with internal diameter 0.4mm) 

with near unit gain and near zero phase lag up to 220Hz connected to a transducer, was 

established from a separate set of calibration tests involving a white noise generator, 

amplifier and loud-speaker (model CW2196, Linear X Systems). Although the field pressure 

data hardly contained any energy beyond 10Hz, calibration tests were carried out up to a 

frequency of 300Hz in order to establish the complete frequency characteristics of the 10mm 

reference tubing and the transducer.  This was to ensure that the reference system, almost 

resembling a transducer in-situ, provided undistorted frequency response up to/beyond the 

frequencies of interest i.e. ≤10Hz. Figures 11.2(a) and 11.2(b) show the pressure pad and the 

b 
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transducers while Figure 11.2(c) shows the frequency response of the 10mm reference tubing 

and those used for field measurements. 

 

 

 
Figure 11.2: (a) Plastic pressure pads (b) Pressure transducers used for field measurements (c) Frequency 

response of the reference tubing and that used for field tests for transfer function estimation 

The differential transducers were referenced to the static pressure measured using a specially 

designed directional static pressure probe (essentially a pitot tube with a vane attached to its 

back) installed on a mast at a height of 6 metres and placed south of the opening around 32m 

(=4.5H, H being the building height≈7m) away from the building. The connection, involving 

ball-bearing joint, of the probe to the mast enabled it to freely rotate about its vertical axis to 

capture the static pressure by turning into the wind (along the pre-dominant wind direction) at 

all times. The frequency response of the static (or backing) pressure signals measured by the 

probe, and transmitted by a rubber tube of length 40m and internal diameter 5mm to the 

transducers, was attenuated by incorporating a restrictor/volume damper of time-constant of 

around 5 seconds (i.e. a frequency response of about 0.2 Hz). Some initial tests involved 

measurement of reference or static pressure using a wooden box, of dimensions 0.5m by 

a  b 

c 
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0.5m by 0.5m, placed on the ground away from the building. This arrangement resulted in 

significant temperature drift of the pressure signals apparently due to the sensitivity of static 

pressure to temperature changes. Such effects were however found to be negligible 

(compared to the uncertainty errors involved in the measurements), with the mean values of 

15 minute (pressure) data blocks for a given opening configuration within 10% of each other, 

when the directional static pressure probe was employed. 

An eight channel portable DAQ card (NI USB-6009, National Instruments Inc.) and signal 

conditioning equipment were used to acquire analog pressure signals digitized and sampled at 

32 Hz for storage in the hard disk of a desktop computer equipped with a Pentium 4.2Ghz 

processor, 1GB ram and 80GB hard disk. Some acquisition modes also involved sampling at 

other frequencies, namely 20, 50 and 100Hz for testing the sensitivity of the instrumentation 

in picking up the ambient noise in the surroundings. 

Prior to tests, the differential pressure transducers were calibrated from the back (i.e. 

reference) by applying known pressures varying from -150 to +150 Pa. Figure 11.3(a) shows 

the calibration curve for the transducers with a linear relationship between the operating 

pressure range and the voltage. Simultaneous 3 component wind velocity measurements at 

the building ridge height were carried out using a 3-axis fast response high resolution sonic 

anemometer [Model Young 81000, Figure 11.3(b)] placed on the same mast as the static 

pressure probe at a height of 7 metres and connected serially (RS-232) to the data logging 

computer. A LABVIEW code, with a Graphical User Interface (GUI) shown in Figure 

11.3(c), was written to simultaneously log pressure and wind velocity data in separate time-

stamped data files.  
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Figure 11.3: (a) Calibration curve for the transducers (b) Sonic anemometer and (c) GUI of the data 
acquisition program 

A total of 15 relatively moderate windy days from October 2009 to April 2010 were chosen 

subject to the constraints of resources as well as the availability of wind tunnel hall for testing 

purposes. The maximum gust wind speeds recorded were in the range of 10-15m/s on the 

days of the test. Records of wind velocity, external and internal pressure were collected for a 

period of 1 hour for each of the four different opening sizes tested. Data subjected to further 

validation procedure involving the calculation of mean statistics of velocity (magnitude and 

direction) and pressure for a “15minute-block” resulted in the rejection of about 6 days of 

a 

c 

b 
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data that showed non-stationarity as well as temperature drift. It should be noted that prior to 

the start of each set of test, the transducers were “zeroed” with the building nominally sealed 

off from the exterior and the offset subtracted from the test data subsequently logged for each 

opening configuration. 

11.2. Data analysis and Results 

While data for a wide range of wind directions [see Figure 11.1(b) for a definition of the wind 

direction θ] including all four quadrants have been obtained in the study (see Table 11.1), the 

normally accepted most severe case of wind consistently blowing normally (θ=0°) into the 

opening has not been obtained. This has partly to do with the nature of wind flow being 

affected by the local topography of the site as well as due to lack of availability of the test 

facility during such events.  

The mean external pressure coefficients are presented as the ensemble average of all six 

external pressure taps while the mean internal pressure is calculated as the average of the 

pressures recorded by two internally installed pressure taps. 

Table 11.1: Statistics of the data acquired during full scale tests 

Day of test 
Sampling 
rate (Hz) 

Mean 
hourly 
speed 
(m/s) 

Mean angle 
of attack (θ 

degrees) 

Mean Cpe (±0.05) Mean Cpi (±0.05) 

A100/A80/A50/A0 A100/A80/A50 A0 

22ndOct.,09 20 3.10 87.41 0.002 0.012/-0.019 -0.094/-0.146 

23rdOct.,09 20 4.35 44.29 0.367 0.334/0.333 -0.066/-0.082 

06thNov.,09 20 3.97 39.48 0.482 0.429/0.430 -0.046/-0.061 

09thNov.,09 20 4.83 44.12 0.360 0.345/0.339 -0.090/-0.103 

10thNov.,09 20 3.15 211.50 -0.297 -0.263/-0.284 -0.117/-0.138 

30thNov.,09 100 4.07 113.37 -0.190 -0.128/-0.144 -0.119/-0.137 

03rdDec.,09 20,50 4.15 247.16 -0.306 -0.227/-0.248 -0.158/-0.181 

26thApr.,10 32 3.39 294.20 0.293 0.248/0.233 -0.091/-0.120 

27thApr.,10 32 4.06 227.17 -0.370 -0.277/-0.299 -0.147/-0.169 

 
200 seconds pressure traces of the external and internal pressure coefficients obtained on 9th 

Nov, 2009 for windward configurations A0 and A100 corresponding to wind direction (θ) 

44.12° are shown in Figures 11.4(a) and11.4(b) respectively.  
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Figure 11.4: 200 seconds measured external and internal pressure for configurations (a) A0 and (b) A100 
for a mean wind angle of 44.12° 

The measured internal pressure signals are found to follow the trend of external pressure 

fluctuations near the opening in both cases. While this is expected for A100 with the internal 

taps located on the wall adjacent to the opening, the direct interaction of internal and external 

pressures even with the door closed i.e. A0, as observed in Figure 11.4(a), is due to large 

crevices and leakage in the interface of the metal-sheeting that lines the upper half of the wall 

containing the opening. The magnitude of internal pressure fluctuations therefore, is 

comparatively higher than one might expect for a perfectly sealed building. The mean 

internal pressure coefficient for configuration A0 however, is much smaller than the 

corresponding mean external pressure indicating the role of dominant opening size on the 

magnitude of mean internal pressure.  

The investigation of the internal pressure dynamics for the building with different opening 

configurations involved determination of the frequency dependant gain function of internal to 

external pressure fluctuations for the sampled data. The gain function (|  fie |) obtained 

from the cross-spectral estimates of internal and external pressure signals is calculated as 
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where  fCoCpiCpe and  fQCpiCpe  are the real (Co-spectral) and imaginary (Quad) parts of the 

cross-spectrum of internal and external pressure sampled simultaneously while  fSCpe  is the 

auto-spectrum of area averaged external pressure near the opening. Figures 11.5(a), 11.5(b) 

and 11.5(c) each show the plot of frequency dependant gain functions of internal over the 

area averaged external pressure for configurations A100, A80 and A30 for the wind directions 

a  b 
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(θ) 44°, 294° and 247° respectively while Figures 11.5(d), 11.5(e) and 11.5(f) show the 

corresponding spectra of internal and external pressure coefficients.  

   

   

   

Figure 11.5: (a) Gain function of internal over the area averaged external pressure for mean wind 
directions (a) 44.12° (b) 294.20° and (c) 247.16°, Spectra of internal and external pressures for wind 

directions (d) 44.12° (e) 294.20° and (f) 247.16° for different opening areas 

For the first two wind directions, the openings can be seen to be lying on the windward wall; 

although at oblique wind angles and on opposite sides of the normal. A gain in excess of 

unity is observed at the Helmholtz frequency of the building volume-opening area 
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combination in these cases with the gains slightly higher for configurations A100 and A80 in 

comparison to A50 as expected. A very slight increase in the resonant frequency with increase 

in the windward opening area as predicted by theory is also observed in Figures 11.5(a) and 

11.5(b). However, the magnitude of internal pressure fluctuations at resonance are much less 

than some of the earlier reported studies and in fact are hardly discernable in the spectra of 

internal pressure coefficients plotted in logarithmic scale for configuration A50 in Figure 

11.5(d) and to some extent in Figure 11.5(e). This is due to the damping influence of leakage 

and envelope flexibility inherent in a real industrial building.  

For the case of leeward opening corresponding to wind direction 247°, the gain and spectra of 

internal pressure coefficient in Figures 11.5(c) and 11.5(f) does not reveal any discernable 

Helmholtz resonance for all the opening areas investigated. This is possibly due to 

comparatively weaker external pressures in the building wake without enough energy to force 

an internal pressure resonance inside the building with such a large internal volume. Also 

unlike the windward opening situations, high frequency fluctuations beyond the theoretical 

Helmholtz frequency (≈1.2Hz) observed in the gain function plot of Figure 11.5(c) is 

possibly due to high frequency building generated turbulence in the wake. 

The spectra of internal pressure coefficient for A0, corresponding to the closed dominant 

opening situation, is found to be much weaker than the others for all wind directions due to 

absence of the external pressure forcing the internal pressure through the opening. The high 

frequency noise evident in the internal and external pressure coefficient spectra are probably 

due to the small range of pressure being measured at moderate wind speeds in comparison to 

the full range of the sensors but was not filtered out for the fear of removal of useful 

information. The presence of this high frequency noise effectively disallows the spectra of 

internal pressure coefficient to fall off sharply beyond the Helmholtz frequency as 

theoretically predicted. 

11.3. Comparison with theory 

In order to compare the measured internal pressure response with the theoretical predictions, 

numerical simulations were carried out using Equations (9.1) of Chapter 9 for a rigid/quasi-

statically flexible and Equation (9.4) of Chapter 9, for a quasi-statically and porous TFWT 

building hall. Measured external pressure time histories were used to force the theoretical 

response of internal pressure. The equations were discretized using a first order explicit 

backward finite difference scheme (Oh et al. [89]) in which the time derivatives of internal 
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pressures were calculated at each time step j based on Cpi values at the preceding two time 

steps, as shown in Equation (11.2), where ∆t is the time step. 

 
   

 
     

2

211 2
;

t

CCC
C

t

CC
C

j
pi

j
pi

j
pij

pi

j
pi

j
pij

pi 











                                                              (11.2) 

Typically very small time steps of 0.0006 seconds were used for advancing in time in order to 

minimize the numerical errors. The TFWT hall houses a large open circuit wind tunnel, an 

acoustic chamber, a large compressor and other equipments that occupy approximately 20% 

of the free space. Since fan pressurization tests, typically carried out to determine the building 

porosity and flexibility by internal pressurization using fans, was beyond the resources at 

disposal due to the large hall size, the value of b that quantifies the envelope flexibility was 

estimated indirectly from the measured Helmholtz frequency and the approximate nominal 

internal volume (V0) of the hall. Thus, for a nominal hall volume of 4830m3, measured 

Helmholtz frequency of 1.2Hz for A100 configuration and standard values of other parameters 

in Equation (9.3) of Chapter 9, the value of b is estimated to be approximately 0.25. This is 

within the range of values from 0.2-5 for typical low-rise structures as reported by Vickery 

[82]. The simulations were carried out under the following basic conditions: 

0V = 4830m3, 0A = 21 m2, 40Ale  , 

c = 0.6, a = 1.185kg/m3,  = 1.4, aP = 101300Pa 

First set of comparisons involved usage of Equation (9.1) by neglecting the presence of 

leakage in the envelope and attempting to match the theoretical response of internal pressure 

with the measured data for a windward opening situation (θ=44.29°) by altering the value of 

loss coefficient (CL) through the opening. Figures 11.6(a), 11.6(b) and 11.6(c) show a 100 

second record of the measured internal and external pressure coefficient time history along 

with the simulated internal pressure response for A100 configuration using loss coefficient 

values of 1.2, 44.44 and 400 respectively. Figures 11.6(d), 11.6(e) and 11.6(f) show the 

corresponding spectral densities of external (measured) and internal (measured and 

simulated) pressure coefficients.  
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Figure 11.6: 100 seconds time histories of measured external, internal and simulated internal pressure 
coefficients using (a) CL=1.2, (b) CL=44.44 and (c) CL=400 and the corresponding spectral densities of 

measured external, internal and simulated internal pressure coefficients using (a) CL=1.2, (b) CL=44.44 
and (c) CL=400 for wind direction 44.29° 

The external pressure taps seem to be partially affected by the resonating internal pressure for 

this wind direction as evident from the sharp narrow peak in the spectrum of external 

pressure near the measured Helmholtz frequency of the building. While the value of CL=1.2 

has been validated by Sharma and Richards [37] and Chaplin et al. [70] using Computational 

Fluid Dynamics (CFD) and model-scale experiments, Ginger et al. [66] used a value of 
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CL=44.44 (k=0.15 according to Holmes’s model in Equation 3.4 in Chapter 3) to effect a 

spectral match between the measured and simulated response of internal pressure from field 

measurements involving the TTU test setup. As shown here, both these values of loss 

coefficient results in over-prediction of the internal pressure response in comparison to the 

measured data for the TFWT building. 

A much better match is obtained using a loss coefficient value of 400 corresponding to 

k=0.05 in Holmes’s model. Such a value is however, unrealistic in the opinion of the author 

for flow through such a large door and not supported by previously published data in the 

literature. Sensitivity analysis carried out by Ginger et al. [67] based on wind tunnel 

experiments showed a maximum loss coefficient value of 100 (k=0.1) for cavity volume-

opening area combinations with non-dimensional area to volume ratio (S*) greater than 10, 

which still is a higher value when compared to the theoretical estimate of 2.78 (=1/0.62) 

obtained from potential flow assumptions.  

A high loss coefficient value such as the one needed to obtain a reasonable match between 

theory and experiments in the current study is surely due to the presence of background 

leakage and small vents in the building envelope that acts as additional dampers to the 

internal pressure. Ideally the loss coefficient should account for only the losses through the 

dominant opening. However, neglecting the presence of background porosity in simulations 

using Equation (9.1) has resulted in the loss coefficient to be intrinsically loaded with the 

damping effect of leakage; hence such an unrealistically high value.  

The envelope of the Twisted Flow Wind Tunnel (TFWT) hall has a number of visible leakage 

paths in addition to the usual leakage paths through the corners of doors and those arising out 

of normal construction tolerances. As mentioned earlier, an indirect estimate of the building 

leakage had to be undertaken due to inability to carry out fan pressurization tests for such a 

large hall. In particular, the hall has two large crevices of average width approximately 2cm 

that run parallel to the longer wall containing the dominant opening and along the shorter 

eastern wall. In both of these, one crevice is located at the interface between the lower-half of 

the wall made of brick and the upper corrugated metal-sheeting. The second is located near 

the edge of the wall and the roof. These crevices, as mentioned earlier, are responsible for 

establishing flow paths between the building interior and exterior even for a nominally sealed 

situation. As a result, contrary to expectations, the internal pressure trace for A0 (closed 

dominant opening situation) configuration follows somewhat the trend of the fluctuating 
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external, albeit with a reduced fluctuating response as evident from the internal pressure 

coefficient spectra in Figure 11.5. A porosity ratio (r) of around 8~9% resulting from these 

crevices for A100 configuration was further increased to 10% to account for other invisible 

leakage paths in numerical investigations.   

A second set of simulations were carried out using Equation (9.4) to additionally account for 

the damping influence resulting from these leakages. A value of LK =2.78 for the lumped 

leakage and a mean leeward external pressure coefficient ( peLC ) of -0.15 was used for 

simulations in addition to the parameters already used in the first comparison. Value of the 

mean leeward external pressure coefficient ( peLC ) corresponding to mean wind direction 

θ=44.29° was obtained from wind tunnel experiments involving a 1:100 scale rigid, non-

porous model of the same building described in Chapter 3. Figure 11.7(a) presents a 100 

second trace of the simulated internal pressure coefficient response along with the measured 

internal and external pressure coefficient using a loss coefficient of 1.2. Figure 11.7(b) 

presents the corresponding auto-spectrum of the measured and simulated internal pressure 

coefficients.  

Figure 11.7: (a) 100 seconds time histories and (b) Auto-spectrum of measured external, internal and 
simulated internal pressure coefficients using CL=1.2 and r=10% for wind direction 44.29° 

The match between theory and experiments is found to be satisfactory and as good as the 

simulations carried out using CL=400 in absence of background leakage. This is a more 

realistic representation of the TFWT building with inherently porous and flexible envelope 

and the internal pressure response is simulated using a realistic loss coefficient value that is 

supported by previous experimental data. This analysis also confirms our previous 

assumption of CL being implicitly loaded with the damping effects of leakage, not accounted 

for in the first set of simulations. A loss coefficient of 44.44 used to match the predictions 

a  b
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with the measured internal pressure response by Ginger et al. [66] for the TTU building might 

possibly incorporate the damping effect of background leakage to some extent as well. An 

area ratio (i.e. sum of the leakage to the wall area) of 2.5x10-4 for the TTU building 

approximately results in a porosity ratio (r) of 2.3% for the door opening (A0=1.94m2). 

Accounting for damping due to this background porosity will probably result in a smaller, 

more plausible value of CL. 

11.4. Comparison with non-dimensional design equation 

Field data of fluctuating internal pressure obtained in the current study along with those 

reported by other researches (Fahrtash and Liu [85]; Ginger et al. [66]) are presented in non-

dimensional format for a quantitative comparison. The longitudinal integral length scale of 

velocity obtained from sonic anemometer measurements at the ridge height of the building 

was found to vary from 18m to 30m in the current study. An average value of λU =25m was 

thus used for estimation of φ5 with values of 5.5, 6.1, 7.7 and Infinity (nominally sealed) for 

A100, A80, A50 and A0 configurations respectively. In particular, the ratio of the Root Mean 

Square (RMS) internal to opening external pressures are plotted against the non-dimensional 

opening area to volume ratio (S*) in Figure 11.8(a) along with the empirical design equation 

(Equation 10.12, Chapter 10) proposed by Holmes and Ginger [20] for 5  of 5 and 160 

corresponding to the extremes of the opening sizes used in all full scale studies-past and 

present.  

 

a 
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Figure 11.8: (a) RMS and (b) Peak ratio of internal to external pressure from full scale measurements 

While the prediction model of Holmes and Ginger [20], based on wind tunnel studies, appear 

reasonably conservative in comparison to full scale data for values of S* greater than 1, it 

must be noted that the full scale measurements in all three cases in the current study were 

obtained for oblique wind directions. In addition, the highly fluctuating nature of the wind 

speed and direction experienced during full scale measurements results in somewhat non-

stationary effects. In contrast, results of the wind tunnel studies using volume scaled rigid 

non-porous models immersed in unidirectional and stationary boundary layer flow, though 

conservative, can provide more reliable and safe estimates of dynamic internal pressures 

under high wind design conditions. The generally smaller RMS internal to external pressure 

ratios for all values of S* and 5  measured in the field in comparison to the prediction model 

(Equation 10.12, Chapter 10) also highlight the damping effects of envelope flexibility and 

background leakage on internal pressure fluctuations in real leaky and flexible buildings. The 

high sensitivity of the RMS and peak ratios of internal to external pressures on the size and 

location of the opening as observed in wind tunnel studies in Chapter 10, and used for 

calibrating the proposed empirical non-dimensional model, is not visible in the full-scale 

data. This is possibly due to the leakage paths, corresponding to the half and full ridge height 

of the TFWT building, transmitting external pressure fluctuations inside the building 

irrespective of the size and location of the dominant opening. 

It is also worth noting that the prediction model of Holmes and Ginger [20] is valid for 

buildings with S* and 5  greater than 0.1 and 10 respectively. Though not usually 

b 
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encountered in practice, values of S* lower than 0.1 are possible for very large industrial 

buildings such as hangers etc. in cyclonic regions with particularly high design wind speeds. 

The peak ratios of internal to external pressures measured in full scale are presented in a 

similar non-dimensional format against S* in Figure 11.8(b) and shows relatively greater 

scatter, possibly due to the fluctuating nature of wind speeds and directions encountered 

during field measurements 

11.5. Summary and Conclusions 

Full scale investigations of wind induced internal pressure in a warehouse, the Twisted Flow 

Wind Tunnel building of the University of Auckland, involving a range of dominant opening 

sizes and wind directions have been carried out at moderate wind speeds. Helmholtz 

resonance of internal pressure is found to be less pronounced than previously reported when 

there is an oblique windward opening and is hardly discernable at other times; this is 

attributed to the inherent leakage and flexibility in the envelope of the building in addition to 

the moderate wind speeds encountered during the tests. Internal pressure for the nominally 

sealed situation was found to follow somewhat, the trend of external pressure traces in the 

study, but with reduced fluctuations; this is again due to large porosity in the building 

envelope.  

Numerical investigations carried out using the rigid, non-porous model of internal pressure to 

match the measured responses in time and spectral domain resulted in an unrealistically high 

loss coefficient value of 400. The measured internal pressures were however, found to agree 

well with the simulations for a realistic loss coefficient value of 1.2 carried out using the 

model for flexible and porous envelope, typical of real industrial buildings. An approximate 

porosity ratio of 10%, used to quantify the effect of background leakage, and a ratio of the 

bulk modulus of air to that of the building cavity of 0.25, used to quantify the effect of 

envelope flexibility, was adopted for numerical investigations to match the measured data. 

The analysis shows the importance of correctly modelling the different dampers of internal 

pressure fluctuations such as envelope flexibility and background leakage, in the absence of 

which, opening loss coefficient will invariably be overloaded with the influence of other 

dampers resulting in implausibly high values. Such erroneous calibration of the loss 

coefficient could result in severe over or under-prediction of the internal pressure resonant 

response, not desirable from a design viewpoint. 
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Ratios of the RMS internal to opening external pressure obtained in the study are presented in 

a non-dimensional format along with other full scale measurements for comparison with the 

non-dimensional design equation proposed in recent literature [20]. The design equation is 

found to provide reasonably conservative estimates of RMS internal to external pressure 

ratios across all values of S* encountered in field measurements. The high sensitivity of the 

RMS and peak ratios of internal to external pressures on the size and location of the opening 

as observed in wind tunnel studies is not visible in the full-scale data. This is possibly due to 

the visible leakage paths in the TFWT building, not modelled in the wind tunnel to transmit 

additional external pressure fluctuations to the building interior. 

The peak ratios of internal to external pressure plotted against S* and 5  are found to exhibit 

relatively greater scatter in comparison to the RMS ratios. This is probably due to the highly 

fluctuating nature of wind speeds and directions encountered during field measurements. 
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Chapter	12 :	Conclusions	

 

The principal goal of this research was to investigate the various issues pertaining to wind 

induced internal pressure in low and medium rise buildings under high wind conditions. 

Keeping in mind the relatively lower scale of research in this subject of much importance, 

frequently implicated as a major contributor to building damage during storms, a combination 

of analytical, wind tunnel and full-scale studies were carried out to systematically understand 

the various factors that contribute to its generation.  Research objectives were drawn from the 

existing knowledge gaps in the literature and factors investigated in detail to come up with 

suitable recommendations in the form of design equations and charts for safer design of 

buildings at large. Subsequent sections of this chapter summarizes the important conclusions 

drawn from the entire research work carried out to this effect.  

12.1. Wind Load Chain of Internal pressure 

Detailed discussions on the wind loading mechanism of internal pressure in buildings with 

openings are provided. This involves a quasi-steady variation of wind speeds and directions 

in the approach flow transferred to surface pressure fluctuations over an opening through a 

multi-stage admittance process and to internal pressure fluctuations through a mechanical 

admittance process much like the buffeting response of structures to turbulent wind forces. 

The different factors influencing internal pressure in buildings are discussed. 

12.2.  Internal pressure in a rigid non-porous building 

Existing models for predicting the mean and fluctuating internal pressure induced through a 

dominant opening in rigid non-porous buildings are discussed. In particular, a comparison 

between the different techniques, employed to linearize the governing equation for 

fluctuating internal pressure are carried out in detail, with respect to the prediction of the 

Root Mean Square (RMS) internal pressure coefficients for the TTU test building with 

different opening areas. The “detailed approach”, that involves extensive iteration and 

computer time, is found to provide a more accurate estimate of the RMS internal pressures, 

especially for smaller opening areas, than the more simplified closed form models. The 

simplified models, though not so accurate due to over-estimation of the resonant effects, 

nonetheless, provides an attractive alternative for practical use with some errors. 
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Numerical models of gust factor and peak internal pressure coefficient available in literature 

are applied to calculate the internal pressure gust factors for different wind speeds, turbulent 

intensities, building internal volumes and opening areas for typical buildings. An alternate 

expression for gust factors that matches the numerical predictions is proposed by modifying 

an existing empirical model. 

Extensive wind tunnel tests involving a volume-scaled rigid non-porous model of the Twisted 

Flow Wind Tunnel Building (TWFT) with different opening areas were carried out to 

validate the theoretical predictions. In particular, five different opening areas and two terrain 

roughness categories, open and sub-urban, were tested for wind directions +90° to -90° in 10° 

increments. The quasi-steady internal pressures obtained using the Lieblein analysis are 

found to be higher than the mean values of internal pressure, particularly for windward 

openings. This is particularly due to the dynamic nature of internal pressures induced by the 

Helmholtz resonance phenomena.  

As theoretically predicted, size and location of the dominant opening is found to have a 

considerable influence on the mean internal pressure response of buildings, particularly for 

normal or near-normal wind directions. This is due to the location and extent of those 

openings with respect to the stagnation point where maximum external pressure develops. 

Thus higher mean external pressure over the opening is found to induce higher mean internal 

pressures at all wind directions investigated. The RMS and peak internal pressure coefficients 

are also found to be primarily dependant on the size and location of the opening in addition to 

the free stream turbulence. Thus for a given opening area and wind direction, the RMS and 

peak internal pressure for Category 3 (suburban) terrain is found to be higher than that of the 

Category 2 (open) terrain roughness due to increased roughness and boundary layer 

turbulence. This is especially evident at normal or near normal wind directions where internal 

pressure fluctuations are induced by onset turbulent external pressure fluctuations. 

The spectra of internal pressures measured in the wind tunnel are found to exhibit a stronger 

response near the theoretical Helmholtz frequency for the corresponding cavity volume-

opening area size combination. Damping effects at resonance are found to increase with 

reduction in opening size, with the peak admittance for the largest opening being 4-4.5 times 

higher than that for a nominally sealed building.  

A good agreement between the measured and predicted values of mean, RMS and peak 

internal pressure is obtained from numerical simulations using opening external pressure time 
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histories obtained in the wind tunnel for both the terrain categories. Loss coefficients in 

general, are found to increase with opening area for normal wind angles. Loss coefficients 

ranging from 6 to 36 for increasing area size are used to obtain the match between theory and 

measurements. 

12.3. Effect of envelope flexibility on Internal pressure  

The influence of envelope flexibility on internal pressure induced through an opening is 

theoretically and experimentally investigated. Two cases of envelope flexibility; dynamically 

and quasi-statically flexible roof, and their effect on the internal and net envelope pressures 

are modelled using existing theories by Sharma [16, 80]. The interaction between the flexible 

roof and internal pressure is theoretically represented using a coupled two-degree-of-freedom 

mechanical system by the dynamic model [16] and as a single-degree-of-freedom mechanical 

system by the much simpler quasi-static model [80]. The dynamic model thus predicts two 

resonant modes (in-phase and anti-phase) of internal pressure as opposed to the single mode 

predicted by the quasi-static model. The models, in addition to the fluctuating pressures at the 

opening, take into account the effect of roof external pressures as well as their phase 

relationship on the internal pressure dynamics. 

Analytical expressions [16, 80] of the linearized transfer functions for internal to windward 

wall and roof external pressure coefficients available for the models along with the 

experimentally measured wall and roof admittance and phase functions, are used to analyze 

the admittance and spectral characteristics of the internal and net roof pressure for the TFWT 

building with three different roof flexibilities. The closer predictions of the two models found 

for stiffer roofs indicate the applicability of the quasi-static model for roofs with structural 

frequencies much higher than the frequencies over the energy containing region of the onset 

turbulence. In such cases, the second resonant frequency predicted by the dynamic model is 

found to be well out in the tail of the onset turbulence spectrum and relatively insignificant. 

For more flexible roofs however, the second resonant mode is found to become more 

significant and the dynamic model is found to predict a somewhat higher internal pressure 

response. 

The effect of envelope flexibility in general, is found to result in the reduction of the 

Helmholtz resonance along with an associated increase in damping. This is indicated by 

somewhat smaller RMS internal and net pressure coefficients obtained both numerically and 

experimentally in comparison to that for a rigid building. The significance of roof external 
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pressure fluctuations on the internal pressure dynamics, as predicted by the theory, is evident 

from the sharp, narrow peaks in the measured internal pressure spectra for flexible roofs at 

higher frequencies, similar to those observed in the roof external pressure spectra. This is 

attributed to the transmission of the external turbulence through the flexible roof by 

diaphragm action. Similar high frequency fluctuations are however not observed in the 

measured spectra of external wall and internal pressure for a rigid building model. 

The general outcome of the theory was experimentally validated using wind tunnel 

simulation of the internal pressure response of a model building with a quasi-statically 

flexible Styrofoam roof. Forced vibration tests using a fan were carried out to determine the 

roof structural frequency for estimation of the pneumatic stiffness of the roof. The measured 

Helmholtz frequency of the building with the flexible roof and opening is shown to be 

predicted quite accurately by the theory. 

A reasonable agreement between the measured and predicted admittance functions of internal 

to windward wall and roof external pressure coefficients is observed, although a loss 

coefficient value of 6.9 needed to effect a spectral match is found to be different to that used 

for theoretical analysis. Such a high loss coefficient value is attributed to the unsteady 

reversing flow occurring through the opening and Styrofoam roof porosity, not accounted for 

separately in the theoretical analysis. 

A sensitivity study of the fluctuating internal and net roof pressure to the chosen value of loss 

coefficient is carried out to quantify the damping effects through an increase in loss 

coefficient value. Loss coefficient values of 1.2, 2.78, 11.11 and 44.44 are used for the 

parametric study. 

12.4. Effect of background leakage on Internal pressure 

A simplified and computationally efficient non-linear model, similar to the one developed by 

Yu at al. [91], of internal pressure in a building with a dominant opening and background 

leakage is presented. The development based on certain simplifications is experimentally 

shown to be adequate for all practical purposes. The simplifications involved in the 

development of the model include neglecting the inertial term in the equation of motion for 

the individual leakages; combining the leakages into an equivalent lumped leakage on the 

leeward side of the building; and using a spatio-temporal average leeward external pressure 

forcing coefficient. The response of internal pressure, to a step change as well as turbulent 
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forcing conditions near the dominant opening, as predicted by the model is shown to be 

increasingly damped by the presence of background leakage for a real industrial building 

using typical values of building porosities.  

The presented model adequately linearized on the assumption of a Gaussian distribution of 

internal pressure is used to develop a closed form solution of the internal pressure response of 

buildings under turbulent external pressure forcing conditions. In particular, non-dimensional 

design solutions of the ratio of RMS internal to external pressure coefficients and gust factors 

are provided in a form suitable for implementation in wind loading standards. The adequacy 

of the linearized model and the different assumptions involved in the model derivation are 

exhibited through wind tunnel experiments carried out using different combinations of 

leakage, both uniformly distributed and lumped, in the presence of dominant openings of 

various sizes. 

Experimentally, for a given porosity ratio, the lumped leakage configuration is found to 

produce around 2-5% higher internal pressure fluctuations compared to the uniformly 

distributed leakage configurations at windward wind angles and around 7-10% for wind 

directions onto the side wall. The internal pressure fluctuating response is found to be 

virtually unaffected by the location of the leakages due to their quasi-steady nature as 

theoretically predicted.  

A comparison between the non-linear and linear model predictions of the RMS internal 

pressure coefficients is found to be in good agreement to each other and with the measured 

data for porosity ratios lower than 20%, typical of low-rise buildings.  

A performance analysis of the “lumped leakage” model carried out in conjunction with the 

Single Discharge Equation (SDE) and Multiple Discharge Equation (MDE) approach on 

benchmarking data is found to exhibit the relative advantage of the model in terms of 

accuracy, practical usage and computational efficiency, particularly for buildings with 

porosity ratios in excess of 10%.  

12.5. Combined effect of envelope flexibility and leakage on Internal pressure 

A generalized analytical model of internal and net envelope pressure response for a building 

with a dominant opening is developed by coupling the effects of envelope flexibility and 

background leakage. This is a much closer representation of a real building with intrinsically 

flexible and leaky envelope than the previously reported models in literature and is expected 
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to provide more realistic estimates of internal pressure than the more simplified models. The 

influence of envelope external pressure fluctuations on the roof in addition to the fluctuating 

external pressure at the dominant opening has been included in the model development. 

A linear analogue of the generalized dynamic as well the quasi-static model is developed in 

particular, to analytically establish the admittance functions of internal to windward and roof 

external pressures. These along with the measured windward wall and roof pressure 

coefficient admittance and phase functions are used to estimate the admittance and spectral 

functions of internal and net roof pressure for a building similar in dimension to the TFWT 

building with different combinations of roof flexibility and background leakage.  

The simulated results show that the combined influence of envelope flexibility and 

background leakage decreases the Helmholtz resonance along with an associated increase in 

damping.  This is demonstrated by somewhat smaller RMS internal and net pressure 

coefficients obtained from numerical integration of the corresponding spectral curves. For 

higher building porosities, the damping effect due to envelope flexibility is found to be 

superseded by the presence of background leakage. The correlation coefficient between the 

internal and roof external pressures is found to increase with building flexibility and leakage; 

implying the additive nature of the internal and the roof external pressure fluctuations.  

A comparative analysis of the peak internal pressures estimated using the developed model to 

that of the quasi-steady theory, for different envelope flexibility-background leakage 

combinations, show conservative predictions by the latter for all, but that of a rigid, non-

porous envelope. In particular, the peak value of internal pressure coefficient for the building 

with 1Hz roof and 20% background porosity is around 30% lower than the peak pressure 

coefficient obtained using quasi-steady analysis, due to the additional damping imparted by 

envelope flexibility and background leakage. 

A reasonable agreement of the nature of the measured and predicted admittance functions of 

internal to windward wall and roof external pressure coefficients offers validation to the 

proposed model, although a loss coefficient of 1.2 used for theoretical investigations resulted 

in an over prediction of the measured internal pressure spectra for all building porosities. A 

better match between the measured and the predicted internal pressure spectra for the model 

TFWT flexible and leaky building is obtained using a loss coefficient value of 6.9. 



Conclusions  

284 
 

12.6. Internal pressure in buildings with multiple openings in a single wall 

A generalized theoretical model of the internal pressure response of a building with multiple 

dominant openings in a single wall is developed. Applications of the model are shown via 

theoretical and wind tunnel study of internal pressure for the TFWT building with two 

openings on a single wall with highly correlated external pressures. Comparisons with the 

most critical single opening situation are made both theoretically and experimentally. 

Theoretical investigations involved calculation of the admittance, spectra, and RMS internal 

pressures for the TFWT building with two closely located dominant openings of different 

sizes. The results indicate that internal pressure in such configurations increase with increase 

in the ratio of opening sizes, and become almost equal to that for the most critical single 

opening configuration when the combined area of the two openings become double the 

critical single opening size. Gust factors for two opening situations, as applicable to the 

TFWT building for different internal building volumes, ridge height wind velocities and 

turbulent intensities, are additionally presented as a function of the external opening ratios.  

Wind tunnel studies of a model TFWT building in the presence of one and two openings on a 

single wall show that for a normal onset flow wind direction, internal pressure in two-

opening configurations located in the windward wall, with highly correlated external 

pressures, can be high, but not quite as that of the most critical single opening configuration. 

For oblique wind angles within ±45-70°, the RMS and the peak ratio internal pressure 

coefficients for the two-opening configuration of area ratio unity are found to be much higher 

than the most critical single opening configuration. This is thought to be due to the near-

simultaneous oblique jet flows forced by well correlated external pressures at the two 

openings, resulting in stronger “tangential flow excitation” and higher peak positive internal 

pressures. For sidewall two-opening situations (±100-140°,) with separated external pressure 

field near the openings, the RMS internal to external pressures are found to be more or less 

constant with wind direction. This is believed to be due to short-circuiting of the flow through 

the two closely spaced openings with different external pressure fluctuations, resulting in 

suppression of the dynamic effects of internal pressure. 

The provisions of AS/NZ 1170.2.2002 is found to be just adequate for the current study 

involving two closely spaced windward dominant openings for normal or near normal wind 

angles and sufficiently conservative for sidewall and leeward wall opening situations. 

Somewhat non-conservative provisions were observed for wind angles ±45-80°; though 

strictly speaking the code does not present provisions for these angles.  This however, is 
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unlikely to be of much concern due to relatively smaller RMS values compared to the normal 

wind direction. For such buildings, it is suggested that internal pressures be designed for a 

single dominant opening situation by taking into account each opening separately and then 

considering the worst possible opening case in terms of its size and location. 

12.7. Dynamic load on a partition wall in a compartmentalized building with 
an opening 

A theoretical model of the net dynamic pressure on a partition wall for a compartmentalized 

building with an external opening and with or without an internal opening is developed.  

Expressions of internal pressure in the compartments presented by Sharma [45] are used for 

the model development. This is used to study in particular, the effect of the relative size of 

internal and external openings as well as of the cavity volumes on the gain of the net dynamic 

load on the wall with respect to the onset turbulence. Theoretical estimates of net gust 

pressure factors on the partition wall are presented as a function of internal to external 

opening ratio for a range of cavity volume ratios, ridge height wind speeds and turbulence 

intensities. 

For a partition wall with an internal opening, the net mean load on the wall is found to be 

predictably low due to pressure equalization on either side of the wall. For such openings, an 

increase in the net dynamic pressure on the partition wall with decrease in the size of the 

internal opening, as predicted by the set of theoretical equations, is observed in wind tunnel 

tests involving the TFWT building. The dynamic loads are found to be maximum for the 

limiting case of a sealed partition wall without an internal opening, which additionally 

experiences high net mean loads as well. The narrow band nature of these dynamic loads, 

with gust load factors of around 2-3, resulting from the Helmholtz response of internal 

pressure in the compartments can inflict significant direct as well as fatigue damage leading 

to a catastrophic failure of the partition wall, not usually designed to withstand such loads. 

An increase in the dynamic wall pressure with increase in size of the external opening is also 

evident from experiments.  

The importance of appropriately designing the partition walls have been positively 

recognized by the latest wind loading standard in Australia/New Zealand, as evident from the 

recently introduced conservative deign provisions of AS/NZS 1170.2.2011. 
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12.8. Overshoot response of internal pressure in buildings 

A numerical investigation of the importance of wind-induced transient response of internal 

pressure following the creation of a sudden dominant opening during the passage of a strong 

gust in low rise residential and industrial buildings is undertaken. It enhances and expands the 

previous knowledge of peak internal pressures in a building following the occurrence of a 

large opening- by identifying the importance of timing and suddenness of opening creation in 

relation to the occurrence of high external pressures. A flow contraction and loss coefficient 

value of 0.6 and 1.2 obtained by fitting the analytical predictions to RANS based CFD results 

are used for numerical investigations.  

Simulations of internal pressure overshoot response following the creation of a sudden 

windward opening (area ratio of 5%) in the full scale WERFL setup at TTU at different time 

leads/lags to the occurrence of high external pressure for (1) a quasi-statically flexible non-

porous envelope and (2) a quasi-statically flexible and porous envelope showed that 

significant overshooting of internal pressure, higher than the pre-sequent or subsequent 

steady state resonant values are possible when the openings are created almost 

instantaneously in close temporal proximity to that peak external pressure. For all other 

situations, the steady state resonant response of internal pressure is found to exceed the 

overshoot response. Investigation into the effect of the “suddenness” of opening creation 

showed that maximum overshooting of internal pressure is effected with the opening creation 

initiated 0-1 periods preceding the occurrence of the peak external pressure near the opening, 

level (severity) of overshoot being inversely proportional to the duration of opening creation.   

Non-dimensional overshoot factors are presented for a variety of cavity volume-dominant 

opening combinations for (1) buildings with rigid/quasi-statically flexible but non-leaky 

envelope and (2) buildings with rigid/quasi-statically flexible and leaky envelope 

(representing most low rise residential buildings) by simulating the non-dimensional form of 

the governing equations. The results, in comparison with the steady state internal pressure 

factors reported in literature, show that while the overshoot phenomena may be significant for 

structures with comparatively small internal volume and large opening (like small garages 

and garden sheds), the initial overshoot response in large industrial structures may be damped 

out by the inherent dynamic flexibility and leakage in the envelope.  

The overshoot factors obtained numerically are found to be strongly sensitive to the opening 

loss-coefficient used in the simulations carried out using the governing equations.  
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12.9. Influence factors of Internal pressure in a building with an opening 

The steady state resonant response of internal pressure in buildings for a normal onset flow, 

with different wind speeds, internal volumes, opening sizes and locations, obtained 

experimentally is presented in a non-dimensional format in a manner similar to the overshoot 

factors. The response is quantified in terms of internal pressure influence factors evaluated 

using the covariance integration approach of the fluctuating external pressure field measured 

around the opening and the internal pressure. The estimated influence factors are found to be 

sensitive to the opening size and location, a factor not incorporated in the existing analytical 

models available in literature. An empirical model, sensitive to the opening size and location, 

is therefore proposed based on data-fit for category 3 terrain roughness condition. The ratios 

of the peak internal to external pressures are also found to be predicted satisfactorily by the 

presented model. The model however, is found to over-predict the measured influence factors 

for values of 5  greater than 10 in category 2 terrain condition, and hence can be considered 

as a conservative estimate from a design view point. The proposed model is further 

simplified, using hard-coded values of the relevant parameters, in terms of building volume 

and opening size to make it more suitable for use in wind loading standards. 

Investigation of the effect of opening area on the influence factors at different wind angles 

showed those for a building with an opening near the stagnation zone i.e. at around two-third 

of the building height, influence factors are approximately 4-5 times higher for the windward 

openings and around 2-3 times higher than for sidewall and leeward openings than that of a 

nominally sealed building. The increasing porosity of the building envelope present as 

uniformly distributed background leakage is found to have a damping influence on internal 

pressure fluctuations associated with a reduction in magnitude of the influence factors. 

Eigenvalue analysis of the opening external pressure covariance matrix, corresponding to 

wind angles for high influence factors, indicates that 75-80% of internal pressure fluctuations 

are contributed by the first mode while the contributions of higher modes are less significant.  

12.10. Field studies of Internal pressure 

Full scale investigations of wind induced internal pressure in a warehouse, the Twisted Flow 

Wind Tunnel (TFWT) building of the University of Auckland, involving a range of dominant 

opening sizes and wind directions are carried out at moderate wind speeds. This was done to 

obtain realistic estimates of internal pressure with various influencing factors, dealt with 

isolatedly in this research, acting in combination. Helmholtz resonance of internal pressure is 
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found to be less pronounced than previously reported, when there is an oblique windward 

opening and is hardly discernable at other times; this is attributed to the inherent leakage and 

flexibility in the envelope of the building. Internal pressure fluctuations, though reduced for 

the nominally sealed situation, is found to follow somewhat the trend of external pressure 

traces in the study due to large visible porosity in the building envelope.  

Numerical investigations carried out using the rigid, non-porous model of internal pressure to 

match the measured responses in time and spectral domain is found to result in an 

uncharacteristically high loss coefficient value of 400. The measured internal pressures are 

however, found to agree well with the simulations for a realistic loss coefficient value of 1.2 

carried out using the model for flexible and porous envelope, typical of real industrial 

buildings. An approximate porosity ratio of 10%, used to quantify the effect of background 

leakage, and a ratio of the bulk modulus of air to that of the building cavity of 0.25, used to 

quantify the effect of envelope flexibility, was adopted for numerical investigations to match 

the measured data. The analysis exhibits the importance of correctly modelling the different 

dampers of internal pressure fluctuations such as envelope flexibility and background 

leakage, in the absence of which, opening loss coefficient are found to be overloaded with the 

influence of other dampers; thereby resulting in implausibly high and unrealistic values.  

Ratios of the RMS internal to opening external pressure obtained in the study are compared 

with the non-dimensional design equation reported in the literature, developed empirically 

from wind tunnel studies. The design equation is found to provide reasonably conservative 

estimates of the measured RMS internal to external pressure ratios across all values of S*, 

highlighting the moderating effects of envelope flexibility and background leakage in real 

buildings. The peak ratios of internal to external pressure plotted against S* and 5  are found 

to exhibit relatively greater scatter in comparison to the RMS ratios due to the highly 

fluctuating nature of wind speeds and directions encountered during field measurements. 
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12.11. Summary of contribution to the state of the art: Achievement of 
research goals and objectives  

Summary of major contributions made to the existing knowledge base in course of addressing 

the different goals and objectives, presented in Chapter 1, are highlighted in this section. 

1) New volume scaled experiments of internal pressure in a rigid non-porous building are 

conducted to validate the existing theoretical predictions. The experiments conform well 

to the theory and therefore used as a “control” for further wind tunnel studies. Particularly 

high loss coefficient values, noted in the study, add to the existing database and reinforce 

the high CL values reported in the recent literature for such unsteady flow situations. 

2) Novel wind tunnel studies of the effect of envelope flexibility on internal pressure 

induced through an opening is conducted using a flexible Styrofoam roof mounted on a 

volume scaled model of an industrial warehouse. The experimental results agree well, 

both qualitative and quantitatively, with the available theory in literature.  

3) A non-linear analytical model and a linearized analogue of the internal pressure response 

in a porous building with a dominant opening are developed in the current research. The 

model is based on certain simplifications based on experimental observations. The 

predictions of the model agree well with wind tunnel studies involving a building with a 

dominant opening and different background porosity. In particular, the agreement is 

found to be good for buildings with porosity ratio of less than 20%, as usually observed. 

The model exhibits relative advantage in terms of ease of its usage as well as lower 

computational overhead than other existing approaches. 

4) Newer theoretical models of internal pressure with the inclusion of the combined effects 

of envelope flexibility and background leakage, as occurs in most real buildings, are 

presented and validated experimentally in the wind tunnel. Applicability of the models is 

shown using illustrative examples involving a typical industrial warehouse, for different 

envelope flexibilities and background porosities. In particular, noted and quantified are 

the damping effects of these factors in moderating the resonant response of internal 

pressure in such buildings compared to a rigid non-porous building envelope.  
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5) An analytical model is proposed to investigate the response of internal pressure in a 

building with multiple dominant openings in a single wall with highly correlated external 

pressures. Theoretical and wind tunnel studies for a building with two such closely spaced 

openings (closer to the middle of the windward wall) indicate that internal pressure in 

such configurations increase with increase in the ratio of opening sizes, and become 

almost equal to that for the most critical single opening configuration when the combined 

area of the two openings become double the critical single opening size.  

6) A study on the net dynamic load on an internal wall partition, with and without an 

internal opening, is presented by extending the existing analytical models available in 

literature for a building partitioned internally. Theoretical predictions of the net dynamic 

load on an internal wall are found to conform well to the results of wind tunnel 

experiments with external and internal openings of different sizes. 

7) A detailed numerical investigation of the timing and duration of opening creation with 

respect to high external pressures is conducted in this research to ascertain the severity of 

the ensuing transient (or overshoot) response of internal pressure in comparison to pre-

sequent or sub-sequent steady state resonant response. Non-dimensional overshoot factors 

that encompass a range of building volumes, wind speeds and opening sizes are 

presented. It is shown that for buildings with relatively small internal volumes and 

comparatively large opening sizes, internal pressure overshoots can be significantly 

higher than the steady state resonant response.   

8) New experiments, using volume scaled wind tunnel models, are carried out to estimate 

the influence factor of internal pressure for a range of building volumes and opening 

sizes. The results presented in non-dimensional format are used to derive design solutions 

that agree well for Category 3 boundary layer profile and somewhat conservative for 

Category 2 profile in the current study. 
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9) Finally, a valuable full-scale study of internal pressure is carried out in this research for a 

medium sized industrial warehouse with a dominant opening, also used for controlled 

volume scale wind studies discussed earlier. Such studies are a rarity due to time and 

resource constraints and therefore a useful addition to the existing database and literature 

on internal pressure. The objective to investigate whether the predictions of the analytical 

models, already available or proposed in this research, comply with full-scale results, for 

buildings with intrinsically included effects of envelope flexibility and background 

porosity, is satisfactorily addressed in this study. The severity of internal pressure 

resonant response, as theoretically predicted, is found to be largely moderated by the 

damping influence of envelope flexibility and background porosity in full-scale, such that 

design solutions proposed in the recent literature are found to be adequate. Additionally, 

the possibility of overloading of the opening loss coefficient with the effect of other 

dampers is quantitatively exhibited. 

12.12. Future Recommendations 

This research has involved a detailed investigation of the various facets of internal pressure 

and its contributing factors through a combination of analytical, numerical and experimental 

studies. Although a significant amount of work has been accomplished, few aspects of the 

problem could not be given further attention as needed, in the opinion of the author, due to 

time and resource constraints. 

Full-scale investigations of internal pressure in this research only involved moderate wind 

speeds and one particular building, far from representative of the whole range of actual storm 

and building conditions needed to develop a comprehensive design database. More such tests 

if possible, in actual storm conditions such as a tropical cyclone, involving a variety of 

buildings of different sizes and in different representative terrain conditions, are required for 

database assisted building design in the future. This shall help to do away with a lot of 

approximations currently involved in the codification and design process. 

This research has come up with its own set of loss coefficients needed to match the measured 

data with the analytical predictions of internal pressure in different circumstances. While this 

adds to the existing database available in the literature and is in agreement with some, more 

wind tunnel and full-scale tests are needed to characterize the loss coefficients for the inverse 

oscillating type turbulent flow experienced in modelling internal pressures. Particular note 

should be taken to isolate the effect of different dampers, lack of which as shown in this study 
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can result in the effect of one being taken up or dumped into another. Computational studies 

such as Large Eddy Simulation (LES) offer a promising alternative to achieve this objective 

because of its unique capability to segregate the different effects, yet at the same time enable 

simulation of flow with minimal approximations. 
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Appendix	A:	Summary	of	previous	Internal	pressure	research	

Author Year 
Building 
geometry 

Scale 
Opening 
ratio (%) 

Terrain Wind angle Vol. scaling 
Code 

comparison 

Theoretical 
Development/Important 

Contribution(s) 

Enteneuer 
[52] 

1971 Not known Not known Not known Not known Not known No None 
Size and position of 
openings on mean 
internal pressure 

Enteneuer 
[57] 

1971 Not known Not known Not known Not known Not known No None 

Response time of 
unsteady internal 

pressure to step change in 
external pressure 

Irminger and 
Nokkentved 

[118] 
1930 

40 x 70 x (50) 
mm3 

N/A 
0.03, 0.4, 2.8, 

5.4 
N/A Normal No None Flow rate 

Liu [42] 1975 
152 x 152 x 
(304) mm3 

N/A 0.02-1.4 N/A Normal No None Continuity equation 

Holmes [38] 1979 
Domestic 
structure 

1/50 
0.35, 1.8, 5.4, 

10.8, 21.6 
Open Normal No None 

Helmholtz oscillation, 
Volume scaling 

Stathopoulos 
et al. [50] 

1979 
244 x 381 x 
(38) mm3 

1/250 

2.5, 5, 10, 20, 
50 

0.5, 3.0 
(leakage) 

Open/ 
Suburban 

0-90° No 
ANSI A58.1 

NBCC 
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Table continued 

Author Year 
Building 
geometry 

Scale 
Opening 
ratio (%) 

Terrain 
Wind 
angle 

Vol. 
scaling 

Code 
comparison 

Theoretical 
Development/Important 

Contribution(s) 

Shaw [46] 1981 

97 x 152 x (38) 
mm3 

Commercial 
structure 

Full N/A N/A N/A No None 
Flow rate, Air-tightness of 

commercial buildings 

Liu and Rhee 
[64] 

1986 
140 x 140 x 
(290) mm3 

N/A 
0.25, 1.0, 

2.2, 4 
Iu= 0.01, 0.1 Normal No None Helmholtz oscillation 

Vickery and 
Karakatsanis 

[119] 
1987 

Domestic 
structure 

1/100 
5, 12, 21, 

46, 47, 71a 
Smooth 0-360° No None 

Flow rate, discharge 
equation 

Stathopoulos 
and Luchian 

[60] 
1989 

152 x 152 x 152 
mm3 

1/400 8.84 Open Normal No None 
Experimental investigation 

of the transient response 
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Table continued 

Author Year 
Building 
geometry 

Scale 
Opening 
ratio (%) 

Terrain 
Wind 
angle 

Vol. 
scaling 

Code 
comparison 

Theoretical 
Development/Important 

Contribution(s) 

Kassem and 
Novak [84] 

1990 

Stadium 

Φ325 x 
(107.6) mm2 

1/390 0-7.8 N/A Still air Yes None 

Validation of analytical 
models for free vibration 
of flexible roof backed by 

cavities 

Fahrtash and 
Liu [85] 

1990 

Kemper 
Arena 

130x100x(15) 
m3 

Large room 
7.2x4.6x(2.2) 

m3 

Residential 
Garage 7.2x 
7.1x(2.6) m3 

 

Full 

1.3~1.6, 

11.9,18.8, 
4.2~6.52 

52~53 

Open/Suburban/Urban N/A Full None 

Full scale measurement of 
internal pressure in a 

“mixed” terrain, 
representative of realistic 

conditions 

Vickery and 
Bloxham 

[40] 
1992 

150 x 300 x 
(90) mm3 

N/A Up to 1.82 N/A Normal Yes None 

Values of discharge and 
inertia coefficients for 
separated and attached 

flow, experimental 
validation of the transient 

and resonant response 
internal pressure models 
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Table continued 

Author Year 
Building 
geometry 

Scale 
Opening 
ratio (%) 

Terrain Wind angle Vol. scaling Code comparison 
Theoretical 

Development/Important 
Contribution(s) 

Yeatts and 
Mehta [55] 

1993 
9.1 x 13.7 x 

(4) m3 
Full 1, 2, 5 Open 0-360° Full ASCE 7-88 

Sudden opening/Resonant 
response 

Woods and 
Blackmore 

[88] 
1995 

100 x 100 x 
(100) mm3 

N/A 
1, 4, 9, 16, 

25 
Urban 0-180° No None 

Influence of opening 
location, back-face porosity 
on mean and peak internal 

pressures 

Womble et 
al.[48] 

1995 
182 x274 x 
(80) mm3 

1/50 0-100 Open 0-360° Yes None  

Ginger et al. 
[66] 

1997 
9.1 x 13.7 x 

(4) mm3 
Full 1, 2, 5 Open 

0±5° 

180±5° 
Full None 

Validation of Helmholtz 
oscillation, Envelope 

flexibility model 

Sharma and 
Richards 

[37] 
1997 

Φ140 x (250) 
mm2 cylinder 

with a Φ19 x 
(60) mm2 
aperture 

1/50 N/A Smooth Normal No None 

Sudden opening tests to 
quantify the flow 

contraction and loss 
coefficient through the 

opening for matching the 
proposed analytical 

model(s) 

Beste and 
Cermak 

[120] 
1997 

91 x 137 x 
(40) mm3 

1/100 5 Open 0-360° No None 

Correlation measurements 
between internal and area-

averaged roof external 
pressure 
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Table continued 

Author Year 
Building 
geometry 

Scale 
Opening 
ratio (%) 

Terrain Wind angle Vol. scaling Code comparison 
Theoretical 

Development/Important 
Contribution(s) 

Pearce and 
Sykes [44] 

1999 
Φ300 x (75) 

mm2 
N/A 2.5 Open 0-180° Yes None 

Validation of Envelope 
flexibility model in 
boundary layer flow 

Chaplin et 
al. [70] 

2000 
1100 x 1000 
x 900 mm3 

N/A 
0.0072, 

0.029, 0.114, 
0.714 

N/A N/A No None 

Experimental 
quantification of the 

inertia and loss 
coefficients and 
validation of the 

linearized analytical 
equation 

Sharma and 
Richards 

[14] 
2003 

274 x 184 x 
(80) mm3 

1/50 2.7, 5.3, 5.4 Open 0-360° No AS/NZS1170.2:2002 
Eddy induced “oblique 

flow Helmholtz 
resonance” 

Oh et al. 
[15] 

2007 
381 x 244 x 
(122) mm3 

1/100 3.3, 0.3, 0.1 
Open/ 

Suburban 
180-360° Yes 

ASCE 7-02 

NBCC (1995) 

AS/NZS1170.2:2002 

Eurocode (2004) 

SDE and MDE approach 
for simulation of internal 

pressure, of a leaky 
building with a dominant 

opening, based on its 
porosity ratio 

Kopp et 
al.[78] 

2008 
183 x 207 x 
(119)  mm3 

1/50 2.5, 3, 6 Open 
0-90° 

0-180° 
Yes 

ASCE 7-05 

 

Effect of 
compartmentalization 
and venting on roof 
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Table continued 

Author Year 
Building 
geometry 

Scale 
Opening 
ratio (%) 

Terrain Wind angle Vol. scaling 
Code 

comparison 

Theoretical 
Development/Important 

Contribution(s) 

Yu et al. [91] 2008 
840 x 540 x 
(240) mm3 

N/A 
0.20, 0.45, 
1.24, 3.20, 

4.96 
Suburban 0° Yes None 

Non-linear model of 
internal pressure 

response for a porous 
building with an opening 

Sharma et al. 
[102] 

2010 
230 x 153 x 
(67) mm3 

1/60 6.1 Open Normal Yes None 

Appropriate method of 
volume scaling in model-

scale internal pressure 
studies 

Ginger et al. 
[67] 

2010 
200 x 400 x 
(100) mm3 

1/200 
1, 3.125, 
6.25, 10 

Open Normal Yes ASCE 7-05 

Internal pressure 
measurements for a range 
of cavity volume-opening 

area combinations for 
development of non-
dimensional design 

equations 

Holmes and 
Ginger [96] 

2010 
200 x 400 x 
(100) mm3 

1/200 
1, 3.125, 
6.25, 10 

Open Normal Yes ASCE 7-05 

Non-dimensional design 
equations proposed based 

on internal pressure 
measurements of a 

variety of cavity volume-
opening area 
combinations 
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Appendix	B:	The	Wind	Tunnel	Boundary	Layers	

The ‘de Bray Aeronautical wind tunnel, shown in Figure B.1, located in the Faculty of 

Engineering of the University of Auckland was used in all the testing carried out for this 

research. It is a closed circuit wind tunnel consisting of high speed and low speed sections. 

The tests were all conducted in the low speed section of the tunnel. This section has a length 

of approximately 11m and a width of 1.83m. The roof height can be adjusted anywhere from 

1.0m to 1.5m down the length of the working section. Wind speeds of up to 15m/s are 

possible in the low speed section. 

 
Figure B.1: Sketch of the de Bray wind tunnel 

Both Category 3 and Category 2 boundary layers, corresponding to a sub-urban and open 

terrain conditions, as per AS/NZS 1170.2 [8], were simulated for the purpose of the study. 

Sub-urban terrain (Category 3) 

A 1:100 scale, Category 3 boundary layer was simulated using a combination of turbulence 

generators such as logarithmic spaced grill, vertical spires, saw tooth barrier, floor blocks and 

gravels of average size 10-20mm over the useable length in the low speed section of the 

tunnel. A picture of the boundary layer setup is shown in Figure B.2(a) while the layout 

sequence of the roughness elements used to generate the flow is illustrated in Figure B.2(b). 
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Figure B.2: (a) Photograph showing the Category 3 boundary layer setup (b) Layout of the different 

components inside the wind tunnel for Category 3 flow generation 

In order to establish the uniformity and consistency of the generated boundary layer along the 

length and width of the turntable placed in the test section, an extensive flow mapping 

investigation was carried out using a four-hole cobra probe placed on a traversing rig. In all, 6 

positions in the along wind direction, 5 in the transverse direction and 4 positions in the 

vertical direction up to the building height (i.e. 25, 50 and 70mm) were mapped to ascertain 

the consistency of the flow statistics. Figure B.3 shows the mapped positions in plan. 

a 

b 
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Figure B.3: Points mapped for flow uniformity investigations 

The variation in the wind velocity and turbulence intensity at different points in the test 

section in the along wind direction at three different heights is plotted in Figures B.4(a) and 

B.4(b) respectively.   

Vertical variation in wind velocity and turbulence intensity consistent with boundary layer 

flow behaviour is observed at all points in the tunnel. The wind velocity is however found to 

be slightly lower upstream of the test section centre at all points across the tunnel due to floor 

blocks in the immediate fetch impeding the flow. As a result, the turbulence intensity is found 

to be slightly higher at the two rows upstream of the centre.  

For a given height and along wind position in the turntable, slight variations in velocity and 

turbulence intensity across the tunnel floor are also observed, particularly at the edges. This is 

possibly due to boundary layer formation of the wind tunnel side walls. This however, has 

minimal effect on the study because the building model did not extend beyond 400mm either 

side of the test section centre.  

 

 

 



The Wind Tunnel Boundary Layers  

302 
 

Figure B.4: Uniformity of (a) Mean velocity and (b) Turbulence Intensity in the along and across wind 
direction at 3 different vertical heights for Category 3 profile 

The mean velocity and turbulence intensity profiles of the simulated terrain at the test section 

centre and at a location 600mm upstream are shown in Figures B.5(a) and B.5(b) along with 

the category 3 target profiles. The friction velocity (u*) and the simulated roughness (z0) 

height calculated from the velocity profile at the test section centre are 0.72m/s and 0.23m 

respectively in full scale.  

Turbulence intensities are somewhat lower than the codal targets, especially at higher vertical 

positions. 

Figure B.5: Simulated Category 3 boundary layer characteristics (a) velocity (b) turbulence intensity 

Figure B.6(a) shows the non-dimensional longitudinal velocity spectrum measured at the 

ridge height of the building along with the fitted Von Karman spectrum specified by ESDU 

[83]. Figure B.6(b) shows the variation of the longitudinal velocity spectrum with vertical 

height at the test section centre in the wind tunnel. 

a  b 

a  b 



The Wind Tunnel Boundary Layers  

303 
 

The measured integral length scale of 0.248m in the wind tunnel (equivalent to 24.8m in full 

scale) at the building ridge height is found to be much lower than its target value of 54m due 

to the constraints posed by the tunnel walls. 

Figure B.6: (a) Non-dimensional ridge height longitudinal velocity spectra (b) Normalized longitudinal 
velocity spectra at different heights in the wind tunnel for Category 3 profile 

Open terrain (Category 2) 

A 1:100 scale Category 2 boundary layer was also simulated in the low speed section of the 

wind tunnel for certain tests. A combination of logarithmic spaced grill, vertical spires, floor 

blocks and 8m corrugated cardboard fetch was used to generate the flow. The boundary layer 

setup is shown in pictures in Figure B.7(a) while the sequence of layout of the roughness 

elements used to generate the flow is illustrated in Figure B.7(b). 

 

a 

a  b
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Figure B.7: (a) Photograph showing the Category 2 boundary layer setup (b) Layout of the different 

components inside the wind tunnel for Category 2 flow generation 

Flow uniformity was ascertained at the same longitudinal, transverse and vertical positions as 

was done in the case of Category 3 in Figure B.3. The variation in the wind velocity and 

turbulence intensity at different points in the test section in the along wind direction at three 

different heights is plotted in Figures B.8(a) and B.8(b) respectively. 

Figure B.8: Uniformity of (a) Mean velocity and (b) Turbulence Intensity in the along and across wind 
direction at 3 different vertical heights for Category 2 profile 

The flow characteristics are more or less uniform in the longitudinal and transverse positions 

at each height; although some drop in turbulence is observed along the test section length 

downstream of the centre. The mean velocities at the different heights are comparatively 

higher than Category 3 configuration due to lesser obstructions at the ground. However, the 

b 

a  b
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turbulence intensity contributed by these roughness elements is consequently much smaller 

than that of Category 3 at all corresponding positions.   

The mean velocity and turbulence intensity profiles of the simulated terrain at the test section 

centre and at a location 600mm upstream are shown in Figures B.9(a) and B.9(b) along with 

the category 3 target profiles. The friction velocity (u*) and the simulated roughness (z0) 

height calculated from the velocity profile at the test section centre are 0.42m/s and 0.035m 

respectively in full scale. 

Figure B.9: Simulated Category 2 boundary layer characteristics (a) velocity (b) turbulence intensity 

The match between the measured and the target profiles are satisfactory in view of the 

limitations posed by the tunnel walls to be able to simulate the low frequency turbulence 

accurately. 

Figure B.10(a) shows the non-dimensional longitudinal velocity spectrum measured at the 

ridge height of the building along with the fitted Von Karman spectrum specified by ESDU 

[83]. Figure B.10(b) shows the variation of the longitudinal velocity spectrum with vertical 

height at the test section centre in the wind tunnel. 

a  b
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Figure B.10: (a) Non-dimensional ridge height longitudinal velocity spectra (b) Normalized longitudinal 
velocity spectra at different heights in the wind tunnel for Category 2 profile 

As in Category 3 simulation, the measured spectra falls short of its target in the low 

frequency region resulting in a lower longitudinal integral length scale of 0.295m (i.e. 29.5m 

in full- scale) against its target ESDU value of 63m (full-scale). 

a  b 
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Appendix	C:	Digital	pressure	correction	due	to	tubing	

distortion	using	a	recursive	filter		

In order to regenerate the original pressures distorted by the tubing system during 

transmission to the transducers in the wind tunnel, a time-domain based digital recursive filter 

was designed by formulating the physical characteristics of the tube into a mathematical 

function. A calibration experiment was carried out to establish the characteristics of the 

tubing. The schematic of the experimental setup used for calibration is shown in Figure C.1. 

 

Figure C.1: Sketch of the experimental setup for calibration (Halkyard et al. [76]) 

The tests involved simultaneously measuring the fluctuating surface pressures in situ and 

those transmitted through a 550mm tubing using two nominally identical pressure sensors. 

The pressure measuring locations on the surface were considered sufficiently close for them 

to experience the same pressure. The surface was subjected to a fluctuating pressure field 

using a “sub-woofer” amplifier/speaker system driven by a “white noise” source, with a 

“directing cone” being used to improve the low frequency performance of the system. The 

noise source was band-limited to eliminate the possibility of aliasing.   

The outputs of the two signals were sampled at 800Hz, higher to those used during wind 

tunnel tests. A correction filter was then designed using the measured data and the principles 

described in the subsequent section. 

Theory 

The purpose of the digital filter is to regenerate the actual pressure from the pressure 

measured remotely using tubings. Because of the time required for the pressure wave to 

propagate along the tube, the measured pressure will lag behind the actual pressure. The ideal 
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filter for reconstructing the actual pressure from the measured pressure will therefore be non-

causal. In other words, the output of the filter at a given time step will be dependant, at least 

in part, on inputs occurring after that time-step. The order of the filter and the relative 

importance of the future and past inputs will however, be dependent on the length of the tube 

and the level of damping in the system. 

Therefore introducing a time delay, Δt, into the system, the output of the digital filter would 

then be an estimate of the actual pressures a time interval Δt ago. Let p1, p2, p3,....pN be the 

true pressures at times t = 0, dt, 2dt, .....(N-1)dt, and m1, m2, m3,....mN be the corresponding 

pressures measured by the remote sensors at these times, dt being the time between 

successive samples. For a required filter of order s (with s+1 terms) and delay d terms (i.e. 

Δt=d x dt), the relationship between the true and measured pressures can be written in 

matrix/vector form (Halkyard et al. [76]) as 

P=TA                       (C.1) 

where A is the vector of filter coefficients. P, T and A are respectively defined as 
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The order, s, of the filter and the number, d, of delay terms that are necessary to adequately 

compensate for the tubing effects, depend on the specific tube system and the measurement 

application. In general, longer tubes and higher frequencies require the use of higher order 

filters due to increasing complexity of the filter response. Similarly, longer tubes tend to 

increase in number of delay terms due to longer time needed for propagation. 

Provided that the number of measurements N ≥2s+2, the appropriate filter coefficients can be 

estimated, in a “least-square” sense, using the matrix pseudo-inverse, from (Halkyard et al. 

[76]) 

   PTTTA
1 HH 

                                             (C.3) 

where the superscript H indicates the conjugate transpose of a matrix.  
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The appropriate filter order and delay can be determined by “trial and error” such that the 

dominant filter coefficients are clustered together, with the magnitude of the remaining 

coefficients tending to reduce with increasing distance from the dominant coefficients. The 

filter therefore includes the dominant coefficients and together with the necessary number of 

the lesser coefficients to achieve the desired accuracy quantified by minimizing the mean 

square error.  

The Recursive Filter 

Using the principles described in the previous section, a recursive filter of order 30 with a 

delay of 15 samples was designed for pressure correction. Since the actual wind tunnel tests 

were performed at a sampling frequency of 600Hz, lower than those used for tubing 

calibration, the coefficients of the bench-mark filter (at 800Hz) were adapted (Halkyard et al. 

[76]) to suit the reduced sampling frequency (at 600Hz). The characteristics of the designed 

filter are listed below: 

Filter type: FIR 

Filter order: 30 (i.e. 31 coefficients) 

Filter delay: 15 samples. (i.e. For any set of measured pressures, the filter gives an estimate 

of the actual pressure that was present 15 sampling intervals earlier). 

Proposed filter coefficient values: 

[-0.008413432621570 +0.00920258329885 -0.01017707198383 +0.01142956830999   

-0.01315059410026   +0.01585004229383 -0.01609856444767 -0.01541325847101   

-0.01488157308385   +0.01915227551972   -0.02534586662729    +0.03591143243833 

-0.05517522469944   +0.11405281982076    +0.76146043733309 

-0.27855384803612    

+0.38560241032303 +0.07077260230774 +0.01241706544217 -0.00392549257591    

+0.00746155703257 -0.00751429809953 -0.01041610642911 -0.01090893161264 

+0.01057889845688 -0.00910486694692 +0.00805537345025 -0.00734264852658    
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+0.00679096365030 -0.00633652553145    +0.00594912248145] 

Figure C.2 presents the magnitude of the filter coefficients in order  

 

Figure C.2: Graph of filter coefficients 

The first coefficient in the list (coefficient number -15 shown in Figure C.2) operates on the 

‘current’ time step.  The coefficient shown in bold type, corresponding to coefficient number 

0 in Figure C.2, operates on the time step for which the true pressure estimate is obtained. 

Figure C.3 shows the frequency response (i.e. gain and phase) of the benchmark filter, 

together with the frequency response of the adapted filter, ideally matching the benchmark up 

to 300 Hz. Better agreement can be achieved by using a higher order filter. Similarly using a 

benchmark filter of higher order would potentially improve the accuracy of the ‘benchmark’ 

frequency response. 

Figure C.3: Frequency responses (a) Gain and (b) Phase of ‘benchmark’ (800 Hz sampling rate) and 
adapted (600 Hz sampling rate) filters 

b a 
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Transfer function estimate of the tubing transmitted corrected and uncorrected to the actual 

(i.e. in situ) pressure fluctuations are shown in Figure C.4. It is apparent from the figure that 

without the use of the correction filter, the transfer function between the actual and the 

measured pressure, which ideally should be uniformly unity, shows distinct variations owing 

to the dynamic characteristics of the tubing system. This effect is greatly reduced by the use 

of the correction filter, resulting in unit gain and phase up to around 350Hz; much higher than 

the frequencies of interest in the study. 

 

Figure C.4: Transfer function (a) Gain and (b) Phase between ‘tubing transmitted’ and ‘in-situ tube’ 
pressure before and after correction using the filter 

An application of the filter, involving comparison between the actual, measured and corrected 

pressure signal snapshots can be seen in Figure C.5. 

b 

a 
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Figure C.5: Snapshot of the pressure signals before and after correction using the filter 

Both raw and corrected tubing transmitted data have been ‘time-shifted’ to aid comparison.  

The raw tubing data has been shifted by the approximate time required for a pressure pulse to 

propagate down the 550 mm tube, while the filter-corrected tubing data has been shifted to 

compensate for the 15 time-step delay inherent in the filter design. It is apparent that the 

filtering results in a much improved approximation of the actual pressure signal. 
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