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Abstract 

 

Masonry is a composite material with highly variable and relatively uncertain anisotropic 
mechanical properties. In contrast to other popular construction materials such as 
reinforced concrete and steel, common numerical modelling approaches are not fully 
applicable to unreinforced masonry (URM) buildings, and serious mistakes can be made if 
engineering practitioners lack fundamental knowledge on how to model the specific 
characteristic of URM buildings.  
 
In New Zealand, concerns have been raised on the performance and safety of URM buildings 
following the 2010/2011 Canterbury earthquakes. A New Zealand methodology for the 
detailed seismic evaluation of simple one- and two-storey URM buildings where extensive 
numerical modelling is not required, has been published to provide a hand-based analysis 
for seismic assessment. However, currently no New Zealand guidance available to practicing 
engineers on appropriate strategies for the numerical modelling of complex URM buildings. 
In response to this situation, a literature review was undertaken to summarise appropriate 
URM modelling techniques and subsequently determine best practices using available 
resources in the structural engineering industry.  
 
In this thesis, major components of a numerical modelling strategy are first addressed, 
including modelling methods and analysis procedures, with a focus on modelling complex 
URM buildings to determine their potential seismic deficiencies. A new classification of URM 
buildings based on damage mechanism was proposed for the purpose of numerical 
modelling. Furthermore, a systematic numerical modelling framework is promulgated as an 
easy-to-follow guidance for modelling the seismic response of URM structures. There is six 
proposed types of building within the framework, from simple and small scale buildings to 
large scale multi-storey buildings including special structures with complex geometry. The 
appropriate modelling strategies are summarized in the modelling framework and the best 
practice for each type of buildings is recommended. 
 
A case study of the Basilica of the Sacred Heart in Timaru, New Zealand is used to illustrate 
application of the proposed numerical modelling framework to an actual project. Finite-
discrete element method and macro-block method are adopted in the case study for the 
modelling of complex geometry and seismic response of URM church. A detailed modelling 
procedure is demonstrated through the case study which provided a good technical 
reference for practicing engineers.  
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CHAPTER 1: INTRODUCTION 
 

 

During the 2010/2011 Canterbury earthquakes in New Zealand, the vulnerability of URM 

buildings to earthquake-induced shaking was once again highlighted. To minimise the risk 

posed by these structures, the Building (Earthquake-prone Buildings) Amendment Act 2016 

was enacted in New Zealand. This Act identifies existing URM buildings as potentially 

earthquake-prone unless appropriate seismic strengthening work is undertaken or evidence 

is provided that demonstrates that a building’s structural performance meets a minimum of 

34% of the New Building Standard (NBS) requirements. Technical guidelines for engineering 

assessment of existing URM buildings were also updated to provide practicing engineers 

with the tools required for assessment (NZSEE 2017). These guidelines are largely aimed at 

the assessment of simple structural forms and prototypical one- and two-storey URM 

buildings that are commonly encountered throughout New Zealand. URM buildings with 

complex structural forms are typically outside the scope of the newly released assessment 

guidelines, and more sophisticated modelling techniques and strategies are generally 

required for adequate estimates of expected seismic performance. Large or complex URM 

buildings comprise approximately 14% of the total URM building stock in New Zealand 

(Russell and Ingham 2010) and have considerable financial value to owners as well as 

cultural and historic value to the public. The value of these buildings is one motivation for 

undertaking a detailed review of the modelling techniques and determine the best practices 

applied to these complex URM buildings. 

1.1  Background 
Masonry is a composite material with complex mechanical properties. In the last few 

decades, many researchers all over the world have put a lot of effort into investigating the 

structural behaviour of masonry structures. This research was mainly based on statistical 

(Augusti et al. 1985 and Corsanego et al. 1986), experimental (Magenes  2010), equilibrium 

limit analysis (Magenes and Della Fontana 1998), and simplified analytical model (D’Ayala 

and Speranza 2003). Although significant progress has been achieved, the difficulty 

associated with accurately predicting the seismic performance of unreinforced masonry 

(URM) buildings is still evident, partly as a result of the paucity of full-scale physical test 

data, conservative empirical approaches, and the constraints of numerical modelling 

method.  

In contrast to other popular construction materials, such as concrete and steel, a numerical 

analysis method of general and consolidated validity is still lacking for masonry, despite 

considerable improvements to the analysis tools (Magenes and Penna 2011). The 
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performance-based assessment approach developed for modern buildings and documented 

in some internationally recognized standards (CEN – EN 1998-3 2005, FEMA 356 and 

ASCE/SEI 41-13) is not fully applicable for URM buildings because the approach is unable to 

simulate the mechanical interaction of individual components in masonry which is highly 

nonlinear and difficult to be analyzed by using traditional finite element method (FEM). 

Some literature has proposed several new modelling techniques to study the complexity of 

masonry structure (Jäger et al. 2009). These theories are still under development and 

require more research for validation. Furthermore, the application of the advanced 

simulation methods, such as discrete element method (DEM) (Bićanić 2005 and Caliò et al. 

2008) are over-complicated, which cannot be easily adopted in the building industry 

practice without a clear guideline or established standard. 

In New Zealand, concerns have been raised on the performance and safety of URM buildings 

followed by Canterbury earthquakes. Extensive research has been carried out based on the 

observed damaged and strengthening strategies (Ingham and Griffith 2011a, Ingham and 

Griffith 2011b). They provide many important data and valuable information for 

understanding the cause of damage of masonry structures. An assessment guideline for 

URM building was released in 2017 (NZSEE 2017) which set out a methodology for the 

assessment of existing buildings. The guideline is a solid foundation for practical engineers 

to evaluate the capacity of masonry components and provide a viable solution to identify 

the risk of existing buildings. The easily-followed assessment approach covers the majority 

of general URM buildings in New Zealand (Russell and Ingham 2010).However, the nonlinear 

seismic assessment approach is considered as a special study which is only discussed in the 

guideline briefly. For the complex URM buildings, such as the classical cathedral with 

complex geometry, the detailed assessment methods still lack practical reference. 

1.2  Research objectives 
The objectives of this research programme was to study the various different techniques 

available for numerical modelling of unreinforced masonry (URM) structures and identify 

the strengths and weaknesses of each approach. The research outcomes will become a 

guidance for the practitioners to explore a cost-effective solution for the design, 

strengthening or restoration of complex URM buildings in New Zealand.  

This research project investigated: 

 Detailed seismic assessment for complex URM buildings in New Zealand using a 
variety of numerical methods and simulation strategies available in the industry and 
academic research.  

 Cutting edge numerical methods for URM modelling, such as Discrete Element 
Method (DEM), Finite Element Method (FEM) and Finite-Discrete Element Method 
(FDEM).  
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 The correlation between the URM building typology and damage behavior. 

 The feasible options and best approach with the most cost-effective solution to suit 
the assessment objectives. 

 The practical application of modelling techniques and details.   

 The application of best-practice numerical modelling for complex unreinforced 
masonry structures in New Zealand, such as the application of the proposed 
methodologies, modelling techniques and analysis strategies. 

A comprehensive literature review of URM modelling techniques was undertaken. The 

review covered a board range of academic research from conventional approaches, such as 

the equivalent frame method, to the advanced discrete element method that enables 

simulation of the collapse mechanism of URM structures by using sophisticated numerical 

models. This literature review is presented in Chapter 2 of this thesis. 

Subsequently, a systematic framework was developed to summarise these modelling 

approaches and corresponding practical applications. The first part of the proposed 

framework included a new classification of complex URM buildings that defined the types of 

building typologies to match with their specific structural characteristics and predicted 

damage patterns. This URM building typology classification was presented in Chapter 3. The 

second part of the proposed framework was a numerical modelling procedure that 

addressed the previously outlined approaches into fundamental components, including the 

modelling approach and analysis methods. This work was presented in Chapter 4. The 

proposed modelling framework was defined in a matrix format with a recommendation of 

best modelling techniques for the building types that were defined in the classification. This 

systematic framework allows practitioners to quickly identify the best modelling strategies 

for different URM buildings and the corresponding complexities, so that cost-effectiveness 

can be evaluated at an early stage. The classification of complex URM buildings and the 

numerical modelling framework were incorporated as a core of the modelling guideline in 

this thesis. More detailed analysis procedures will be further developed on the basis of this 

systematic framework. 

In Chapter 6, The Basilica of the Sacred Heart in Timaru, New Zealand was selected as a case 

study to apply the proposed numerical modelling framework for complex URM churches. A 

combined finite-discrete element model with solid elements and contact surfaces was 

developed to model the complex geometry as well as collapse mechanism of the church. 

The application of the proposed numerical modelling framework to an actual project was 

illustrated through the case study, which provides a valuable technical reference for 

practicing engineers. This case study is included in this thesis as one of the key examples to 

demonstrate the modelling procedure of using cutting edge numerical methods. 

Finally the research conclusions were reported in Chapter 7. A guidance of element 

selection, modelling method and analysis strategy were provided to demonstrate the 
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benefit and efficiency of various modelling options. The research in this topic provided 

sufficient information and references for the practitioners to carry out a numerical 

modelling of URM buildings for different purposes.  
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CHAPTER 2:  LITERATURE REVIEW OF URM 

MODELLING STRATEGIES 
 

Modelling of URM buildings and building components are a complex task due to material 

anisotropy, nonlinearity and spatially scattered characteristics, as well as large variations of 

building geometries and wall connection types. As a result of these complexities, a large 

number of strategies have been proposed in the literature as summarised by Roca et al. 

(2010) and by Asteris et al. (2015). In the following, a synopsis of the literature most 

relevant for the buildings described in Chapter 3 Table 5 is given. 

2.1  Equivalent Frame approach 
Tomazevic (1978) first proposed a simplified nonlinear analytical model for URM buildings 

using an equivalent static method. The model assumes that spandrels have infinite strength 

and stiffness, such that the failure mode is governed by the shear behaviour of piers. This 

“Strong Spandrel – Weak Pier” (SSWP) assumption, also called “storey-mechanism” 

approach, simplify the analysis of in-plane loaded walls (refer to Figure 1).  Instead of 

modelling an entire building, the SSWP method consists of individual analysis of each storey 

with an idealised nonlinear shear-displacement curve for each pier. In contrast to the SSWP 

method, “Weak Spandrel – Strong Pier” (WSSP) assumes no strength and stiffness of 

spandrels which the piers are completely uncoupled as a rigid cantilevers. Both methods 

have been extensively used by the practicing engineers due to its simplicity which is also a 

suggested solutions in theItalian Building code (NTC 2008), American guideline (FEMA356) 

and New Zealand guideline (NZSEE 2017) for simple URM buildings assessment. However, 

SSWP and WSSP are two extreme idealisation with a considerable amount of limitations in 

application. The choice of models, effective heights and boundary conditions can lead to 

significant differences in outcome which may resulted in overestimate or underestimate the 

strength and misinterpret the failure mechanism in certain types of walls (Magenes et al. 

1992, Bruneau 1994, Cattari et al. 2009). 

 

 
 

Figure 1: Storey-mechanism approach for in-plane loaded wall (Tomazevic 1999) 
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Magenes and Della Fontana (1998) improved the basic approach of SSWP and WSSP with 

the introduction of a nonlinear method based on the equivalent frame (EF) idealisation. The 

EF model considers both piers and spandrels as idealised columns and beams connected by 

rigid joints (refer to Figure 2). This approach is similar to the analysis method for modern 

concrete building designs with the columns and beams are modelled as elastoplastic 

elements with stiffness and strength degradation corresponding to the constituent 

materials of the composite masonry. The approach provides a good estimation of the lateral 

load resistance of URM buildings and a more realistic prediction of the failure mechanism 

(Magenes and Della Fontana 1998). Brencich et al. (1998) proposed a similar approach to 

that of the EF method using macroelements instead of beam elements to model piers and 

spandrels. As an improvement of EF, the macroelement model includes damage and 

hysteretic dissipation, resulting in a better estimation of dynamic response and the near-

collapse mechanism of multi-storey walls. Recent research by Lagomarsino et al. (2013) 

further refined the nonlinear macroelement model and introduced several distinctive 

features in a commercially available software TREMURI, including the implementation of an 

orthotropic membrane element for the modelling of flexible diaphragms. Nevertheless, this 

method only addresses the in-plane behaviour of URM walls, similar to other EF approach. 

The EF method has been successfully applied to the numerical modelling of multi-storey 

URM buildings, but these applications remain limited to buildings having a comparatively 

simple, regular geometries. 

 

 
 

Figure 2: Equivalent frame idealisation of a multi-storey wall with openings  
(Magenes et al. 1998) 

 

2.2  Finite Element approach 
Nonlinear finite element (FE) modelling has become more popular in the structural 

engineering industry following the rapid development of computational power, allowing 

sophisticated analysis of complex problems. However, the application of complex analysis 
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methods such as FE modelling has been focused mainly on modern building materials such 

as concrete and steel. Applications in URM modelling remain a challenge due to the 

complexity of constitutive models for masonry materials. In response to demand for more 

detailed nonlinear analysis of URM buildings, Lourenço (2002) proposed a micro- and 

macro-modelling approach for modelling masonry.  

Macro-modelling, also known as homogenisation, is based on the FE method in which 

masonry units, mortar, and joints are smeared in an FE continuum. The basic concepts of 

this modelling approach are similar to those of modelling for concrete, but a special 

anisotropic material model is assigned for masonry.  A composite yield surface was 

proposed by Lourenço (1995) which allows the modelling of orthotropic material behaviour 

by using a Hill type yield criterion for compression and a Rankine type yield criterion for 

tension along multiple material axis (Figure 3). 

 

Figure 3: Composite yield surface with iso-shear stress lines. Different strength values for 
tension and compression along each material axis. (Lourenço 1996) 

The micro-modelling approach is divided into two categories—simplified and detailed. In the 

detailed micro-modelling approach, masonry units and mortar are modelled as an FE 

continuum, and the unit-mortar interface is modelled as discontinuous elements such as 

nonlinear springs or interface elements. In the simplified micro-modelling approach, only 

the masonry unit is modelled as an FE continuum, where the mortar and interface are 

smeared at the joint, which is represented by a discontinuous element. The concepts are 

illustrated in Figure 4. Lourenço (1996) combined different damage criteria for the masonry 

joint into a composite interface model, including a cap model for compressive failure, a 

tension cut-off for tensile failure, and a Coulomb friction envelope for shear failure (Figure 

5), which allows cracking and softening of joints to be modelled in the simplified approach. 

The detailed approach can provide a closer inspection of the mortar damage mechanism, 

such as crushing and crack propagation. 
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Figure 4: Modelling strategies for masonry structures: (a) masonry sample; (b) detailed 
micro-modelling; (c) simplified micro-modelling; (d) macro-modelling. (Lourenço 1996) 

 

Figure 5: An interface cap model proposed by Lourenço (1996) 

2.3  Discrete Element approach 
The concept of discrete element (DE) modelling was first proposed by Cundall and Hart 

(1971) for the study of rock mechanics, and later extended by Lemos (1995) to the 

application of masonry modelling. The principal idea of DE is to idealize the masonry as a 

group of rigid blocks or particles. The interactions between the individual rigid bodies are 

represented by the constitutive law of contact, which is able to simulate physical 

phenomenon such as compression (pressure), friction and cohesion at the joints. 

Furthermore, DE allows full separation between bodies and detects new contacts 

automatically through the calculation process, thereby being suitable for modelling collapse 

mechanisms using a simplified micro-modelling approach. 
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Various DE formulations can be used in masonry modelling, such as Distinct Element 

Method (DEM), Discontinuous Deformation Analysis (DDA), Rigid Block (Limit) Analysis, 

Finite-Discrete method and particle model (i.e. SPH). These DE methods are similar in some 

ways, however, there is some distinctive features to set them apart from FE methods 

according to Lemos (2007): 

" 1. DE models allow the assumption that blocks are rigid and the system deformability is 

concentrated in the joints. Todays, however, many DE models include deformable block 

formulations. 

2. In most DE models, interaction between blocks is represented by sets of point contacts, or 

sets of edge-to-edge contacts, with no attempt to obtain a continuous stress distribution 

throughout the contact surface. In general, a deformable bock may be discretized 

independently from its neighbors. 

3. DE models are designed to allow full separation between blocks, and most of them permit 

contact detection and update tasks automatically. 

4. DE models tend to employ time-stepping algorithms, either in a real-time scale or as a 

numerical device to solve quasi-static problems. " 

These DE methods are a relatively new discipline in numerical analysis, which require 

significant expertise in order to generate the model and validate the results. The extent of 

application is limited by the complexity of model preparation and long computational time. 

Thus, DE modelling is not yet a practical tool for analysis of an entire complex URM building. 

The different between FE and DE modelling approach of URM wall in-plane failure is 

illustrated in Figure 6. 

 

Figure 6: Comparison of URM wall in-plane failure using FE macro-modelling (left) and DE 
micro-modelling (right, Gálvez 2016). 
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2.4  Finite-Discrete Element approach 
Finite element and discrete element approaches can be combined within a general 

framework as shown by Munjiza (2004) which share both the advantages of FE and DE. In 

this finite-discrete element approach, the masonry units are modelled individually using 

finite elements with a contact surface defined between the mortar joints, such that the 

modelling of crack development in the bricks and the full separation of units are both 

possible in the simulation (refer to Figure 7). This approach is able to capture more details of 

damage and realistic behaviour of the structure but it is also very costly in computation.  

 

Figure 7: Modelling of URM wall in-plane failure using Finite-discrete element approach 
(left), the back bone curve of shear capacity (right) 

Alternatively, the finite element can be also used to define the components or parts, i.e. 

columns, spandrels and walls, without following the masonry patterns. The homogenisation 

technique applied in the components can significantly reduce the modelling details but the 

capability to simulate the cracks and damage based on plasticity theory are remained. The 

contact surface can be defined at the connection interfaces, pre-existing cracks, weak 

planes and supports which allows the modelling of mechanical interaction between the 

components such that the modelling of separation, rocking and sliding of elements can be 

achieved (refer to Figure 8). 

 

Figure 8: Alternative approach of modelling a components using Finite-Discrete Elements. 

Contact surfaces 

at discrete joint’s 

interface 

 

Modelling rocking 

behaviour 
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Figure 9: Finite-discrete element modelling strategies for collapse analysis of masonry 
structures (Bakeer 2009, original taxonomy is revised) 

With a focus on the collapse analysis of unreinforced masonry structures, the original 

taxonomy proposed by Bakeer (2009) can be revised as follows: (1) detailed finite-discrete 

micro model, (2) simplified finite-discrete micro model, (3) discrete micro model, and (4) 

finite-discrete macro model. These modelling strategies are illustrated in Figure 9. The first 

and second approaches are based on the detailed and simplified micro-modelling proposed 

by Lourenço (1996). However, units and mortar (modelled with finite elements) are discrete 

elements that can slide, separate and come into new contacts. The third approach is 

equivalent to the discrete element modelling approach, where the units are usually 

modelled as rigid, and non-linear spring interfaces can be incorporated. The fourth 

approach has the advantages of both micro- and macro-modelling, as well as finite and 

discrete element approaches. The masonry is still subdivided into discrete elements, each 

being a homogenised continuum, but every discrete element models several units and joints 

(AlShawa et al. 2017). Thus, model preparation is significantly simplified without the need to 

model the masonry pattern and units explicitly. In addition, the computational effort is 

greatly reduced and it is thus feasible to apply the finite-discrete macro modelling approach 

to the whole building. Although crack formation cannot be captured in detail, damage and 

(1) Detailed finite-discrete micro model (2) Simplified finite-discrete micro model 

(4) Discrete macro model (3) Simplified micro model 
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separation of structural components can be modelled such that collapse analysis is 

achievable on a whole building scale. 

2.5  Macroblock approach  

The macroblock approach, or macro-element approach, using limit analysis (Heyman 1966) 

is a simplified approach to simulate the discretized behaviour in masonry structures. In this 

approach, the failure modes of the macro-elements are predefined which is based on all 

possible damage mechanism of URM buildings that have been repeatedly observed in the 

previous earthquakes.  The seismic vulnerability of the macro-elements can be assessed by 

considering an equilibrium equation for a particular failure mode. 

The masonry blocks or parts are assumed as rigid with infinite strength and no tension or 

sliding is allowed at the joints, such that the structure can be analysed at equilibrium or in 

the kinematic state using linear programming techniques.  

 

 

    
                           

           
 

Figure 10: Two-block mechanism: (a) Out-of-plane failure of a wall assuming unlimited 

compressive strength; (b) Free body diagram at equilibrium.  
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In the analysis, the horizontal seismic action is represented by a mass proportional inertia 

force adding on the rigid blocks or macro-elements and the inertia force increase until the 

stability of the structure fails. The loss of equilibrium is defined by the activation threshold, 

α0 , which is a multiplier of inertia force that transform the macro-elements into an unstable 

mechanism. Therefore, the structural safety (i.e., safety factor) can be evaluated and the 

partial collapse can be avoided by suppressing those local failure mechanism.  

An equilibrium equation can be derived to evaluate the safety of collapse for a simple 

structure, such as the out-of-plane failure of vertically spanning walls or vertical cantilever 

walls. The equation of a typical two-block mechanism is defined in Figure 10.  

 

 

 

Figure 11: Example of macro-elements decomposition of a church and the corresponding 
failure modes. (Failure modes from Lagomarsino and Podestà 2004) 

 

For a complex structure, such as churches, the damage is evaluated by the collapse 

mechanisms of individual macro-elements. The components of the church shall be 

decomposed into different macro-elements such that the failure modes can be identified 

through the observation of a similar structures and a simplified failure mechanism can be 

established (refer to Figure 11). Many researchers have developed the equation to 

determine the activation threshold for different macro-elements based on a kinematic 

model. Some examples are shown in Figure 12 and Figure 13. The readers should refer to 

Milano et al. (2009), Bernardini et al. (1988), Avorio et al. (2002) and De Felice et al. (1999) 

for further details. 
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Figure 12: In-plane failure of gable wall. (Gálvez et al. 2018) 

 

   
   

   
 

Figure 13: Overturning or out-of-plane failure of a tower. (Gálvez et al. 2018) 

The macroblock approach can be extended to a generalised analytical approach using 

Discrete Element method. A multiple failure planes can be defined in a model to investigate 

a more complex failure modes. Lourenço (2009) has applied this approach to evaluate the 

failure mechanism and safety factors of an ancient house (Figure 14). 
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Figure 14: Via Arizzi house macroblock analysis (Lourenço 2009) 

In contrast to conventional modelling techniques, the estimated performance (i.e., safety 

factor) is based on a predefined collapse mechanism. Thus, the accuracy of the macroblock 

approach is dependent on engineer's experience and the database of damage patterns for 

similar masonry structures (Sorrentino et al. 2017). 

2.6  Summary 
Equivalent frame approach is one of the first methods to model URM walls in plane mechanism, the 

procedure of frame idealization for shear walls using beam elements and rigid joints is easy to 

follow. For this reason, it has been implemented into many building codes (NTC 2008, FEMA356) 

and assessment guideline (NZSEE 2017). The on-going development of this approach is now 

including a nonlinear elements that can capture the shear and flexure damage mechanism of 

spandrels and piers. This approach is considered as a simple and efficient method for modelling URM 

wall’s in-plane behaviour. 

Modelling URM using a commonly known finite element method is different to model the modern 

building materials such as concrete or steel, because URM is a composite material with a complex 

anisotropic behaviour. A single yield criteria is unable to capture the failure accurately. It can only be 

modelled by using a composite yield surface which is quite complicated in terms of coding and 

application. This is one of the reasons why there is not many URM material model available in the 

popular commercial finite element software. An alternative common practice is to use concrete 

model to represent URM material, however, the outcome is considered as a rough estimation. 

The discrete element approach is an opposite of finite element method. Finite element approach is 

to model the nonlinearity of the masonry material itself using continuous mesh but discrete element 

approach assumes the masonry units are rigid and have infinite strength, the deformation is 

modelled by using a nonlinear springs or contact interface between the units. Therefore, the 

damage or stress cannot be observed in the bricks but modelling of the units separation such as 

sliding at the bed joint or detach of masonry units is achievable. It is a powerful method to model 
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the out-of-plane failure mechanism of URM structures in particular to collapse analysis. However, 

the application of this modelling approach is too time consuming for building the model and very 

costly in computation. Therefore, it is not yet practical to be used in a large scale building. Practically 

it is used to model a part of the structure for evaluation or verification.  

The finite-discrete element approach shares the advantages of both finite element and discrete 

element methods. The modelling of cracks and element separation are both achievable by using this 

approach. This approach is capable to capture a more details and realistic results compare to other 

numerical methods. Modelling the discrete meshing is still the main drawback of this approach and 

it is even more costly than discrete method. The alternative approach of using finite-discrete 

element method is to model the structural components using FE without modelling the masonry 

pattern in details.  A contact surface is assigned between the components to capture the mechanical 

behaviour at the interface, such as sliding and rocking at joints. In this case, the modelling efforts 

and computation time can be reduced significantly, and this approach still maintain the capability of 

modelling complex structure. 

Macroblock approach, or macro-element approach, is a collection of all possible failure mechanism 

of URM buildings that have been repeatedly observed in the previous earthquakes.  The capacity of 

the macro-elements can be assessed by considering an equilibrium equation for a particular failure 

mode. In general, for a simple two-block mechanism, such as wall out-of-plane failure mechanism, it 

can be represented by a single equation. More a more complex problems which cannot be solved by 

manual analysis, a discrete element method can be adopted to model the multiple failure modes of 

a complex building. Macroblock approach is conservative as it assumes no tension exists in the 

interface which may be a lower bound solution for the assessment. However, it is a simple and 

reliable method to assess complex buildings. Therefore it is highly recommended as a standard tool 

to verify the global model. 

In general, there is no single method that can fit all purpose of modelling. An appropriate modelling 

strategy is dependent of the building characteristic and the failure mechanism that needed to be 

assessed. The correlation between the damage mechanism and building types will be defined in 

Chapter 3 and the recommendation of modelling strategy for different types of building are 

proposed in Chapter 4.  The capabilities of different modelling approach are summarised in the table 

1 and illustrated in Figure 15. 
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Table 1: Summary of modelling capabilities for different numerical methods 

Equivalent 

Frame 

(EF)

Finite Element 

(FE)

Discrete 

Element 

(DE)

Finite-Discrete 

Element 

(FDE)

Macroblock 

(MB)

In-plane P P P P P

Out-of-plane P P P P

Crack Pattern P P

Units Seperation P P

Local Collapse P P P

Modelling 

Damage 

Behaviour

Modelling Approach

 

 

Figure 15: Different numerical modelling approach for URM structures 
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CHAPTER 3:  CLASSIFICATION OF COMPLEX URM 

BUILDINGS 
 

URM buildings are the most earthquake prone class of building in New Zealand. Following 

the 22 February 2011 Canterbury earthquake, a report to the Royal Commission of Inquiry 

(Ingham and Griffith 2011b) reveal almost 97% of URM buildings in Christchurch central 

business district that had received no prior seismic retrofit were either seriously damaged or 

collapsed. It also suggested an improvement on the methodology of seismic assessment and 

strengthening shall be developed for those potentially earthquake prone URM buildings. 

The seismic performance of a URM buildings is highly dependent of its scale, geometry and 

construction characteristic. A massive multi-storey building tends to has substantial damage 

in an earthquake compare to a small and single storey building. However, even the buildings 

have similar scale, a box-like structure behave better in an earthquake compare to a 

building with complex geometry which is predominated by the local response of building 

components. In order to determine the seismic response of different building types  within 

the URM building stock, a classification of URM buildings with respect to its building 

configuration, characteristic and complexity is needed. 

3.1  URM building stock in New Zealand 
Russell and Ingham (2008) are the pioneers who have carried out an extensive study on the 

history and statistic of URM building stock in New Zealand. From their research, there is 

total 3,750 URM buildings in New Zealand which is about 8% of total building stock in term 

of floor area nationally. These URM buildings are in between 80 and 130 years old and has a 

market value (in 2010) of approximately NZ$1.5 billion. Although URM buildings are not the 

majority of construction in New Zealand, their historic and economic value are evident. 

Russell et al. (2010) reveal the 3+ storey URM buildings own 15% of the total URM building 

stock in New Zealand, however, he also suggested individually the larger buildings have 

greater financial value. Obviously the monuments or church buildings have additional values 

which are difficult to be quantified such as culture, historic and artistic value.  

Based on the overall building configuration, Russell et al. (2008) has identified the New 

Zealand URM building stock in seven topologies as outlined in Table 2. The buildings were 

classified by its storey height, difference between a stand-alone or a row buildings, and a 

special category that related to monumental structure or the type that does not fit in other 

categories. Furthermore, a suggestion of the expected importance level was also given in 

the original classification. It was used to distinguish different building types for initial seismic 

assessments, vulnerability analysis and estimate the consequence of life safety.  
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Table 2: URM Building Typologies in New Zealand (extracted from Russell et al. 2008) 
 

Type Typology Description 

A 
One storey, 

isolated 
 buildings 

One storey URM buildings. Examples include convenience stores in 
suburban areas, small offices in a rural town. 

B 
One storey, 

row 
buildings 

One storey URM buildings with multiple occupancies, joined with 
common walls in a row. Typical in main commercial districts, 
especially along the main street in a small town. 

C 
Two storey, 

isolated 
 buildings 

Two storey URM buildings, often with an open front. Examples 
include small cinemas, a professional office in a rural town, post 
offices. 

D 
Two storey, 
row building 

Two storey URM buildings with multiple occupancies, joined with 
common walls in a row. Typical in commercial districts. 

E 

Three + 
storey, 
isolated 

 buildings 

Three + storey URM buildings, for example office buildings in older 
parts of Auckland and Wellington. 

F 
Three + 

storey, row 
 buildings 

Three + storey URM buildings with multiple occupancies, joined with 
common walls in a row. Typical in industrial districts, especially close 
to a port (or historic port). 

G 
Institutional 

 buildings 
Churches (with steeples, bell towers etc), water towers, chimneys, 
warehouses. Prevalent throughout New Zealand. 

 

3.3 Damage classification 
The typical damage of URM building in New Zealand can be identified by the observation of 

URM building performance in Canterbury earthquake. A comprehensive damage survey of 

the URM building stock of Christchurch was undertaken and a detailed discussion of the 

building background, construction, performance and observed damage are available in the 

addendum report to the Royal Commission of Inquiry (Ingham and Griffith 2011b). 

For simplicity in this study, the damage classification is referred to PERPEUATE guideline 

(Lagomarsino et al. 2011) which provides a summary and description of different damage 

classes and covers a boarder architectonic assets such as churches, towers and monuments 

(refer to Table 3). Seven architectonic asset classes are defined as follow:  

A. Structures subjected to in-plane damage.  

B. Structures subjected to out-of-plane damage.  

C. Structures behaves as cantilever.  

D. Arched structures subject to in-plane damage.  

E. Massive structures with local failure of masonry prevails. 
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F. Blocky structures subjected to overturning. 

G. Built systems subjected to complex damage. 

A correlation between the building type and damage class are also given in the guideline 

(refer to Table 3). 

Table 3: Damage classes and sub-classes (Lagomarsino et al. 2011) 

 

Table continued over page 



26 
 

Table 3: (Continued) 
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Table 4: Correlation between type of buildings and damage classification.  
(Lagomarsino et al. 2011) 

 

Table continued over page 
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Table 4: (Continued) 

 

 

The building classification in the guideline is based on the damage mechanism instead of 

building type or function. Therefore, it cannot be directly applied to New Zealand URM 

building stock. However, a similar correlation can be found by the identification of typical 

damage of New Zealand URM buildings. For example, the 7-storey Manchester Courts 

building suffered significant damage in Christchurch earthquake and was demolished 

afterward. However, a good diaphragm to walls connection allows the building behaves as a 

box-like structure,  mainly in-plane damage was observed in the URM piers of perforated 

walls but no out-of-plane damage or partially collapse was reported (refer to Figure 16). The 

observed damage and behaviour are similar to the asset class A and damage class A as 

defined in the damage correlation Table 4.  
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Figure 16: Manchester Courts building (left); In-plane damage in wall piers (right) 
(Ingham and Griffith 2011a, cracks are highlighted in yellow.) 

Christchurch Basilica is another example of complex URM building that was significantly 

damaged in Christchurch earthquake (refer to Figure 17 and Figure 18). The seismic force of 

this massive building was resisted by the in-plane capacity of the walls, however, no 

diaphragm was available to tie the building components (macro-elements) together 

effectively.  

 

Figure 17: Christchurch Basilica before the earthquake 
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As a results, the building experienced block failure of the macro-elements, both bell towers 

were partially collapsed, the arch supports under the dome suffered extensive in-plane 

shear damage. The observed damage and behaviour match the description of asset class B1 

and damage class B in the damage correlation Table 4. 

 

Figure 18: Damage to the Christchurch Basilica (Ingham and Griffith 2011a) 

 

3.4  Proposed URM building classification for numerical modelling 
The classification proposed by Russell et al. (2008) in Table 2 covers the general URM 

buildings in New Zealand, however, it is not specifically designed for numerical modelling 

and lacks of sufficient details to be connected with the unique structural response and 

consequence of damage in earthquake. Therefore, a modelling-driven classification 

associated with the damage classification of URM building was developed with the focus on 

New Zealand URM buildings stock. 

In this research, the scope was extended to covers more complex building typologies which 

is originally defined as Type E to G topologies in the classification. In another words, all 3+ 

storey URM buildings and the structure with irregular geometry are classified as complex in 

this study. 

A new classification was proposed in Table 5 to define the types of URM buildings for the 

purpose of numerical modelling, which is referenced to the damage classification described 

in Table 3 that identifies the typical failure mechanisms encountered for URM buildings. The 

building typology classification in Table 2 is modified with the focus on large (3+ storey) and 

complex URM buildings commonly found in New Zealand. For other complex structures 

outside the scope in this study, such as Roman theatres or Greek temples, it is 

recommended to refer to a more detailed building classification in Table 4.  
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Table 5: Proposed URM Buildings Classification for Modelling Framework 
 

Type Typology Description Photo 

I 
One– to 

two–storey 
 buildings 

Small scale buildings (individual or row) with 
regular geometry. Structure behaves as a 
‘box’ in which the damage is mainly governed 
by in-plane shear loading on walls, although 
local out-of-plane overturning of walls may 
occur if adequate wall-to-diaphragm 
connections are not provided. 

 

II 
Three+ 
storey 

 buildings 

Large scale multi–storey buildings with 
regular geometry. Structure generally 
behaves as a ‘box’ with higher mode 
response. Damage is governed by in-plane 
shear and flexure of walls, and out-of-plane 
overturning of walls. 

 

III 
Institutional 

buildings 

Buildings with large or irregular footprint, 
large open space or special features. Damage 
is governed by the in-plane shear and flexure 
of walls, out-of-plane overturning of walls, 
and partial collapse of parts (i.e. 
macroelements).  

IV 
Warehouse 
and factory 

buildings 

Buildings with tall side walls and large open 
spaces inside. Structure responds locally due 
to highly flexible diaphragm. Damage is 
governed by the out-of-plane loaded walls 
and by the roof. 

 

V Churches 

Churches with steeples, bell towers or other 
special features (i.e., dome, triumphal arch, 
portico, etc.). The failure mechanism is 
complex and usually consists of partial 
collapse of parts (i.e., macroelements) and 
local damage to individual components such 
as rocking of pillars, instability of arches and 
falling of roof or dome. 

 
 

VI 
Slender 

buildings 

Slender buildings (i.e. water towers, 
chimneys, monument and lighthouses). 
Damage is governed by bending and shear, 
which may be preliminarily interpreted by 
referring to beam theory. 
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CHAPTER 4:  PROPOSED FRAMEWORK FOR 

MODELLING OF COMPLEX URM BUILDINGS 
 

The previous Chapters discussed the concepts of various URM modelling approaches as well 

as the structural behaviour and damage mechanism of different types of URM buildings. The 

next step in this research was to investigate the feasible options and the best practice of 

modelling the seismic response of particular building types or typologies. In real-world 

applications, there is no single solution or a generalised modelling approach to suit all URM 

buildings. The feasible options for the seismic assessment are dependent of the capabilities, 

limitations, and complexities of those numerical modelling approaches as well as the 

purpose of the assessment. The most cost-effective approach that fulfil the objectives are 

the best practice available and they were recommended in this thesis. To provide clear 

guidance to practitioners, a systematic framework is proposed to summarise these URM 

modelling approaches and corresponding practical applications. 

Table 6: Proposed Systematic Numerical Modelling Framework 
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The concept behind the proposed framework is the breakdown of previously outlined 

approaches into fundamental components, including the modelling approach and analysis 

methods, presented in an easy-to-follow framework (refer to Table 6). The proposed 

systematic framework is linked to the URM buildings typology in Table 5. Some of the 

combinations are voided because they are either irrelevant or not recommended. The 

matrix allows practitioners to quickly identify suitable strategies for different URM 

modelling purposes and the corresponding complexities, so that cost-effectiveness can be 

evaluated at an early stage. It is emphasised that this modelling framework mainly focuses 

on URM buildings in New Zealand. For application to other types of structures, Lagomarsino 

and Cattari (2015) developed the PERPETUATE guidelines which provide recommendations 

of modelling strategies for a broader range of architectural assets in Europe. 

4.1  Modelling Approach 
In modelling approach, the numerical methods and element types are put into a matrix to 
summarize the different applications in modelling of geometry and physical mechanism 
(element separation, rocking, etc.). The details of modelling is ranging from the simplest 
equivalent frame method using beam elements to the most complex discrete element 
method using individual discretised rigid blocks or particles. Macroblock (MB) is considered 
as a supplementary method to evaluate the local or macro-elements failure mechanism and 
is highly recommended to be used alongside with the other modelling approach to assess 
the overall performance of buildings. The detailed application of MB is not covered in this 
discussion and the readers shall refer to Chapter 2.5 for background information. The 
application of modelling approach is shown in Table 7. 
 

Table 7: URM Modelling Approach 
 

 

Modelling Approach 

Equivalent 
Frame  

(EF) 

Finite Element  
(FE) 

Finite-
Discrete 
Element  
(FE-DE) 

Discrete 
Element  

(DE) 
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t 
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Beam        

Shell       

Solid       

Blocks/Particles        
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The level of details in the modelling only indicates the effort spend on model preparation 
and techniques required but not imply to the difficulty of fundamental theory for those 
modelling approach. For example, the idea of micro-modelling approach using discrete 
element is more straight-forward compare to macro-modelling using homogenised finite 
element. It is because the theory of constituent material models for the interface joint is 
relatively simple compare to the anisotropic URM material. The difficulty of theory are hard 
to be direct compared, however, the required inputs and efforts for such application are 
measurable which is the main interest in solving practical problems.  
 
The application of modelling approach is discussed below: 
 

 Equivalent Frame (EF) Method using Beam elements 
 
The EF method is based on the idealisation of wall structure into pier and spandrels 
which are connected by a rigid joints. The piers and spandrels are modelled by one-
dimensional beams or macro-elements with a lumped plasticity assigned at the 
connection to the joint. A rigid links or rigid panels are defined at the joints to 
represent the offset and rigidity. The effective height and length of the piers and 
spandrels are based on the geometry of the openings. The detailed definition of 
frame idealisation shall be referred to Dolce (1989) and Milani et al. (2009). The 
modelling of URM buildings using EF method can be carried out by many 
commercially available software. From using a simple elastoplastic hinge in ETABS 
(Belmouden et al. 2009) or SAP2000 (Petrovcˇicˇ et al. 2013) to apply a special URM 
constitutive model in SAM (Magenes et al. 1998) or TREMURI (Galasco et al. 2002 
and Lagomarsino et al. 2013). Marques and Lourenço (2014) have validated these EF 
methods against the experimental tests of full scale simple URM buildings and the 
prediction was found satisfactory which is being accurate to use in performance-
based design. For the detailed description of the fundamental theory, the reader 
shall refer to Magenes et al. (1998) and Brencich et al. (1998). 

 

  Finite Element (FE) Method using Shell or Solid elements 
 
The masonry units, mortar and joints are idealised as a homogeneous continuum in 
finite element method. The components are meshed into shell or solid elements 
which provide a more generalised approach for modelling URM structures. Solid 
element can be used for modelling complex geometry, such as cross vaults, arches 
and dome structures, which has a better representation of stiffness, strength and 
stress distribution. The trade-off of using FE in URM modelling is the considerable 
amount of efforts is required to create a 3D solid model. Although some powerful 
auto-mesher (i.e. Hypermesh, DIANA, etc.) are capable to generate a reasonable 
good quality volume meshing, building the 3D geometry is still demand a significant 
amount of works. In contrast, the 2D surface meshing using shell elements is much 
easier to carry out which significantly simplify the modelling procedures. It can be 
used for regular URM structures such as perforated walls and multi-storey buildings. 
The shell element is capable to model both in-plane and out-of-plane behaviour 
(Lourenço 2000) using multiple integration points across the thickness which is 
similar to the use of multi-layers solid elements. It is also feasible to adopt a 
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combination of shell and solid elements to suit the modelling of complex URM 
building such as cathedral or monument structures. However, extra attention shall 
be drawn in modelling the connections between the complex components (solid) 
and simple walls (shell) structure to ensure a correct load transfer mechanism is 
being captured. 
 
For nonlinear analysis, the finite element method based on plastic theory is a robust 
solution for modelling damage and softening of URM structure. The use of 
constituent material models is able to achieve a higher accuracy and reliability of 
macro-modelling which saves the effort of model preparation and analysis. However, 
this approach is unable to simulate the full separation of the continuum after the 
final stage of softening which is a key limitation for modelling brittle structures. Also, 
an error and unstable solutions may occur due to element distortion under large 
deformation. Therefore, it is not suitable for modelling collapse mechanism. The 
basic principles and complete formulation of FE method shall be referred to 
Zienkiewicz and Taylor (1989 and 1991). 

 

 Finite-Discrete Element (FE-DE) Method using Shell or Solid elements 
 

The Finite-Discrete Element (FE-DE) method is also a member of Discrete Element 
(DE) family. It is separated from DE category to be discussed individually in order to 
emphasis its unique capability of combining the benefits from both FE and DE 
methods. The discretized macro modelling proposed by Bakeer (2009) is a good 
example of using FE-DE method to further simplify the micro-modelling approach 
but also retain the capability of modelling the collapse mechanism. It also allows 
higher flexibility to customize the strategy to suit the specific purpose of modelling. 
For example, the structural components, i.e. columns, spandrels and walls, can be 
modelled individually using a macro FE model with a contact surface applied 
between the components such as joint interfaces, weak planes and supports. The 
idea is similar to macroblock approach but the nonlinear material is used to model 
the cracks and damage in the structural components. The contact surface is used to 
simulate the element separation, rocking and sliding in the interface. This approach 
provides an economic solution to investigate the failure behaviour and collapse 
mechanism for whole building in global scale. Ip et al. (2016) applied the similar 
technique to carry out an assessment on the Cathedral of the Blessed Sacrament in 
Christchurch, New Zealand. 

 
Shell element can also be used in finite-discrete modelling, however, it is limited in 
two-dimensional problem, such as bed-joint sliding of in-plane loaded wall. The 
edge-to-edge contact between the shells is unable to model the out-of-plane rocking 
in the interface. Although shell elements can be used to model the approximate 
geometry (i.e. using rigid links), solid element is still a preferred option to precisely 
model the physical interaction of the components in three-dimensional space. 
 
Any FEM based numerical codes with the feature of contact algorithm are capable to 
perform FE-DE modelling. LS-DYNA, Abaqus and ANSYS are the example of 
generalised FEM programmes which has developed a robust automatic contact for 
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such application. Analyst shall also be aware that explicit solver is preferred for 
contact analysis to prevent pre-mature penetration in contacts and overcome the 
problem of highly nonlinearity. An experienced expertise and detailed validation is 
highly recommended for such advanced level modelling. 
 

 Discrete Element (DE) Method using Rigid Blocks or Particles 
 
The principle idea of DE is to idealize the masonry as a group of rigid blocks or 
particles. The interactions between the individual rigid bodies are represented by the 
constitutive law of contacts. The contact algorithm is able to simulate the physical 
phenomenon such as compression (pressure), friction and cohesion which allow the 
modelling of mechanical behaviour at the joints as well as the material properties of 
masonry units and mortar. It allows the full separation between the bodies and 
detects the new contacts with other bodies automatically through the calculation 
process. 
 
Discrete element is a general term of all numerical codes which satisfy the 
characteristic mentioned above. Lemos (2007) has summarized those DE formulation 
which can be used in masonry modelling, such as Distinct Element Method (DEM), 
Discontinuous Deformation Analysis (DDA), Rigid Block (Limit) Analysis, Finite-
Discrete method and particle model (i.e. SPH). In recent research, more DE 
formulations have been introduced for URM modelling such as Applied Element 
Method (AEM) proposed by Meguro et al. (2004) and the Modified Discrete Element 
Method (MDEM) or Extended Discrete Element Method (EDEM). These methods are 
a relatively new discipline in numerical analysis which requires high expertise to 
create the model and validate the results. The complexity in model preparation and 
long computation time limit the size of application. It is still not yet a practical tools 
for the whole building analysis. 
 
For the application of DE methods in URM modelling, the reader should refer to 
Asteris et al. (2015). In general, the DE micro-modelling approach only suitable for 
modelling structural parts due to the size and computation power limitations 
mentioned above. The simplified micro-modelling approach may extend to analyse a 
small scale complex building. Bakeer (2009) has successfully adopted the simplified 
micro-modelling approach to model the Mosque of Takiyya al-Sulaymaniyya in Syria 
for collapse analysis (Figure 19). His model contains 768887 nodes and 363567 block 
elements with the Tie-break contacts to represent the interface. However, he also 
reported that the computation took 7 days for a 20 seconds time-history record even 
it was performed using a high performance cluster in TU-Dreden which contains a 
parallel 40 Intel Itanium processors.  
 
Many open source or commercial software are available for discrete element 
method, such as UDEC, 3DEC, PFC3D, YADE, EDEM, ELS, etc. They may have similarity 
but the formulation can be substantially difference (i.e. contacts base on nonlinear 
springs, penetration, traction, etc.). Most of them are still under development and 
often an physical test samples are required for model calibration and validation. It is 
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considered as advanced level modelling that mainly for research purpose which shall 
be carried out by the field of experts and verified by experiments. 
 

 
 

Figure 19: Collapse analysis of the Mosque of Takiyya al-Sulaymaniyya in Syria. 
(Bakeer 2009) 

 

4.2  Analysis Methods 
 
In analysis methods, the analysis procedure and material properties are put into a matrix to 
summarize the different seismic analysis techniques available for URM buildings. The 
complexity of analysis methods is ranging from the simplest linear elastic method using 
static equivalent or modal analysis to the most advanced nonlinear time-history method 
using discrete interface for collapse analysis. The complexity indicates the efforts and 
techniques required to setup the analysis and post-process the results. The accuracy and 
limitation are not directly compared but a recommendations is provided following the 
discussion. In general, a more complex analysis shall provide more information of the 
building response to the seismic actions, however, additional time and efforts are also 
required. A clear objective shall be identified when choosing the appropriate analysis 
approach for a cost-effective solution. The application of analysis approach is shown in 
Table 8. 
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Table 8: Analysis Methods 
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The application of analysis methods is discussed below: 
 

 Linear Equivalent Static or Modal Response Analysis 
 
Linear analysis using equivalent static method is the simplest way for modelling 
seismic response of URM buildings. The key assumption is the URM building has no 
ductility due to its brittle nature but the elastic response can be reduced by the 
additional damping or force reduction factor suggested in NZSEE (2017) 
corresponding to the failure mode. The equivalent stiffness of the masonry shall be 
determined from the material properties of bricks and mortar to simplify the 
analysis. It can be obtained by using an empirical formula proposed by Lumantarna 
et al. (2014) which is used for clay brick. Alternatively, a more generalised method, 
2-step homogenisation procedure, proposed by Pande et al. (1989) and Papa (1990) 
can also be used.  
 
URM can only resist very low tension in the mortar joints and normally zero tension 
shall be assumed for assessment purpose. If the mortar joint can take a certain 
amount of tension, allowable stress and safety factor can be used but the result is 
very conservative. Lourenço (2002) compared different analytical methods for 
modelling historic masonry structures. He found that elastic analysis based on 
allowable stress is almost 8 times more conservative than other nonlinear analysis 
methods. Therefore, in this research, it is recommended to avoid using elastic 
analysis for historic or complex URM buildings. 
 
Mele et al. (1999) proposed a “two-steps” procedure for the seismic analysis of 
church buildings by combining the use of elastic modal analysis and nonlinear 
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pushover analysis. The first step is to obtain the seismic demand from a three-
dimensional modal analysis which address the local and higher modes dynamic 
response of the URM building. Then, the second step is to determine the structural 
capacity of the individual components by carry out nonlinear pushover analysis on a 
separated local model. The elastic response is still the upper bound seismic demand, 
however, such approach can provide a more realistic estimation than limiting the 
allowable stress. This approach has been applied to several church buildings 
(Brandonisio et al. 2008, Mele et al. 2009, Brandonisio et al. 2013). 

 

 Nonlinear Pushover or Time-history analysis using Lumped Plasticity 
 
Nonlinear pushover analysis is a useful tools to determine the lateral load capacity of 
the buildings. The pushover curve provides information of base shear capacity, 
system ductility and failure mechanism (i.e. brittle or ductile). The use of lumped 
plasticity, also known as plastic hinge, in beams or macro-elements is a general 
description of the force-displacement or moment-rotation behaviour of the 
components. The application is relatively simple as only a bilinear curve is required. 
Strength softening can be further included in the plastic hinge for a better estimation 
of force redistribution in the damaging process. The pushover curve is sensitive to 
the applied load profile. The use of traditional inverted triangular load profile 
assumes the building has a rigid diaphragm to tie the structural components 
together. It allows the structural system to be converted from MDOF to SDOF such 
that a higher loads shall be applied at the top to represent the maximum response. 
However, this assumption may not hold if the diaphragm is too flexible where the 
major components have individual response. In this case, mass proportional load 
profile is recommended. For the same reason, the “target displacement” or 
“performance point” determined by using displacement modification method (FEMA 
356 ) or equivalent linearization method, also known as capacity curve (FEMA 440), 
are not fully applicable for those complex URM buildings. Modified and multiple 
capacity curve shall be used to access different components of the buildings. The 
readers shall refer to Lagomarsino and Cattari (2015) for more information. 
 
Nonlinear time-history analysis is a real-time simulation of building under seismic 
actions. A more precise estimation of nonlinear dynamic response can be predicted 
from the analysis but it is only a case-by-case basis. The result is valid for a particular 
seismic motion inputs. The structural response in nonlinear time-history analysis is 
very sensitive to the applied damping value. A proper damping model shall be 
selected and calibrated for the application of global viscous damping. For the 
inherent damping, the plastic hinge shall be able to represent the entire force-
displacement characteristic (i.e. back bone curve) and hysteretic behaviour of the 
URM components. The ground motion selection and record scaling are also a 
challenge for the application in URM buildings as the post-yield behaviour of URM is 
normally non-ductile (i.e. rocking) which alter the building period significantly. To 
overcome this problem, the Incremental Dynamic Analysis (IDA) proposed by 
Vamvatsikos et al. (2002) can be adopted to provide a comprehensive assessment on 
seismic response. It utilizes the idea of scaling the ground motion with an increasing 
constant factor to force the building reaching different stage of behaviour, from 
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elastic to plastic and finally collapse. The results can be converted to IDA curve or 
fragility curve to quantify the seismic risk of the URM buildings. It provides a more 
general and comprehensive assessment on seismic response but it also involve a 
huge amount of simulation which limit the application to small scale and simple 
buildings. 
 

 Nonlinear Pushover or Time-history analysis using Distributed Plasticity 
 
The general principles of nonlinear pushover and time-history are similar to the 
discussion above. The use of distributed plasticity in finite elements is a description 
of the nonlinear stress-strain behaviour in the materials. The yield criteria of 
traditional isotropic models for brittle materials, such as Mohr-Coulomb (Coulomb 
1776) and Drucker-Prager (Drucker et al.1952) yield surface, can be used to model 
the masonry units and mortar. However, these single yield surface criterions are not 
fully applicable in modelling the masonry because the biaxial stress state cannot be 
solely represented by principle stress in an anisotropic materials. The yield surface is 
changed along with the angle between the principle stress and material axis. 
Therefore, it had very few attempts to develop a specific material model for masonry 
and implement in numerical code due to the complexity. 
 
Lourenço (1995) has proposed a multi-surface yield criterion for plane stress 
element and successfully implemented in finite element programme DIANA. It 
combines the Hill type yield criterion for compression and Rankine type yield 
criterion for tension. The proposed yield surface has coupling between tensor and 
shear which allow the modelling of anisotropic behaviour under biaxial loadings. In 
additional, the brittle softening and parabolic hardening-softening were also 
included for damage modelling in both tension and compression with the 
consideration of fracture energy. The proposed anisotropic model has been 
calibrated by comparing the biaxial loading test done in clay brick masonry (Page 
1981, 1983) and verified by a clay brick shear wall test carried out at ETH Zurich 
(Ganz et al. 1984 and Lurati et al. 1990) which was found a good fit to the 
experimental results. He further justified that this anisotropic model can be also 
applied in out-of-plane loading if multiple integration points through thickness in 
plate or shell element is used (Lourenço 2000). 
 
Pela et al. (2013) has proposed a plane stress model based on the concept of 
mapped stress tensor introduced by Betten (1988). It uses an isotropic yield surfaces, 
Faria and Rankie types yield criterions, mapped on the anisotropic composite yield 
surface in a real stress space through the linear stress transformation. The proposed 
model is implemented in the finite element programme COMET. He obtained a 
similar results compare with Page (1981, 1983) and Lourenço (1995). On top of the 
softening, his model also include the stiffness degradation which allows the 
application of time-history analysis. 
 
In recent research, Rot et al. (2016) has proposed a Total Strain Masonry Model 
(TSMM) to model the tensile cracking, compressive crushing and shear sliding of 
masonry including the hysteresis behaviour under dynamic cyclic loads. Unlike the 
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yield surface bases on traditional theory of plasticity, the total-strain based model 
only describe the stress-strain relationship in the normal direction of predefined 
crack planes. The anisotropic behaviour of TSMM is achieved by defining the 
individual stress-strain curves in three crack directions. Tensile cracking is assessed 
either in the directions normal to the bed joints or to the head joints. Compressive 
crushing is assessed in the directions normal to the bed joint and the head joint. A 
secant nonlinear unloading and reloading behaviour is assumed to model the 
hysteretic behaviour in both uniaxial tension and compression. The in-plane shear 
stresses are limited by a standard Coulomb friction failure criterion, based on the 
stress normal to the horizontal joint. No coupling between these components until 
the crack is active, then the tensile stress in the direction normal to the diagonal 
crack and the shear stress in the diagonal plane are reduced. The TSMM has 
implemented in the latest DIANA code and it has been validated by Mariani et al. 
(2017) using a cyclic pushover test on in-plane wall, out-of-plane wall and full-scale 
masonry house. 
 

 Nonlinear Pushover or Time-history analysis using Discrete Interface 
 
The discrete interface can be a discontinuous interface elements, nonlinear springs 
or contact algorithm. They describe the material properties of mortar, mechanical 
interaction at joints, or both which allow the modelling of element separation in the 
final stage of damage. The application of discrete interface in nonlinear pushover 
analysis or time history analysis is mainly for investigation of the whole damage 
process, from crack formation to failure then collapse and the consequences. 
Furthermore, using discrete interface in micro-modelling provide a generalised 
method to model the composite structure of masonry. It enables a direct simulation 
of the anisotropic behaviour for different construction and pattern of masonry. The 
basic principles of nonlinear pushover and time-history analysis discussed above still 
apply, in additional, explicit time integration scheme is preferred for a robust 
solution of contact analysis. 
 
The accuracy of nonlinear analysis using discrete interface is highly dependent of 
constitutive models that represent the joints. Lourenço and Rots (1996) has 
proposed a composite yield surface for the interface element which includes tension, 
shear and compression failure. This constitutive model has been implemented in 
DIANA code and validated against an in-plane shear wall test with the combined use 
of Cap model for masonry units. Bakeer (2009) has provided an introduction of 
interface material model available in LS-DYNA. He also demonstrated the use of tie-
break contacts for modelling the mortar joints in the application of collapse analysis. 
The detailed description of contact algorithm is not pursued here and the readers 
shall refer to Lemos (2007) for further information. 

 

4.3  Recommended strategies 
The recommended strategies for modelling large and complex URM buildings (Types II 

through VI) are highlighted in the Table 6 in green. The macroblock approach using limit 

analysis is always recommended to verify the local failure mechanism of the buildings, and 
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in particular for structures without box behaviour, complementary to global analysis. The 

strategies for modelling a Type I building are also included in the Table 6 for completeness. 

The discussion of the recommended strategies for each typologies are provided below: 

 Type I  

Simple hand calculation (i.e., in-plane and axial capacity of piers) with the 
supplementary procedure being the macroelement approach (i.e., out-of-plane 
capacity) is normally sufficient for the assessment of one to two-storey URM 
buildings. Using linear equivalent static or modal response spectrum analysis to limit 
the member capacity within the elastic or limiting stress range is possible, but is not 
recommended because the global capacity of such buildings is significantly 
underestimated. For performance based assessment, nonlinear pushover using 
equivalent frame is recommended to allow stress redistribution. 

 Type II 

The equivalent frame approach is recommended to model the global (in-plane) 
failure mechanism (i.e., backbone curve) of large multi-storey URM buildings with 
regular geometry and box behaviour. The finite element macro modelling approach 
is also practical but may not be the most cost-effective solution, and is only 
recommended if it is necessary to capture the out-of-plane damage. Static nonlinear 
pushover analysis is feasible and easy to perform but may not be able to correctly 
simulate the higher mode response, even if modal pushover is used (Lourenço et al. 
2011). Nonlinear time-history analysis will give the best estimation for nonlinear 
dynamic response, but is computationally more expensive and requires the selection 
of appropriate records. In general, the application of EF to building assessment is 
relatively simple and can be completed using many commercial software packages 
available in the industry. Standard analysis methodology and verification procedures 
can be adopted for this basic level of modelling. Materials test may be required for 
model calibration. 

 Type III 

The finite element macro-modelling approach is recommended for multi-storey 
buildings with slender walls, large open spaces (without diaphragm), or some special 
features attached such as a tower or portico in which the equivalent frame may not 
be a suitable tool to model the out-of-plane or local response. The FE method with 
nonlinear time history analysis is suitable for modelling complex geometry, nonlinear 
local response (i.e., out-of-plane), nonlinear dynamic response (i.e., higher mode 
effect), and damage patterns (i.e., cracks). The finite-discrete element approach may 
provide extra information on the global post-peak collapse mechanism but may not 
be the most cost-effective solution. The macroblock approach shall also be used to 
verify the local failure or collapse of parts. Application of the FE approach to building 
assessment requires experienced engineers who are familiar with the features and 
constitutive laws of material models in specific software packages. A comprehensive 
analysis methodology, verification procedure, and materials test for model 
calibration are essential for this detailed level of modelling. 
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 Type IV 

The finite element macro-modelling approach is recommended for buildings with tall 
side walls and large open spaces inside. Nonlinear static pushover analysis can 
capture the seismic response of both in-plane and out-of-plane loaded walls. The 
macroblock approach shall also be used to verify the local failure or collapse of parts. 
Application of the FE approach to building assessment requires experienced 
engineers who are familiar with the features and constitutive laws of material 
models in specific software packages. Planning and verification procedure are similar 
to Type III buildings. 

 Type V 

A finite-discrete macro-modelling approach is recommended to model the seismic 
response up to collapse of church buildings with steeples, bell towers or other 
special features. The combined finite-discrete element method is able to capture the 
crack pattern within the elements as well as the mechanical interaction at joints and 
connections. Typically, a church consists of different parts that respond to 
earthquakes independently due to poor connections and the absence of a rigid 
diaphragm, in which the capacity of the building cannot be represented by global 
performance. Multiple capacity curves are required to identify the seismic 
performance of each of the major parts or macroelements (i.e., tower, dome, etc.) 
when static pushover analysis is used. Nonlinear time history analysis should give the 
most accurate assessment because the nonlinear dynamic response, in particular the 
rocking at joints and kinematic instability, can be modelled explicitly and 
transformation to a single degree of freedom is not required. However, it may be a 
challenge to obtain a sufficient number of suitable ground motions that match the 
dynamic characteristic of different parts of the church. The macroblock approach can 
be used to systematically verify the failure of each local macroelement. The discrete 
element micro-modelling approach can be considered as a verification of the 
macroelement capacity and collapse mechanism. Application of the FDE approach to 
building assessment requires experienced engineers and specialists to carry out the 
numerical analysis using advanced software with appropriate constitutive laws of 
material models and discrete interfaces (i.e., contacts). A specific analysis 
methodology, verification procedure, and materials tests for model calibration are 
mandatory for this advanced level of modelling. 

 Type VI 

The equivalent frame and finite element macro-modelling approaches are 
recommended for slender buildings for which the structural behaviour and damage 
are governed by bending and shear, which may be preliminarily interpreted by 
referring to beam theory and more thoroughly to FE. As the higher mode effect is 
significant for slender buildings, nonlinear time history shall be used for the 
assessment. Pushover analysis may underestimate the dynamic amplification at 
higher levels even if modal pushover is used (Lourenço et al. 2011). Planning and 
verification procedures are similar to those for Type III buildings. 
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CHAPTER 6:  MODELLING OF COMPLEX URM CHURCH 
 

 

6.1  Case study building 
The Basilica of the Sacred Heart in Timaru, New Zealand was selected as a case study to 
apply the proposed simplified numerical modelling framework for complex URM churches. 
For other examples of modelling of churches, interested readers can refer to Endo et al. 
(2015) and Pantò et al. (2016). The building was constructed in the early 1900s and was 
listed as a Category 1 heritage building in 1985. This is a one of the master–piece designed 
by a New Zealand famous architect, Francis Petre, who has also designed other neoclassical 
architectural style churches in New Zealand, such as Cathedral of the Blessed Sacrament in 
Christchurch, and St Joseph's Cathedral in Dunedin. Figures 20 and Figure 21 show external 
and internal views of the Basilica. The scope of the assessment, performed by the author 
when working for Opus International Consultants, includes determining the seismic 
resistance capacity of the Basilica according to the New Zealand procedure to assess the 
percentage of New Building Standard (%NBS). The structural performance and potential risk 
of collapse under earthquake loadings are also of interest. An overview of the strategy 
selection, methodology development, modelling application, and outcomes are provided as 
a demonstration of the modelling framework. 
 

 

Figure 20: External View of Basilica of the 
Sacred Heart - Main Entrance 

 

Figure 21: Internal View of Basilica of the 
Sacred Heart - Nave and Arch 

 
The Basilica has a typical Latin cross plan with a long main nave along with two lateral 

transepts and a semi-circular apse comprising the body of the church. At the end of the 

main nave, three connected rectangular rooms constitute the narthex, with bell towers 

flanking each side. The plan based on historical drawings is shown in Figure 22. 
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Figure 22: Plan of the Basilica of Sacred Heart  
 
 

6.3  Structural system 
The building was not designed for seismic resistance and is constructed mainly of URM. The 
lateral load-resisting system is difficult to identify, and is mainly governed by multi-leaf walls 
on the perimeter, which consist of three layers: an external layer of clay brick or limestone, 
unreinforced concrete infill, and a layer of clay brick or limestone on the interior (refer to 
Figure 23). The walls are typically 900 mm thick at the piers, and approximately 500 mm 
thick between the piers. The free-standing height of the nave and transept walls from the 
ground to the roof is approximately 12 m. The joints between structural components such 
as columns and spandrel beams are nonhomogeneous as they have a layer of mortar in the 
interface but are unreinforced. This construction detail allows rocking and sliding at the 
joints as well as at the foundation. The local stability of the nave, portico, and arch under 
dynamic loads is uncertain. 
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Figure 23: Cross section of the two-leaf wall construction 
 
The typology of the Basilica is classified as Type V based on its complex geometry. A wide 
range of modelling strategies are available for this type of building, as indicated in Table 6 in 
Chapter 4. The objectives and challenges of modelling the Basilica are listed below: 

 Seismic assessment for the whole building, including local failure. 

 Collapse mechanism identification. 

 Complex geometry representation, including three-dimensional vault arches for 
supporting the dome. 

 Multi-layer URM construction modelling. 

 Mechanical interactions between components (i.e., rocking and sliding) modelling. 
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6.4  Modelling Methodology 
A number of options are available for modelling church type building as suggested by the 
proposed numerical modelling framework in Chapter 4, Table 6. Judgement based on 
experience and cost-effectiveness is required to determine which approach should be 
adopted. Although the finite element macro-modelling approach is also practical, the 
combined finite-discrete element approach was chosen for modelling the global behaviour 
and collapse mechanism of this complex structure on a whole building scale. For the case 
study, a solid element was chosen to ensure a good representation of the building’s 
complex geometry in three-dimensions that allows modelling of the actual mechanical 
interactions between components. Nonlinear pushover analysis was adopted to model the 
global and local collapse mechanisms for the whole structure. The identified local failure 
modes were verified by using the macroblock approach and the results are presented in 
Chapter 6.10. The procedure of identify the modelling strategy from the proposed numerical 
modelling framework is illustrated in Figure 24. 
 

 
Figure 24: The procedure of identify the modelling strategy for the case-study church. 

 
The methodology adopted in the analysis was to individually model the structural 
components (i.e., columns, spandrels, walls) using macro models and to apply a contact 
surface between components such as joint interfaces, weak planes, and supports. The 
smeared crack material model was used to simulate cracks and damage in the structural 
components. Contact surfaces were used to model element separation and mechanical 
interaction between the components such as rocking and sliding which allow the modelling 
of building local collapse. This approach provided a powerful and cost-effective solution. The 
mortar has similar compressive and tensile strengths to the masonry units and thus an 
isotropic material was considered to further simplify the modelling procedure. A well-
established smeared crack model, the Winfrith Concrete Model (Schwer 2011), was used to 
model the stone and concrete layers. Stable and reliable contact algorithms (i.e., tiebreak, 
surface-to-surface) were used to model friction, cohesion, and energy dissipation in joint 
interfaces. 

Type V 
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6.5  Geometry Modelling 
To obtain an accurate geometry is the first and important step for a detailed finite-discrete 
modelling. A three-dimensional CAD model was generated based on the point cloud 
obtained from the site survey data collected from a laser scan. The geometry was then 
simplified and optimised by removing all unnecessary features. For the internal details 
which cannot be observed from the exterior, for example, the construction and thickness of 
multi-leaf walls, the modelling is based on the existing drawings and the information from 
the extracted core samples of the building. The detailed FE meshing was carried out based 
on the simplified geometry. It took the author four weeks to complete the entire process, 
from converting the point cloud to a meshed analytical model. The detailed step-by-step 
procedure of modelling the complex geometry is presented below and in Figure 25: 

 

 
 

Figure 25: Procedures for Modelling the Complex Geometry of the Basilica 
 

 A 3-dimensional laser scan was carried out from inside and outside the building to 
obtain a point cloud survey for every details of the structure including the timber 
truss in roof space. For the external façade of dome and bell tower which is difficult 
to be accessed in height, a drone was employed to scan the exterior of the building. 
The precision of measurement was specified within +/- 2mm. 



49 
 

 The obtained point cloud is a collection of all data from different scans, therefore the 
raw data shall be filtered to eliminate all the overlapped or closely spaced points. It 
can be done in MATLAB code and a minimum distance between points can also be 
redefined (i.e., 10mm) to reduce the size of the file. Then, the point cloud was 
imported into a post-processor to generate a 2-dimensional surfaces.  

 The 2-dimensional surfaces were too rough which are not ready to be used for 
meshing. It required a further touch up to take off all the unnecessary details and 
then a 3-dimensional volume geometry was rebuild using a CAD programme. 

 After the simplified geometry is done, it was imported into an element–mesher for a 
detailed solid discrete meshing.  

6.6  Modelling Summary 

 

Figure 26: 3D view of The Basilica of the Sacred Heart analytical model 

An explicit FE code package, LS-DYNA, was used for the numerical modelling. The major 

geometry was modelled with eight-node brick elements (refer to Figure 26). The contact 

surfaces were modelled with a coefficient of friction of 0.75 (i.e., rock to rock) and an 

intentionally conservative zero tensile strength was assigned to the nonhomogeneous 

connections to model the separation of joints and capture the friction, rocking, and energy 

dissipation in the interface. The mesh was more refined in areas with contacts or a higher 

stress gradient to provide better and more stable contacts. A coarser mesh was used in 
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other areas to reduce the total number of elements. For the less complex roof and slabs 

inside the sanctuary and bell towers, integrated beams and layered shell elements were 

used. The analytical elements are summarised in Table 9 and the details of the analytical 

model are shown in Figure 27 and Appendix A. 

 
 
 

 
Figure 27: Modelling details of Portico (top) and Arches (bottom) 
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Table 9 : Summary of Analytical Elements  
 

Element Element Type Material Linear or Non-Linear 

Columns Solid Stone Non-Linear 8-node Brick 

Spandrel Beams Solid Stone & Concrete Non-Linear 8-node Brick 

Walls Solid Stone, Bricks & 
Concrete 

Non-Linear 8-node Brick 

Existing Slabs Shell Concrete + 
Reinforcement 

Non-Linear Integrated 
Shell 

Roof Members Frame Timber Linear Integrated Beam 

 
No soil datum or Winkler springs were modelled and therefore soil-structure interaction (SSI) was 

not considered in the analysis. The structure was sitting on a rigid foundation with a contact surface 

defined on the supporting interface (refer to Figure 28). A high coefficient of friction was assigned to 

the contact surface to prevent sliding at the base. However, no cohesion or tiebreak was defined 

and therefore rocking at the foundation was allowed and captured in the analysis. 

For a rigid and massive structure such as Basilica, the SSI and soil damping help to reduce the seismic 

response in earthquakes. Although the flexibility of foundation soil may increase the base rotation of 

the structure under seismic loads, it has relatively minor impact to overall building performance. 

Therefore, for simplicity, a rigid surface is adopted in the pushover analysis. 

 

Figure 28: Boundary Condition at the foundation 
 

6.7  Nonlinear Material Models 
Three concrete samples and three stone samples were recovered for testing and model calibration. 

The values adopted in the modelling were slightly conservative which is appropriate with the 

consideration of uncertainties. 

Rigid 

foundation 
Contact Surface  
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The strength of bricks was based on the average value of test results that adopted as an expected 

strength in the analysis. The properties of brick masonry wall, timber and steel strips were calculated 

according to NZSEE 2017. The basic input values of the materials are shown in Table 10 below. 

Table 10 : Summary of Material Input  

Material 
Density  

Young 
Modulus 

Poisson's 
Ratio 

Compressive 
Strength (fc) 

Tensile Strength 
(ft) 

(kg/m3) (GPa) (MPa) (MPa) 

Concrete 2025 17.1 0.2 9.42 1 

Stone 2025 5.0 0.2 8.75 0.8 

Brick Masonry 2023 3.7 0.4 12.4 0 

Timber 700 11.0 0.3 - - 

 

Three different types of material constitutive models were adopted in the analysis. For geo-materials 

such as stone and unreinforced concrete, *MAT_WINFRITH_CONCRETE was adopted in the analysis. 

*MAT_CONCRETE_EC2 was used to model the concrete slab with steel strips as a reinforcement. 

Geo-material model (for solid element) 

The *MAT_WINFRITH_CONCRETE was chosen for the geo-material model (i.e. stone and concrete). 

The Winfrith concrete model was developed in 1980s and implemented into LS-DYNA in 1991. The 

development of this constitutive model is ongoing and the latest version of this model was adopted 

in the analysis. 

The plasticity portion of the Winfrith concrete model is based upon the shear failure surface 

proposed by Ottosen (1977). It is a smeared crack model allowing for up to three orthogonal crack 

planes per element and the cracks can be reviewed in the post-processor. The strain rate option is 

available but it was disabled in the analysis. Instead of using the default setting for material 

softening. User defined compression and tension softening curves were assigned to model the post-

yielding behaviour of unreinforced concrete and stone. The stress-strain curve and hysteresis 

behaviour are shown in Figure 29 and Figure 30. The inputs were calibrated by the material testing 

results such as the tensile spitting test and compression test with stress-strain curve. 
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Figure 29 : Winfrith model for Concrete  
(Red: Stress-Strain Curve, Green: hysteresis behaviour)  

 

Figure 30 : Winfrith model for Stone  
(Red: Stress-Strain Curve, Green: hysteresis behaviour) 
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Concrete model (for shell element) 

The *MAT_CONCRETE_EC2 was chosen to model the concrete slab. The Mander equation was used 

for modelling the concrete compressive crushing behaviour for confined and unconfined concrete 

(Figure 31). The concrete is assumed to crack in tension when the maximum in-plane principal stress 

(bending + membrane stress at an integration point) reaches Ft. Cracks can open and close 

repeatedly under hysteretic loading (Figure 32). When a crack is closed it can carry compression 

according to the normal compressive stress-strain relationships. The direction of the crack relative to 

the element coordinate system is stored when the crack first forms. The material can carry 

compression parallel to the crack even when the crack is open. A second crack may form 

perpendicular to the initial crack. The stiffness degradation was captured by using a parameter 

UNLFAC (default = 0.5). This concrete model has been well tested and documented in the LS-DYNA 

manual (LSTC 2014). 

 

Figure 31 : *MAT_CONCRETE_EC2 Mander Concrete Curves 
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Figure 32 : *MAT_CONCRETE_EC2 Concrete Hysteretic Model 
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6.8  Nonlinear Pushover Analysis 
The lateral load was simulated by applying a horizontal acceleration to the structure using 
nonlinear pushover analysis such that the load distribution was proportional to the mass. 
Acceleration was slowly increased using a ramp function to achieve a quasi-static condition 
to avoid premature failure and local instability. The pushover curve showed that the existing 
Basilica is a brittle structure with little or no ductility. Two different assessment 
approaches—displacement-based and force-based—were adopted to determine the 
capacity of the Basilica. For the purpose of conciseness, only the capacity curve of the nave 
walls is shown in Figure 33, refer to Appendix C for multiple capacity curves being used to 
assess other parts such as bell towers, dome, transepts, etc. 
 

 
 

Figure 33: Capacity curve X-direction (Nave walls only)  
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For displacement-based assessment, the capacity-spectrum method of equivalent linearization is 

adopted (FEMA 440). The response spectrum was converted into an acceleration-displacement 

response spectrum (ADRS). This enables the capacity curve to be plotted on the same axes as the 

seismic demand. The intersecting point between the capacity curve and ADRS indicated the 

maximum inelastic displacement demand for the structure. The standard 5% viscous damping was 

adopted as the equivalent damping of the URM system is unclear. Therefore, the solution is non-

iterative which may give a conservative results. The performance point of the nave walls in the 

capacity curve is identified in Figure 34 and the performance point for other parts of building are 

presented in Appendix D. 

The performance points obtained in the major structures, such as the portico, transept, dome and 

sanctuary, are below the points where local instability was triggered. Furthermore, the displacement 

demand for these macro-elements were less than 10mm which were within or very close to the 

elastic range. It indicates the major structures are stable under the seismic loads. 

In the upper portion of the bell tower, the performance point was close to the instability and a 

relatively large amount of inelastic displacement (approx. 40mm) was observed. As the ADRS was 

measured at the ground level, the local response of the upper bell tower shall be amplified along the 

height of the tower which is likely to be over 100mm. It is uncertain the structure can achieve the 

required inelastic demand as the upper portion of the bell tower is brittle and flexible. 

 

 

Figure 34: Performance point for Building in X-Direction (Nave walls only) 
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For force-based assessment, the non-ductile structure is force controlled and the risk of collapse 

shall be minimized. 0.57g was adopted as the seismic demand for the whole building, the details 

shall be referred to Appendix B. 

The base shear capacity was based on the failure mechanism in which the value at local instability 

was considered if the capacity was governed by local collapse. Otherwise, the peak value was 

adopted. The capacity at the ultimate limit state was calculated according to the following equation: 

                        
                    

   
      

The ULS capacities of the building and major components are summarized in Table 11. The force-

based assessment also indicated the bell tower is the weakest part of the building which is in line 

with the displacement base assessment. The verification of global base shear capacity by shear area 

is provided in Appendix E. 

Table 11: Building ULS base shear capacity 

Component 
Governing 

Case 

IL3 

ULS Base Shear 
Capacity (g) 

X-
direction 

Y-
direction 

Core structures Peak 0.39 - 

Core Structures – Portico & Bell towers Instability - 0.32 

Core Structures – Transept, Dome & Sanctuary Peak - 0.4 

Dome Walls only Peak 0.38 - 

Upper Bell Towers Instability 0.21 0.18 

 

6.9 Local Failure Identification 
The structural weaknesses of the system were identified by observing localized damage, 
stability, and failure modes through pushover analysis. Local failure and risks were identified 
in the model, such as instability of the stone columns under lateral loads and gable walls 
failed out-of-plane, which have a potential risk of collapse. These local failure modes were 
further verified by the application of the macro-element approach using limit analysis. 
Figure 35 shows the local failure modes of the bell tower. The other local failure modes of 
the building are shown in Appendix F. 
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Figure 35: Local Failure and Instability of the Bell Tower 
 

6.10  Verification using Macro-element approach 
When subjected to seismic loads, URM buildings are usually affected by local collapse 

mechanism especially with the poor connections between the walls and diaphragms which 

cannot efficiently restraint the out-of-plane actions of the building components (i.e., macro-

elements). This mechanism may not be fully captured by the global modelling and shall be 

verified by the macro-element approach which was discussed in Chapter 2. 

 

The macro-element approach based on the assumption that buildings are composed of 

single or multiple structural components which can be failed independently. For churches, 

this recurrent behaviour can be observed from similar damage patterns in other churches 

with similar construction such that the macro-element can be identified. According to 

definition of collapse mechanism for ancient churches (Lagomarsino and Podestà 2004), the 

major potential macro-elements of the case-study church can be identified as dome, 

triumphal arch, bell tower, nave and transept. The Macro-elements composition of The 

Basilica of the Sacred Heart is shown in Figure 36. 

 

The instability of macro-element that cause the potential local collapse mechanism can be 

evaluated by using limit kinematic analysis. The abacus of the collapse mechanism for case-

study churches can be found in Lagomarsino and Podestà (2004) and the possible kinematic 

mechanism were discussed in below. 
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Figure 36. Macro-elements composition of The Basilica of the Sacred Heart. 

 
 

Dome and Triumphal arches:  

The possible collapse mechanism are shown below. 

 Collapse of the triumphal arches due to the developing of plastic hinges. (Figure 37) 

 Collapse of the triumphal arches due to the creation of a fracture between the 
internal part (sustaining the tambour) and the external part (sustain the 
nave/transept roof). (Figure 38) 

 Developing of cracks in the dome and in the tambour. (Figure 38) 

 
 

Figure 37: Two hinges collapse 
mechanism of the triumphal arches. 

(Lagomarsino and Podestà 2004) 

Figure 38: Developing of cracks in the dome 

and in the tambour. 

(Lagomarsino and Podestà 2004) 

 

Dome 

Triumphal 

arches 

Bell Tower 

Nave Transept 

Apse 
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Nave: 
Due to the elevated wall slenderness, the lack of any lateral restrains along the entire height 
and the poor connections to the roof structure, the possible collapse mechanism are shown 
below. 

 Out of plane of upper panel wall. (Figure 39) 

 Out of plane of the entire panel wall. (Figure 40) 

  

Figure 39: Out of plane of upper 
panel wall. 
(Lagomarsino and Podestà 2004) 

Figure 40: Out of plane of the entire 
panel wall. (Lagomarsino and 
Podestà 2004) 

  

Transept: 

Due to the elevated wall slenderness, the lack of any lateral restrains along the entire height 
and the poor connections to the roof structure, the possible collapse mechanism are shown 
below. 

 Out of plane of upper panel wall. (Figure 41) 
 Out of plane of the entire panel wall. (Figure 42) 

 Out of Plane of the gable wall. (Figure 43) 
 

   

Figure 41: Out of plane of 
upper panel wall. 

(Lagomarsino and Podestà 
2004) 

 
Figure 42: Out of plane of 
the entire panel wall. 
(Lagomarsino and Podestà 
2004) 

 

Figure 43. Out of Plane of 

the gable wall. (Lagomarsino 

and Podestà 2004) 

Bell Towers: 

Due to the elevated wall slenderness, the lack of any lateral restraints along the entire 
height and the poor connections to the roof structure, the possible collapse mechanism are 
shown below. 
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 Shear Failure of the bell cell. (Figure 44) 

 Out of plane of the tower considering two possible lines of fracture. (Figure 45 and 
Figure 46) 

 

 
 

  

Figure 44: Shear Failure of 
the bell cell. (Lagomarsino 

and Podestà 2004) 

Figure 45: Out of plane of 

the upper portion of the bell 

tower. (Lagomarsino and 

Podestà 2004) 

Figure 46: Out of plane of 

the upper corner of the bell 

tower. (Lagomarsino and 

Podestà 2004) 

Apse: 

The possible collapse mechanism are shown below. 

 Out of plane failure of entire wall or the wall segments. (Figure 47) 

 

Figure 47: Out of plane failure of apse. (Lagomarsino and Podestà 2004) 

 

Table 12: Macro-elements for the case-study church 

Macro-elements Mark Kinematic mechanism 

Nave 
NOOP1 Out of plane failure of entire wall 

NOOP2 Out of plane failure of upper panel wall 

Transept 

TOOP1 Out of plane failure of entire wall 

TOOP2 Out of plane failure of upper panel wall 

TOOP3 Out of plane failure of gable wall 

Bell Tower BOOP1 Out of plane of the upper portion of the bell tower 
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The potential collapse of macro-element is defined by the activation threshold, α0 , which is 

a multiplier of inertia force that transform the macro-elements into an unstable mechanism 

(α0=a/g, where a is the ground acceleration and g the gravity acceleration). The dome, 

arches and apse are supported by columns which cannot fit to the kinematic equations that 

developed for typical macro-element of churches. Therefore, for simplicity, in this case-

study, only the nave, transept and bell tower were considered in the analysis. The element 

mark, kinematic mechanism are summarised in Table 12. The results of and activation 

threshold is presented in Figure 48. 

 

Figure 48: Seismic vulnerability of macro-elements for the case-study church. 

 

6.11  Conclusions 
In this case-study, a detailed finite-discrete element model with nonlinear pushover analysis 

was adopted to evaluate the performance of Sacred Heart Basilica, subsequently a macro-

element approach was used to verify the local collapse mechanism of macro-elements as 

recommended by the proposed simplified numerical framework in Chapter 4. 

The finite-discrete element modelling was able to model the damage and collapse 

mechanism of the Basilica through the increasing lateral inertia force in push-over analysis. 

The base shear capacity at the ultimate limit state for the global structures was calculated in 

between 0.32g to 0.4g which is lower than the seismic elastic demand, 0.57g, as required in 

New Zealand code. The upper portion of the bell tower was relatively weak in which the 

base shear capacity can only achieved 0.18g. The results agreed with the verification using 

macro-element approach which shows the bell tower achieved the activation threshold at 

0.17g.  
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The macro-element approach shows the out-of-plane failure of transept achieved a very low 

activation threshold which is below 0.1g. This local failure mechanism wasn't captured in 

the nonlinear finite-discrete model. One of the reasons is the assumption of the kinematic 

mechanism of transept wall overturning is conservative which assume no connection 

between the in-plane and out-of-plane walls. In contrast, a full connection was modelled in 

the nonlinear global model.  The macro-element verification suggested that a review of the 

existing connection in transept is necessary in order to guarantee the building can achieve 

the performance predicted by the global model. If the poor connection is found in further 

investigation, the global model can be updated by assigning a contact surface in between 

the wall connections, such that a more realistic performance and complex behaviour can be 

modelled. However, without go through the iterative procedure, the macro-element 

verification and finite-discrete modelling can be considered as a lower-bound and upper-

bound results in this assessment. 
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CHAPTER 7:  CONCLUSIONS 
 

A literature review of the numerical modelling approaches for complex URM buildings was 
undertaken. A summary is provided of the practical methods developed in academia and 
applied in the structural engineering industry. 
 
A modelling-driven classification of URM buildings was developed with the focus on New 
Zealand URM buildings stock. Six building types were defined based on the typical damage 
mechanism and seismic response of URM buildings, in a range from simple and small 
buildings to large scale multi-storey buildings including special structures with complex 
geometry. This proposed taxonomy is easy to match with the suitable modelling strategies, 
in which the advantages and limitations were discussed in the literature review.  
 
The proposed systematic modelling framework breaks down the modelling strategies into 
fundamental components, including modelling approach and analysis methods, and is then 
presented in a simple matrix format that contains the recommended modelling options 
corresponding to the building types. This framework allows practitioners to quickly identify 
appropriate modelling strategies and hence the best practice can be determined for various 
purposes of URM modelling.  
 
A case study of the Basilica of the Sacred Heart in Timaru, New Zealand was chosen to 
demonstrate the application of the proposed systematic numerical modelling framework for 
complex URM buildings. The study show that the proposed framework is a user-friendly 
guideline that allows practitioners to explore a range of approaches for modelling a URM 
church building with complex geometry. An overview of the application, including the 
modelling methodology, geometry modelling, summary of the analytical model and analysis 
results, are provided as an example to illustrate the finite-discrete element modelling 
procedures involved in assessment. The macro-block approach adopted in the local damage 
assessment demonstrated the good practice and importance for the verification of complex 
URM building modelling. The information in this case study serves as a reference for 
practitioners to evaluate the most cost-effective modelling approaches for similar URM 
buildings. 
 
The proposed framework represents the best practices available in the engineering industry. 
This system can be further developed when applied in other projects with different 
typologies. The future development of this framework will provide additional information 
and guidance to quantify the associated time and cost for projects at the preliminary stage. 
 

7.1  Recommendation of future research 
Proposed future works include a comparison of modelling approaches and a guidance of 

element selection, modelling method and analysis strategy that shall be provided to 

demonstrate the benefits and efficiency of various modelling options. Furthermore, a 

verification procedure shall be set up for nonlinear pushover analysis and time-history 

analysis as a standard for validation and quality control. 
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1. Detailed Unreinforced Masonry Numerical Modelling and Analysis Guideline 

The objective of this topic is to develop the methodology of the detailed numerical 

modelling and analysis workflow for URM structure. Each of the key components shall be 

discussed separately and the detailed application shall be demonstrated in step-by-step 

through less complicated examples. 

The content includes the development of analysis methodology, comparison of modelling 

approaches (i.e. simplified vs detailed, shell vs solid, finite element vs discrete element, etc) 

, application of macro- and micro modelling, modelling of complex geometry, performance-

based seismic assessment by using nonlinear pushover and time-history analysis, and 

analysis of the collapse mechanism of URM buildings. 

A guidance of element selection, modelling method and analysis strategy shall be provided 

to demonstrate the benefit and efficiency of various modelling options through a sensitivity 

analysis. 

The research in this topic shall provide sufficient information and references for the 

engineers to carry out a detailed nonlinear seismic analysis of URM buildings for different 

purpose. 

2. Model Verification and Validation 

The discrete element approach shall be validated by using a full scale test of URM wall with 

different settings (Qiu et al. 2016). This verification will produce a set of reliable input 

parameters to accurately model the URM components. The proposal is to setup a standard 

database for micro-modelling without further reliance on a full scale physical test. With a 

higher confidence on URM simulation, the element modelled by macro-modelling (i.e. lower 

complexity and less computational cost) can be calibrated by benchmarking the micro-

modelling with a relatively simple inputs from material test data(i.e. Unconfined 

compression test, tensile splitting test, bed-joint bonding, etc.) or code-specified value.  

Furthermore, a verification procedure will be set up for nonlinear pushover analysis and 

time-history analysis as a standard for validation and quality control. The logic of the full 

verification procedure is illustrated in Figure 49. 
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Figure 49: The proposed verification and validation procedure. 

 

3. From Theory to Practical Application 

The application of the proposed methodology, modelling techniques, analysis strategies and 

verification procedure will be demonstrated through a number of case studies of a complex 

URM building. 

The best approach with the most cost-effective solution to suit the assessment objectives 

will be recommended and the detail of each step will be documented.  It is a final feature to 

summarize the research results as a comprehensive example to present a practical solution 

for the actual design environment.  
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Appendix A 
The model of different parts of basilica are shown in Figure 50 to Figure 56 below. A 

sectional view is used to show the details in the cross section and contact interface. 

 

 

Figure 50: Modelling details of Portico 
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Figure 51: Modelling details of Nave 
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Figure 52: Modelling details of Bell Tower 
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Figure 53: Modelling details of Transept 
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Figure 54: Modelling details of Arch 
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Figure 55: Modelling details of Roof 
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Figure 56: Modelling details of Sanctuary 
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Appendix B 
Given that the structural system has no ductility, the seismic resisting system will remain 

elastic under earthquake. Therefore, a stiffness reduction factor wasn’t applied on the 

Young’s Modulus of stone, concrete and brick masonry for estimating the dynamic 

properties using Eigen vector analysis. The dynamic properties for the major modes are 

shown in Table 13. The mode shapes for the specific component are shown in Figure 57 to 

Figure 60. 

Table 13: Dynamic properties for the major modes 

Component Mode 
Dynamic Properties 

Period (s) Mass% (X) Mass% (Y) 

Upper Bell Tower Translational X 0.24 4.14% 0.00% 

Upper Bell Tower Translational Y 0.23 0.00% 4.20% 

Transept Translational Y - Out of plane 0.15 0.00% 14.52% 

Nave Translational Y - Out of plane 0.13 0.00% 16.03% 

Global Translational X 0.13 42.29% 0.02% 

Dome & Transept Translational Y 0.12 0.04% 10.93% 

Bell Tower & Portico Translational Y 0.11 0.00% 8.95% 

Dome Translational X 0.11 5.30% 0.00% 

Dome & Transept 2nd Translational Y 0.08 0.01% 5.04% 

Sanctuary Translational Y 0.07 0.01% 1.93% 

Transept Translational X 0.06 6.66% 0.01% 

 

 

 

 
 

Figure 57: Mode shape of upper bell tower 
 

 

*Mode Shape is amplified 

Translational X Translational Y 



83 
 

 

 

Figure 58: Mode shape of Transept (left), Nave (right).  
 

 

 

Figure 59: Mode shape of the Global structure (left), Nave (right).  
 

 
 

Figure 60: Mode shape of the Bell tower & Portico (left), Sanctuary (right) 
 

  

Translational Y - Out of plane Translational X 

Translational X Translational Y 

Translational Y Translational Y 



84 
 

The response spectrum for Timaru city is plotted in Figure 61 as per NZS 1170.5 2004. The 

elastic demand for the Basilica and its components are within the peak response of the 

spectra. Considering the Basilica is an IL3 building, the code required base shear or storey 

shear demand is 0.57g for soil class C. 

Response Spectrum parameters: 

Z = 0.15, N(T,D) = 1, Sp = 1 and ku = 1, Soil Class C 

IL3 building: return period 1/1000, Ru = 1.3  

 

Figure 61: Response Spectrum for Timaru Basilica (5% damping) 
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Appendix C 

 

 

 

 

 

Figure 62: Capacity Curve X-direction (Global - Nave) 
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Figure 63: Capacity Curve X-direction (Upper Bell Tower)  
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Figure 64: Capacity Curve X-direction (Dome)  
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Figure 65: Capacity Curve Y-direction (Portico & Bell towers) 
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Figure 66: Capacity Curve Y-direction (Dome & Transept)  
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Figure 67: Capacity Curve Y-direction (Dome & Transept)  
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Appendix D 

 

Figure 68: Performance point for Building in X-Direction 

 

Figure 69: Performance point for Dome in X-Direction 

0 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

0.8 

0.9 

0 20 40 60 80 100 120 

B
as

e 
Sh

ea
r/

W
ei

gh
t 

(g
) 

Top Displacement (mm) 

Capacity Curve - X Direction 

0 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

0.8 

0.9 

0 10 20 30 40 50 

B
as

e 
Sh

ea
r/

W
ei

gh
t 

(g
) 

Top Displacement (mm) 

Capacity Curve - X Direction 

Performance point 

6 mm 

Performance point 

5 mm 

Class D soil 

Class C soil 

Class C soil 

Class D soil 



92 
 

 

 

Figure 70: Performance point for Portico & Bell tower in Y-Direction 

 

Figure 71: Performance point for Transept, Dome and Sanctuary in Y-Direction 
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Figure 72: Performance point for Upper Bell Tower in X-Direction 
 

 

Figure 73: Performance point for Upper Bell Tower in Y-Direction 
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Appendix E 
 

Verification of Base Shear Capacity 

The shear area of the lateral load resisting system (walls) is calculated by considering the 

effect on components in orthogonal directions. The effective shear area for X and Y 

direction are shown in Figure 74 and the values are: 

 Shear Area (X-direction) = 121m2 

 Shear Area (Y-direction) = 98.1m2 

As discussed in Chapter 6, the Base Shear demand = 5.79x107x0.57/1000 = 33003 kN. 

The shear stress in the walls are: 

 Shear stress (X-direction) = 0.27 MPa 

 Shear stress (Y-direction) = 0.34 MPa 

For simplification, using equation (eq. 11-12) in NZS3101-2600 to calculate the shear 

strength of the wall by assuming the whole section is concrete, such that: 

 h                             

The IL3 ULS shear stress capacity (X-direction) = 0.17x     x0.75/1.5 = 0.26 MPa = 0.44g 

The results are at a similar order to the results in Table 11. Note that it is a simple check for 

verification only. 

 
 

Figure 74: Effective Shear Area in X & Y directions 
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Appendix F 
 

The observed local failure in the nonlinear pushover analysis are summarised below: 

Portico (refer to Figure 75) 

 Stone columns were unstable under lateral loads and have a potential risk of falling 

over. 

 Concrete slab diaphragms tore off under large deformations and lost their ability to 

hold different components together. 

 The URM piers were flexible and completely separated under tension force. The 

support to the first floor was lost and the gravity load path was not guaranteed. 

  

 
 

Figure 75: Local failure and instability for Portico 
 

Bell Tower (refer to Figure 76) 

 Stone columns in the upper bell tower were unstable under lateral loads and have a 

potential risk of falling over. 

 The masonry piers behind the stone column were fragile and easily broken up. 
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 Concrete slab diaphragms tore off under large deformation and lost their function to 

tie the bell tower to the shear wall. 

 The connection between the bell tower and the diaphragm in the portico failed out-

of-plane under lateral load. 

 Rocking at the foundation can be easily observed. The towers were unstable and 

they have a high risk of overturning under lateral load. 

 

 
 

Figure 76: Local failure and instability for Bell Tower 

 

Dome (refer to Figure 77) 

 The masonry piers failed under tension. 

 The stone columns supporting the arch were unstable under lateral load. 
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Transept (refer to Figure 77) 

 The gable wall tore off out-of-plane under lateral load and has a high risk of falling 

over. 

Sanctuary (refer to Figure 77) 

 The stone columns supporting the arch were unstable under lateral load.  

  

 
 

Figure 77: Local failure and instability for Dome, Transept and Sanctuary 
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