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Abstract
Soil-structure interaction (SSI) has been widely studied during the last decades. The
influence of the properties of the ground motion, the structure and the soil have been
addressed. However, most of the studies in this field consider a stand-alone structure. This
assumption is rarely justifiable in dense urban areas where structures are built close to one
another. The dynamic interaction between adjacent structures has been studied since the
early 1970s, mainly using numerical and analytical models. Even though the early works in
this field have significantly contributed to understanding this problem, they commonly
consider important simplifications such as assuming a linear behaviour of the structure and
the soil. Some experimental works addressing adjacent structures have recently been
conducted using geotechnical centrifuges and 1g shake tables. However, further research is
needed to enhance the understanding of this complex phenomenon.
A particular case of SSI is that of structures founded in fine loose saturated sandy soil. An
iconic example was the devastating effects of liquefaction in Christchurch, New Zealand,
during the Canterbury earthquake in 2011. In the case of adjacent structures on liquefiable
soil, the experimental evidence is even scarcer.
The present work addresses the dynamic interaction between adjacent structures by
performing multiple experimental studies. The work starts with two-adjacent structures on
a small soil container to expose the basics of the problem. Later, results from tests
considering a more significant number of structures on a big laminar box filled with sand
are presented. Finally, the response of adjacent structures on saturated sandy soil is
addressed using a geotechnical centrifuge and a large 1g shake table.
This research shows that the acceleration, lateral displacement, foundation rocking,
damping ratio, and fundamental frequency of the structure of focus are considerably
affected by the presence of neighbouring buildings. In general, adjacent buildings reduced
the dynamic response of the structure of focus on dry sand. However, the acceleration was
amplified when the structures had a similar fundamental frequency. In the case of
structures on saturated sand, the presence of adjacent structures reduced the liquefaction
potential. Neighbouring structures on saturated sand also presented larger rotation of the
footing and lateral displacement of the top mass than that of the stand-alone case.
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Chapter 1
Introduction
1.1

Motivation and scope

During the last decades, the population in urban areas has grown dramatically. This has
increased the demand for new residential and commercial developments. Due to the lack of
space, buildings have been built close with small or no separation. Researchers have
studied the dynamic response of closely adjacent structures since the earlies 1970s. Luco
and Contesse (1973) named this interaction Structure-Soil-Structure Interaction (SSSI or
3SI). One of the first in-situ observations of the dynamic interaction between two adjacent
buildings was documented almost two decades after by Celebi (1993a, 1993b).
Considerable damage and even collapse of closely adjacent buildings due to strong
earthquakes, such as those presented in Figure 1.1, have also been reported. Even though
the magnitude of the interaction cannot be quantified from the observed damage, the way
buildings tilt apart could be considered evidence of this complex cross-interaction.

(a)

(b)

Figure 1.1. Damage on adjacent structures after an earthquake. (a) 2015 Gorkha, Nepal earthquake
(Durgesh et al., 2016) and (b) 1999 Kocaeli, Turkey earthquake (Bray et al., 2000)
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Most of the available studies addressing 3SI have used either analytical or numerical
methods. Multiple numerical models to study adjacent structures on soil have been
proposed. Those models range from macro-elements such as the one presented by
Alexander et al. (2013) and Aldaikh et al. (2015) to coupled finite-elements (FE) and
boundary-elements (BE) models like the one presented by Padron et al. (2009).
The lack of experimental works on 3SI was highlighted early this decade in an extensive
literature review presented by Lou et al. (2011). However, during the last years, some
experimental studies have been conducted. Aldaikh et al. (2016) studied the dynamic
response of two and three-adjacent models. They presented amplification curves for the
acceleration of the models compared to that of the stand-alone case as a function of the
fundamental frequency of the structures involved. However, the authors used a foam block
to represent the soil, and the models were attached to it. Hence, the non-linear response of
the soil and the uplift of the structures were not considered. To obtain a more realistic
representation of the soil, Knappett et al. (2015) used a geotechnical centrifuge to study
two adjacent models. The results showed both amplification and reduction of the lateral
displacement of the models compared to the stand-alone case. In his work, Knappett also
highlighted the need for further research.
In the case of adjacent structures on saturated soil, the experimental evidence is even
scarcer. The dynamic response of structures on saturated soil has been addressed, mainly
focusing on the settlement of the foundations. Dashti et al. (2009) exposed the importance
of the shear deformation of the soil induced by the vibration of the building on the
settlement. Bertalot et al. (2013) studied the influence of the bearing pressure on the
liquefaction-induced settlement based on in-situ observations. They proposed a maximum
potential settlement for buildings based on the building width and the bearing pressure.
Mehrzad et al. (2016) also studied the influence of the bearing pressure on the settlement
showing a poor agreement with a numerical model, especially for light structures. However,
all the works listed above consider a single structure. The works presented by Hayden et al.
(2015) and Jafarian et al. (2017) are amongst the few experimental works addressing
adjacent structures on saturated soil. Hayden observed lower acceleration and settlement
on adjacent structures compared to that of the same structure on a stand-alone condition.
Jafarian observed different stages of settlement (during and after the ground motion) that
are affected by the presence of a structure.

2

Introduction
The present research aims to enhance the understanding of the response of adjacent
structures on both dry and saturated sand, focusing on the holistic response of the
structure-soil-structure system. This was achieved by performing multiple experimental
works. These works address the influence of the number and the fundamental frequency of
the structures as well as the distance between them on their dynamic response.
The response of two-adjacent structures on a small laminar box filled with dry sand is
studied early in this thesis (Chapter 3). The response of adjacent structures at different
distances using a large laminar box, applying impact loads, is discussed in Chapter 4.
Results from similar configurations of structures but using recorded ground motions are
presented in Chapter 5. The second part of this thesis starts studying rigid footings on
liquefiable soil at different distances using a geotechnical centrifuge. Results are discussed
in Chapter 6. Rigid footings were also studied on a large laminar box filled with saturated
sand (Chapter 7). Multiple configurations of adjacent structures on saturated sand were
also studied using a large laminar box (Chapter 8). The latest part of this doctoral research
(Chapter 9) summarises the conclusions and presents a set of recommendations for future
studies. Results and recommendations presented in this thesis are expected to contribute to
the future development of more holistic design procedures.

1.2

Methodology

The tests conducted during this doctoral research considered rigid footings and single
degree-of-freedom (SDOF) structure. The SDOF structures were constructed using a single
steel column attached to a square footing and a mass lumped at the top of the column.
These structures did not intend to represent any particular prototype but to have a fixedbase fundamental frequency in the range encompassed by common buildings.
The footings of the structures used in the tests presented in Chapter 3 were made of a 0.25
x 0.25 m acrylic plate, 0.01 m thick. Sandpaper was glued to the base of the structures to
provide friction between the footings and the sand. The friction coefficient measured
between the sand and the sandpaper at the base of the footing was 0.5. This is consistent
with typical values measured between cast-in-place concrete footings and sandy soils (e.g.,
Potyondy, 1961 and Department of the Navy, 1982). No lateral footing displacement was
observed during the tests. Hence, the influence of the friction coefficient was not
anticipated.
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This first set of tests (Chapter 3) was intended to study the effects of the fundamental
frequency and the slenderness (𝜆) of the structures on their dynamic response. Values of 𝜆
equal to 1.5 and 2 were considered by varying the height of the structures.
For the tests using a large laminar box (Chapters 4 and 8), the structures were modified to
maintain a suitable distance between the edge of the laminar box and the edge of the
footing of the structures while minimising boundary effects. Footings were replaced by a
0.2 m x 0.2 m steel plate 0.025 m height. This allowed studying configurations considering
a more significant number of structures. The additional mass provided by the new footings
was also intended to enhance the stability of the structures.
In the case of tests considering only footings, i.e., no superstructure, steel plates with
different dimensions were used for the centrifuge (Chapters 6) and the large laminar box
(Chapter 7) tests. The material and dimensions of the footings were selected to assure a
rigid response of the footing while minimising the boundary effects. Further details of the
models used in each test are presented in the corresponding chapters.
Impulse loads, harmonic loads and recorded ground motions were used in the tests
presented in this Thesis. Impulse loads were used as the first approach to 3SI due to the
simpler response (steady-state) obtained compared to that of using ground motions
(transient). The ground motions utilised were either synthetic records compatible with the
New Zealand design spectra or recorded ground motions from the Canterbury earthquake
sequence (2010-2011).
The acceleration and lateral displacement of the structures were measured using
accelerometers and laser displacement transducers, respectively. The rocking of the footing
was measured using linear displacement transducers (LVDT) at each edge of the footing.
The lateral movement of some of the layers constituting the laminar box was recorded also
using LVDTs. Inside the soil, the acceleration was measured at several depths. In the case
of saturated soil, the excess pore-pressure was also measured. Further details of the set-up
for each test are presented in each chapter.
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Results presented in Chapter 6 were obtained using the geotechnical centrifuge of the
Japanese Institute of Occupational Safety and Health (JNIOSH) in Tokyo, Japan.
Centrifugal acceleration of 50 g was applied. Footings with different bearing pressures
were considered. The settlement of the footings, the lateral deformation of the laminar box
and the acceleration and excess pore-pressure at different depths inside the sand were
measured.
Tests considering dry and saturated sand (discussed in Chapters 5, 7 and 8) were
performed using a large laminar box (2 m x 2 m x 2 m) on the Structures Test Hall of the
University of Auckland. The box was filled with 80 kN of Waikato River sand. The base
motions were applied using a shake table with a maximum capacity of 200 kN. In the case
of experiments considering saturated soil, the water was drained and pumped inside the
box before each test to achieve a similar initial condition. The water table was measured
using a hose attached to the base of the laminar box. Further details of the saturation
process and the piping system used to drain and pump the water are presented in Chapters
7 and 8.

1.3

Assumptions and limitations

1.3.1

Structures

The structures used in the tests presented in this thesis are not intended to represent any
particular prototype. Instead, they are intended to have a rocking behaviour that enables
interaction with the soil and neighbouring building and have a fixed-base fundamental
frequency in the range of common civil structures.
In the case of consideration of multiple structures, the vibration of the structure of focus is
affected by the entire system (i.e., foundation soil and adjacent structures). Thus, the
definition of fundamental frequency and damping ratio can be ambiguous. In the tests
presented herein, the fundamental frequency of the structures is obtained from the peak of
the Fourier spectrum of the acceleration of the top mass. Similarly, the damping ratio is
obtained from the decay of the acceleration of the top mass after the end of the base
motions. This methodology was used in all tests considering stand-alone and multiple
adjacent structures, enabling comparison.
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1.3.2

Scaling laws

Two scaling approaches are used in this thesis. Firstly, classic scaling laws are used to
construct models to be tested on a geotechnical centrifuge applying an acceleration of 50
times that of gravity. Results of these centrifuge tests are discussed in Chapter 6. It is
important to highlight that some simplifications in the scaling process may result in
inaccurate experimental data interpretation. Even though the initial stresses of the soil are
properly simulated, the stress state in the soil due to the earthquake is inaccurately
described because the frequency content of the earthquake, nonlinear soil rheology and the
fundamental frequency of the structure are incorrectly represented, since time is one of the
scaled quantities.
In this research, the supporting medium is clean sand, with a range of particle sizes
considering multiple closely adjacent structures. Because of shaking, the structures will tilt,
settle and separate at the footing-sand interface while the sand will undergo threedimensional transient displacement. Therefore, the use of similitude laws is a limited
approach that must be evaluated on its own merits.
Secondly, the 1g experiments are carried out on systems that are not a model of a prototype,
thus are not scaled. The response of the structures was studied with the concept that they
are structures with mass and stiffness in their own right. This approach will itself has
difficulties and approximation. However, they are different from the issue in centrifuge
(scaled) experiments. These two approaches provide alternative ways of gathering
experimental data from physical tests.
Not applying scaling laws may lead to low contact stress below the footings that do not
strictly represent a typical structure. However, by considering a low bearing pressure, nearsurface phenomena can be addressed in a clear manner, as presented in chapters 7 and 8.
Studying not scaled systems allows using base motions with an unaltered frequency
content, i.e., not time-scaled. Therefore, since a major knowledge gap exists in
experimental studies of the response of multiple structures on soil (3SI), utilizing 1g
studies provides a broader spectrum of options to understand the behaviour of structuresoil-structure systems.
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Despite the limitations discussed above, by presenting results from multiple tests, this
thesis intends to obtain the best of each experimental approach. Furthermore, the current
state of knowledge consists mostly of centrifuge tests. Thus, this works encourages using
different techniques (e.g., utilizing a laminar box under 1g condition) to provide alternative
ways of gathering experimental data from physical tests while increasing the experimental
evidence available, enhancing the current understanding of 3SI.
1.3.3

Repeatability

Centrifuge facilities, large 1g shake tables, and laminar boxes are costly and highly
demanded testing facilities that require a long planning and preparation process before
each test. Therefore, repeating the exact same test may not be feasible due to time or cost
constraints (or both). Thus, in the tests discussed in this thesis, the repeatability of the
results was assessed by comparing the response of the shake table for different
configurations in separate experiments under the same ground motion. Figure 1.2.
Comparison of the acceleration of the shake table for different configurations. (a) Standalone (SA) structure and one adjacent (1AD) and (b) one and two adjacent (2AD)
structures. Figure 1.2(a) compares the case of a stand-alone structure with that of having
one neighbour (1AD), while Figure 1.2(b) compares the 1AD case with that of having two
neighbours (2AD). Ideally, the time history of the table acceleration would be identical in
all cases. An examination of the time histories in Figure 1.2 reveals a minor differential in
the table acceleration between the experiments. The reliability of the results is also
assessed by comparing the obtained results with those from previous research using
different methodologies.

(a)

(b)

Figure 1.2. Comparison of the acceleration of the shake table for different configurations. (a)
Stand-alone (SA) structure and one adjacent (1AD) and (b) one and two adjacent (2AD) structures
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1.3.4

Soil type and embedded foundations

Often foundations are embedded in complex, layered soils comprised of sand, clay, rock or
even improved soils. However, it is not uncommon to find structures (particularly low-rise)
founded directly in relatively uniform soil after removing only the top organic layer. Even
though the effects of other soils and particular treatments or materials used in the interface
between the footing and the soil are an important research topic, they are out of the scope
of the present work.

1.4

Outline

This doctoral thesis is a compendium of journal papers that have been either published or
accepted for publication at the time of submission. Chapters 3 to 8 each corresponds to one
manuscript. Information has been included or removed in some chapters intending to
maintain coherence and minimise repetition. Therefore, they are slightly different from the
published version. However, some repetition has been allowed where removing
information seemed to adversely affect the flow and clarity of the document. Particularly,
the structure of each chapter is intended to allow the reader to read it independently
without needing to jump between different chapters. Chapters 4 and 5 consider a very
similar experimental set-up, yet it is described in both chapters to ease reading each one
independently. A similar situation happens in Chapters 7 and 8. A single introductory
paragraph replaces the original introduction of each paper at the beginning of the chapter.
This paragraph summarises the chapter and also provides a link with the other chapters of
the thesis. The information from the original introductions has been included as part of the
literature review presented in Chapter 2.
Chapter 2: A literature review
The literature review is divided into the following topics:
2.1

Pioneer studies on the dynamic response of adjacent structures

2.2

Analytical and numerical works on adjacent structures

2.3

Experimental research on the dynamic interaction of adjacent structures

2.4

The dynamic response of structures on saturated soil

2.5

Current design specifications and guidelines
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Chapter 3: Effects of slenderness and fundamental frequency on the dynamic
response of adjacent structures
Two-adjacent SDOF structures were studied using a small laminar box filled with dry sand.
Two ratios of the height of the structure to the foundation width (i.e., slenderness) and
multiple fundamental frequencies were considered. The structures were also tested on a
stand-alone condition as a reference. Impact loads and synthetic ground motions were
applied. These tests are intended to be the first approach to 3SI, addressing the influence of
the slenderness and the fundamental frequencies of the structures on their dynamic
response when located close to a neighbouring structure.
Included manuscript: Barrios G., Nanayakkara V., de Alwis, P. and Chouw N. (2019)
Effects of slenderness and fundamental frequency on the dynamic response of
adjacent structures. International Journal of Structural Stability and Dynamics,
19(09). doi: 10.1142/S0219455419501050.
Chapter 4: Influence of the vibration of a structure on neighbouring building using
impulse loads
This chapter addresses the effect of the distance between the structures on their interaction
through the common soil and the effect of neighbouring buildings on the dynamic
properties of the structure of focus. This was achieved by studying the dynamic response
of single degree-of-freedom (SDOF) structures in a laminar box filled with sand sitting on
a shake table. The study initially addressed the attenuation of the acceleration through the
soil with the distance considering structures at different distances. The second part of the
study considers multiple configurations of adjacent structures to estimate the influence of
the number of neighbours on the fundamental frequency and damping ratio of the structure
of focus.
Included manuscript: Barrios G. Larkin, T. and Chouw N. (2021). Experimental study
of the effect of proximity between adjacent buildings on their dynamic response.
International Journal of Structural Stability and Dynamics, 21(04). doi:
10.1142/S0219455421500486.
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Chapter 5: Adjacent structures under seismic loads
This chapter addresses the seismic response of single degree-of-freedom structures
considering the influence of one and two closely adjacent neighbours. Results from
utilising four recorded ground motions from the 2010-2011 Canterbury earthquake
sequence are analysed. The effects of adjacent structures on the acceleration and
displacement of the top mass of each structure and the uplift of the footings are discussed.
Changes in the fundamental frequency due to the presence of neighbouring structures are
identified. A settlement mechanism resulting from the uplift of the footing that reflects the
influence of adjacent structures is also revealed.
Included manuscript: Barrios G., Larkin, T. and Chouw N (2021). Experimental study
of the seismic response of a structure set amongst closely adjacent structures.
Earthquake Engineering & Structural Dynamics, 50(14). doi: 10.1002/eqe.3532
Chapter 6: Centrifuge tests of adjacent shallow footings on saturated sand
This chapter presents results from centrifuge tests considering a range of shallow footing
configurations with different bearing pressures on saturated sand in a laminar box on a
shake table. Harmonic excitations were utilised. The study aimed to address the influence
of shallow foundations on the liquefaction potential and the dynamic response of the soilfoundation-structure system. The relevance of a partially drained response and the dilative
response of the soil is exposed. The influence of footings on the liquefaction-induced
settlement and the underlying mechanism is also discussed.
Included manuscript: Barrios G., Uemura, K., Kikkawa, N., Itoh, K., Larkin, T.,
Orense R and Chouw N. (2021). Dynamic response of stand-alone and adjacent
footing on saturated sand. Soil Dynamics and Earthquake Engineering. 143, 106584.
doi: 10.1016/j.soildyn.2021.106584.
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Chapter 7: Dynamic response of shallow footings on saturated sand with low
confining pressure
This chapter addresses the dynamic response of closely adjacent shallow footings on
saturated sand with low confining pressure. The subsurface acceleration and the excess
pore-pressure were measured along with the acceleration of the footings. A stand-alone
footing, three adjacent footings and a cluster of six footings were studied. Harmonic waves
and seismic ground motions were used. Results show a modification of the response of the
footings and sand dependant on the number and location of footings. Variation in excess
pore-pressure was observed depending partly on the length of the drainage path. An
important dilative response of the soil was also observed in the near-surface soil.
Included manuscript: Barrios, G., Larkin, T. and Chouw, N. (2020). Influence of
shallow footings on the dynamic response of saturated sand with low confining
pressure. Soil Dynamics and Earthquake Engineering. 128, 105872.
doi: 10.1016/j.soildyn.2019.105872.
Chapter 8: Dynamic response of adjacent structures on liquefiable sand
In this chapter, various configurations of single degree-of-freedom structures with different
fixed-base fundamental frequencies were studied using a large laminar sand-filled box on a
shake table. Recorded ground motions from the Canterbury earthquake sequence were used.
The free-field and the stand-alone case for dry and saturated sand were studied as
references. Differences between the response of stand-alone structures on saturated and dry
sand are discussed. The response of a structure of focus, standing adjacent to neighbouring
structures, on saturated sand is compared to that of the stand-alone case. In general,
structures in a cluster experienced an attenuated response.
Included manuscript: Barrios G., Larkin, T. and Chouw, N. Influence of excess porepressure on the seismic response of single and closely adjacent structures on
saturated sand (In Press). Journal of Earthquake Engineering.
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Chapter 9: Conclusions and recommendations for future research
The main conclusions of all the tests presented in this thesis are summarised in this chapter.
These conclusions are used to provide some recommendations for future research. These
results are expected to be a useful benchmark for future research and contribute to
developing the foundations of more holistic design procedures considering the entire soilfoundation-structure system and the influence of adjacent structures.
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Chapter 2
Literature review
During the last 50 years, researchers have studied the dynamic interaction between a
structure and the foundation soil, commonly known as Soil-Structure Interaction (SSI).
Early studies on SSI indicated that soil flexibility increases the fundamental period of the
structure, reducing the demand. The energy dissipated by radiation through the soil was
also assumed to reduce the response of the structure, increasing the beneficial effects of
SSI. It has also been observed that this energy dissipation could reduce the influence of
higher modes (Chopra and Gutierrez, 1974). However, early in the past decade, Mylonakis
and Gazetas (2000) exposed the possible detrimental effects of SSI, encouraging
researchers to give a further look into this phenomenon. Mylonakis and Gazetas
highlighted that the combined effect of period lengthening, rupture directivity and
frequency content of the seismic waves could produce a larger response of the structure
compared to that of the fixed-base case.
Additionally, since the early 1970s, the rise of nuclear energy and the fast development of
urban areas pushed researchers to study the dynamic interaction between closely adjacent
structures. This interaction was named structure-soil-structure interaction (SSSI or 3SI) by
Luco and Contesse (1973). Hereafter, the term 3SI will be used to differentiate it from SSI
(i.e., stand-alone structure). On 3SI, not only the frequency content of the ground motion is
relevant, particularly when it is close to the fundamental frequency of the soil or that of the
structure. The structures can also present similar fundamental frequencies between each
other. Furthermore, the vibration of the structures will reflect waves back into the soil that,
otherwise, will dissipate or radiate away from the structures. Therefore, the study of 3SI
presents multiple additional challenges compared to that of classic SSI.
This chapter starts presenting the pioneer studies on 3SI. Subsequently, finding from
experimental studies on 3SI are summarised. Studies considering adjacent structures on
saturated soil are presented at the end of the chapter. The works presented in this chapter
are intended to highlight the current gap in the 3SI state of the art, exposing the motivation
for this doctoral research.
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2.1

Pioneer studies on 3SI

In the late 1960s, Whitman (Whitman, 1969) introduced the through-the-soil interaction
between adjacent structures as a relevant problem of soil dynamics, highlighting the need
for further research. In the same year, Richardson (1969) presented one of the first
analytical works in this field. Based on these analytical solutions. Mulliken and Karabalis
(1998) developed one of the first 3D models to represent the interaction between two
adjacent structures.
During the 1970s, the study of closely adjacent structures on soil was strongly linked to the
rise of nuclear energy. A pioneering study of the effects of 3SI on nuclear facilities was
presented by Lee and Wesley (1973). The authors developed a parametric study of two
adjacent elastic structures bonded to an elastic half-space, addressing the influence of (1)
the distance between the structures and (2) their fundamental frequency (Figure 2.1). 3SI
has been an active research field up to our days, as shown by Bolisetti (2015). However,
many works in this field, particularly during the 1970s and 1980s, have used either
analytical or numerical models considering simple geometries or linear-elastic response of
the soil and the structures, among other important simplifications.

Figure 2.1. Maximum response for two structures under harmonic excitation, Lee and Wesley
(1973). Left graph - light structure and right graph - heavy structures

In the early 1970s, Warburton et al. (1971, 1972) presented analytical solutions for
idealised 3SI problems. The authors studied the response of two identical cylinders on an
elastic half-space. Their results illustrate the effect of the presence of a second cylinder
upon the response of the excited one. Wong and Trifunac (1975) studied the response of
two and three adjacent structures subjected to SH waves.
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Their results show that the presence of adjacent structures may filter the acceleration
recorded on the structure of focus due to scattering, diffraction and interference on the
wavefield. However, analytical works commonly disaggregate the response of the soilstructures system into inertial and kinematic components. The inertial interaction considers
the influence of the mass of the structure, while the kinematic part considers the geometric
constraints between the footing and the soil. Some of these early works neglected the
inertial effects to obtain closed-form solutions, considering massless structures. However,
this disaggregation may not be a good approximation in not such simplified situations.
Therefore, analytical solutions should be considered as a first approach to the general
features of 3SI that must be complemented with experimental investigations to enable a
deeper understanding of the mechanisms associated with 3SI.
During the early 1970s, multiple analytical methods were developed to study 3SI. In 1974
Scavuzzo and Raftopoulos (1974) presented a review of soil-structure interaction effects in
the seismic analysis of nuclear power plants. The authors reviewed about 50 publications,
emphasising the lack of experimental data that can be used to evaluate the accuracy of any
analytical method proposed by that time. Another important review of the early studies on
3SI was presented by Hadjian et al. (1974). Hadjian compared the use of analytical
(continuum) solutions with Finite element (discrete) models, exposing the similar
capabilities of both approaches, highlighting the limited capacity of 3D models in the
1970s.
Numerical models have also been used to study 3SI. The works conducted by Laing (1974)
and Lysmer et al. (1975) are among the first to study the response of two foundations
under vertically propagated SV-waves. During the 1980s, two important parametric studies
on 3SI were presented. Firstly, Matthees and Magiera (1982) developed a 3D model of a
nuclear reactor and an adjacent building using the recently developed computational code
FLUSH (upgraded version of LUSH – fast LUSH). The authors highlighted the importance
of considering 3D models to simulate the interaction between the buildings and the
wavefield. Later, Lin et al. (1987) conducted one of the first parametric studies on 3SI
using a 3D finite element (FE) model for general foundations and not particular nuclear
plant structures. The authors are the first to expose a coupling between horizontal and
vertical movement (rocking) of the footings due to an adjacent structure.
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One of the main disadvantages of dynamic FE models is the need for appropriate
boundaries to introduce the incident waves and absorb the reflected waves. Multiple
solutions, such as viscous boundaries (Wolf and Song, 1996) and paraxial elements
(Engquist and Majda, 1977), have been proposed to deal with this problem. Unfortunately,
the use of these elements usually involves high computational costs. To avoid the use of
complex absorbing elements, researchers have combined FE (to model the superstructure)
with boundary elements (BE) (to model the soil). By using BE, only the boundary of the
soil has to be modelled rather than a considerable portion of the soil as when using FE.
One of the pioneer works combining these methods was presented by Wong and Luco
(1986). However, boundary elements are commonly limited to either linear behaviour or
fairly simplified non-linear models. Therefore, FE-BE models are more efficient in
calculation time than FE models, yet limited for practical applicability.
One of the first experimental studies in 3SI was presented by Maccalden (1969). The
author studied the vibration transmitted between two neighbouring foundations through the
soil. One of the first large scale tests on 3SI was presented by Mizuno (1980). Mizuno
studied the response of three adjacent structures founded on clay soil using multiple types
of loads in Fuchinobe, Japan (Figure 2.2). It is worth noting that, among the conclusion of
Mizuno’s work, it is stated that “the experiments confirm that soil-structure-interaction
takes place actually between the structures in earthquakes”, highlighting that 3SI was a
relatively new research topic even early in the 1980s.

(a)
(b)
Figure 2.2. 3SI field study by Mizuno (1980). (a) View of the site and (b) Layout of the site
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Despite these and many other valuable contributions in this field, there is still a
considerable lack of empirical evidence, as highlighted early this decade by Lou et al.
(2011) in an extensive literature review on 3SI. Additionally, as exposed by Sharma et al.
(2018), even for the case of a stand-alone structure, there is still no consensus on the
possible detrimental or beneficial effects of SSI. Therefore, further research on 3SI is
crucial to enhance the current understanding of this complex phenomenon.

2.2

Analytical and numerical works on adjacent structures

The use of macro-elements is perhaps one of the most direct ways to address SSI problems.
The simplest version of these macro-elements is the use of springs and dashpots to model
the stiffness and damping of the soil, respectively. This approach was initially proposed by
Winkler (1867). One of the main challenges of this approach is to define the properties of
these springs and dashpots. The most common expressions used nowadays to obtain these
parameters are those proposed by Pais and Kausel (1988), Gazetas (1991) and Mylonakis
et al. (2006) for shallow footings. The expressions proposed by Poulos and Davis (1980),
Dobry et al. (1982), Gazetas and Dobry (1984a; 1984b) and Mylonakis and Roumbas
(2001), among others, are commonly used to estimate the stiffness and damping of soils
considering deep foundations (i.e., piles). Even though these expressions are commonly
used in engineering practice, they have considerable limitations, such as considering only
the geometry of the foundation and the soil stiffness, neglecting the frequency content of
the ground motion.
The interaction between adjacent buildings (i.e., 3SI) can also be addressed using macroelements by including a spring to link the buildings. One of the first tempts to use a
discrete model to study 3SI was presented by Mulliken and Karabalis (1970). The authors
studied two rigid foundations on a linear elastic half-space. Even though quite limited, this
model was the keystone for later macro elements models considering multiple structures.
Using a similar approach, Aldaikh et al. (2015) presented a macro-elements model to
represent the interaction between three-adjacent structures using this approach. The authors
defined the stiffness of the spring connecting the structures as a function of the impedance
of the soil and the distance between the buildings (Alexander et al., 2013). However, their
model considered a linear behaviour for the soil and the structures. Another model using
macro-elements that considers the uplift of the footings and soil plasticity was proposed by
Grange et al. (2009). However, this model only considers a stand-alone structure.
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Using macro elements, Vicencio and Alexander (2018a, 2018b and 2019) have developed
a robust model to represent the interaction between two and three adjacent structures. The
authors studied the effect of the non-linear repose the soil, the response of unsymmetrical
plan buildings and the influence of higher modes amongst other variables.
In a recent article, Vicencio and Alexander (2021) proposed a more general model to
represent the response of multiple structures on a three-dimensional arrangement. In this
paper, the authors emphasised the difficulty to predict the response of 3D systems
compared to that of 2D models.
As mentioned in the previous section, more complex numerical techniques, such as
coupled FE-BE models, have also been used to study 3SI. Imamura et al. (1992) studied
the response of a nuclear reactor, a turbine and the control room using FE for the buildings
and BE for the soil. A parametric study of 3SI using an FE-BE model was presented by
Clouteau et al. (2012). Using FE and BE, Chen (2016) proposed expressions for the
impedance of multiple rigid footings on layered soil. However, BE models can become
highly complex, losing significant computational efficiency when a non-linear response of
the soil is considered.
A more recent numerical technic used to model 3SI problems is the Indirect Boundary
Element Method (IBEM). Using the IBEM, Liang et al. (2017) studied the interaction
between two identical buildings on layered soil. The authors exposed significant 3SI
effects for layered soils with shallow soil layers and stiff bedrock (i.e., high impedance
contrast). Even though the method presented by Liang can represent any foundation type,
multiple soil layers and different structures, the response of the soil is limited to that of an
elastic media. Using a complete 3D model, Han et al. (2017) studied two and three rigid
footings resting on layered viscoelastic half-space, showing the influence of adjacent
footings on their rotational response.
FE models usually require a larger computational capacity compared to that for FE-BE
models. However, they are arguably more adequate to represent uplift, sliding and nonlinear deformation of the soil than BE. During the last decade, important studies on 3SI
have been presented using FE models. Ghandil et al. (2016) presented a fully 3D FE model
considering two-adjacent structures. Ghandil emphasised the relevance of the influence of
adjacent buildings when the distance between them is less than half of the building’s width.
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Fatahi et al. (2018) also used a FE model to study pounding between three buildings
founded on piles. Kontoni and Farghaly (2018) analysed the interaction between two
closely adjacent buildings with different heights using a similar approach.
FE models have also been used to calibrate different constitutive models for soil. Knappett
et al. (2015) presented a good agreement between centrifuge tests on two adjacent
structures and an FE model. FE models can also be used in conjunction with 1g shake table
tests (e.g., Aldaikh et al., 2016), showing the versatility of these models.
However, a relatively recent study conducted by a large group of researchers exposed
significant differences in the results obtained from multiple FE models used to study soil
dynamics problems. Several research groups worldwide studied the non-linear response of
a 1D soil column using 23 different computational codes (Regnier et al., 2016; 2018). The
results exposed considerable differences between the studied codes mainly due to (i)
differences in the input parameter implementation, (ii) different understanding of the
concept of “input motion”, and (iii) different numerical integration implementations. This
emphasises the need for more experimental evidence to validate the assumptions used on
those numerical models.
The size of FE models can increase dramatically when a large number of structures is
considered. Sanchez-Palencia (1980) and Auriault et al. (2009) have presented
homogenisation techniques to deal with large 3SI problems. Bielak, Yoshimura and other
researchers proposed a methodology to reduce the size of large problems using two
different scales. Results were presented in a two-part paper (Bielak et al., 2003a; 2003b).
Boutin et al. (2014) studied the interaction between 37 SDOF models observing a good
agreement with experimental data. Other studies considering a large number of structures
have been presented by Gueguen et al. (2002), Ghergu and Ionescu (2009) and Pan and Yu
(2016). The problem of a large number of buildings on a city-scale is out of the scope of
this doctoral dissertation. However, an insight into the techniques and observations
presented by the authors can considerably contribute to the study of 3SI.
Finally, a study of multiple techniques to represent soil-structure interaction, especially
focused on modelling the soil, can be found in Dutta and Roy (2002). The authors studied
different approaches ranging from simple Winkler models to viscoelastic idealisations and
FE models.

19

Literature review

2.3

Experimental works on 3SI

Geotechnical centrifuges and 1g shake tables are the most common experimental facilities
utilised to study 3SI problems. Modelling the entire soil-structure system enables
researchers to quantify the interaction directly from the results without needing closedform expressions or simplifications such as dividing the response into kinematic and
inertial interactions. However, considering the entire soil-structure system also hinders the
analysis of trends or relationships between the variables involved due to the non-linear
cross-interaction between the soil and the structures. In that sense, physical models studied
using 1g shake tables or centrifuges must be simple enough to enable an adequate
understanding of the system and the mechanisms associated without missing its essential
features.
Multiple geotechnical centrifuges have been built worldwide during the last decades,
easing researchers access to this technology. The idea of a geotechnical centrifuge was
initially exposed by Phillips (1869). The first centrifuge facilities were presented almost
simultaneously by Pokrovsky and Fedorov (1936) in the Soviet Union and Bucky (1931) in
the United States.
One of the first modern geotechnical centrifuges was implemented at the University of
Cambridge during the late 1970s (Shcofiled, 1980). A dynamic shaker was developed for
this centrifuge during the early 1980s (Morris, 1983; Ortiz et al., 1983). Since the 1930s,
centrifuges have evolved considerably. Nowadays, centrifuges with capacities up to 1000
g-ton are available (Kutter, 1995).
Geotechnical centrifuges have been considered the 5th most significant research in the
geotechnical field (Ng, 2014). Centrifuges allow studying realistic stress conditions using
small prototypes by scaling gravity acceleration. However, due to this scaling process,
many other parameters have to be scaled to keep consistency between the model and the
prototype. The main issue arising from the scaling process is the need for using a highviscosity fluid such as silicone oil, glycerol-water mixtures or methylcellulose to saturate
the soil. A catalogue of the scaling law for centrifuge can be found in Garnier et al. (2007).
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Using these special fluids may generate multiple inconveniences, such as difficulty
cleaning testing equipment and disposing of hazardous substances. Furthermore, using a
viscous fluid generates a different dissipation rate than that of soil saturated with water
(Stewart et al., 1998). Using high-viscosity fluids may also affect the strength and stressstrain relationship of the soil (Zeng et al., 1998).
Due to space limitations inside centrifuges, a considerable number of centrifuge tests have
only considered footings without a superstructure (e.g., Gadre and Dobry 1998; Briaud,
2007 and Bienen et al., 2007). These works mostly focused on the settlement of the
footings and the bearing capacity of the soil. Additionally, most of them only consider a
stand-alone footing, neglecting the influence of closely adjacent structures.
Other problems such as deep foundations have also been studied using centrifuges (e.g.,
Nicola and Randolph, 1999; Lehane and White, 2005; Truong et al., 2018). These studies
mostly focus on estimating the lateral resistance of the soil and are later used to calibrate
equivalent springs to model the soil in a simplified manner.
Geotechnical centrifuges have also been used to study underground structures, as shown by
Jacobsz et al. (2004), Wang et al. (2013) and Hushmand et al. (2016). Centrifuge tests have
been compared with large-scale tests using a 1g shake table. Kagawa (2004) exposed
differences in the redistribution of excess pore-pressure after the shaking and on the
response of the piles when comparing results from a centrifuge with those utilising a 1g
shake table. These differences can be expected due to the differences in the viscosity of the
fluids used to saturate the specimens and the considerably larger confining pressures that
can be achieved in a centrifuge compared to that of a 1g shake table. Even though deep
foundations and underground structures are out of the scope of this dissertation, these
studies emphasise the versatility of geotechnical centrifuges.
In contrast with the large number of works addressing stand-alone structures (or footings),
studies considering multiple structures (3SI) using centrifuges are scarcer. Trombetta et al.
(2013a; 2013b; 2014) studied the dynamic response of two adjacent buildings on dry soil.
The authors observed differences up to 50% in the peak overturning moments and base
shear between two-adjacent structures compared to that of the stand-alone case. The
authors also exposed the importance of the non-linear response of the structures that tend
to reduce 3SI effects.
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However, the influence of variables such as fundamental frequency or slenderness of the
structures has not been studied in detail. Therefore, despite the valuable contribution of the
works mentioned herein, further experimental works are needed to enhance the
understanding of the mechanisms associated with 3SI.
Even though geotechnical centrifuges have been widely used to study stand-alone
structures on soil (SSI) and recently multiple structures (3SI), the problems that may arise
from the scaling process and the high cost of running most of these facilities has motivated
researchers to find other experimental facilities to study 3SI. One option is using a large
flexible soil container and 1g shake tables. Most of the difficulties that may arise from
using geotechnical centrifuges can be avoided by using large 1g shake tables and flexible
soil containers. On large 1g facilities, it is possible to use water to saturate the specimen,
and the load can be applied without scaling (i.e., avoiding rates effects). However, 1g
facilities also have some weak points, such as representing high levels of confining
pressure inside the soil.
Gazetas and Stokoe (1991) exposed a good agreement between the fundamental frequency
of footings on soil using a 1g shake table and that obtained from analytical expressions.
Negro et al. (2000), also using a large soil container, studied the settlement of a single
footing. The authors exposed the importance of permanent deformation on the soil, even in
the case of moderate seismic events. The failure mechanism of shallow footings on dry
sand was also studied using a small 1g shake table by Knappett et al. (2006). Other studies
using 1g shake tables have been presented by, e.g., Paolucci et al. (2008) and Shirato et al.
(2008).
Similar to the case of centrifuges, not many works addressing 3SI have been presented
using 1g facilities. Recently, Li et al. (2012; 2017) studied two identical high-rise buildings
founded on piles using a large laminar box. The authors observed lower acceleration for
small ground motions on the buildings when tested adjacent compared to the stand-alone
case. However, the importance of variables, such as fundamental frequency or distance
between the structures, has not been fully understood. Large shake tables and flexible soil
containers have proved to be useful tools to study 3SI, yet not as extensively used as
geotechnical centrifuges. This allows researchers to further explore the use of this type of
facility to study 3SI.
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3SI can also be studied using full-scale structures or via site evidence. However, the
literature available is scarce due to the costs and space required for this type of study and
the limited number of instrumented buildings that have been subject to large ground
motions. Gueguen and Bard (2005) used passive (environmental) noise and blastedinduced vibrations to study the influence of a structure on the waves recorded in its
surroundings. Laurenzano et al. (2010) studied the response of an instrumented building
during the 2002 Moilse Earthquake Sequence. Using the Spectral Element Method (SPEM),
the authors evaluated the influence of an adjacent building. Their model showed
differences up to 40% in the response of the building due to the presence of a neighbouring
structure. Guéguen and Colombi (2016) studied the dynamic response of three existing
identical buildings in Grenoble, France. The authors proposed a resonance effect between
the buildings that may enhance the perception of the seismic load by inhabitants of the
buildings. Even though some indirectly, these studies present clear evidence of the
influence of structures on the wavefield recorded on their surroundings that will affect the
dynamic response of closely adjacent buildings.

2.4

Dynamic response of structures on saturated soil

Damage to structures on saturated loose soils has been documented in most recent large
earthquakes. Commonly, either surface evidence (e.g., sand boils near the foundations) or
geotechnical information of the site is used to link the damage with possible effects of soil
liquefaction. However, as a very small number of structures on liquefiable areas are
instrumented, it is difficult to assess the particular influence of the multiple phenomena
that soil liquefaction may induce (e.g., lateral spreading, displacement of the superstructure
and rocking of the foundation). An interesting study of the effect of liquefaction due to
gas-extraction induced earthquakes on structures on low seismicity areas (not designed for
seismic loads) was conducted by Chaloulos et al. (2020). The authors exposed the
importance of the cumulative settlement due to multiple small earthquakes on the
foundations of houses.
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In the case of stand-alone and multiple structures on saturated soil, the available
experimental works are even scarcer than those for structures on dry soil described in the
previous sections. One of the first studies of structures on saturated soil using a
geotechnical centrifuge was presented by Liu and Dobry (1997). The authors studied the
mechanism of liquefaction induced settlement for shallow foundations as well as sand
densification as possible a counter measurement. Their results showed a reduction in the
settlement while the acceleration at the footing increases with the depth of the densified
soil layer.
The importance of the shear deformation induced by the vibrations of the building on the
liquefaction-induced settlement was presented by Dashti and Bray (2012). The authors also
emphasised the impossibility to estimate the liquefaction-induced settlement by using
classic methods that only consider post-shake reconsolidation assuming a free-field
condition. Dashti and Bray also highlighted the importance of co-seismic settlement due to
a partially drained response of the soil.
Bertalot et al. (2013) addressed the influence of bearing pressure induced by structures
with shallow footings on the liquefaction-induced settlement. The authors observed a
maximum settlement capacity instead of a continuing increment with increasing bearing
pressure. The authors also studied the influence of the initial stress distribution in the soil
on the liquefaction-induced settlement (Bertalot and Brennan, 2015). Their results showed
that the lack of reverse shear loading in the areas of high initial static shear stress (i.e., the
edges of the footings) may explain the lower excess pore-pressure recorded compared to
that observed below the centre of the footing. The relationship between static shear (initial
condition) and excess pore-pressure generation certainly will be important in the case of
multiple structures, yet significantly different from that of a single structure, due to the
superposition of shear stress bulbs.
Despite these important contributions, the works previously mentioned only considered
stand-alone structures neglecting the interaction between adjacent footings. The work
conducted by Hayden et al. (2015) is one of the few experimental attempts to study
multiple structures on liquefiable soil. The authors performed two tests using a
geotechnical centrifuge considering four configurations of different adjacent and standalone structures. Their results showed lower settlement and lower acceleration at the
footing of adjacent structures compared to that of the stand-alone condition.
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The Influence of the distance between adjacent footings on the excess pore-pressure
generation and dissipation was described by Jafarian et al. (2017). The liquefactioninduced settlement mechanism for shallow footings was described as a three-stage process,
evidencing the importance of a partially drained response of the soil. However, this is the
first study that intends to describe the characteristics of liquefaction-induced settlement in
the presence of adjacent structures. Therefore, it is clear that further research is needed to
enhance the understanding of 3SI, particularly in the case of saturated soil.
Geotechnical centrifuges are complex facilities that require highly trained people to
operate the equipment and also to construct the specimens to be tested. The Liquefaction
Experiments and Analysis Projects (LEAP) compared results from the same centrifuge test
set-up from six different facilities. Considerable differences were observed between them.
Differences were mostly explained due to the large number of variables involved and the
inherent complexity of using centrifuge facilities. The considerable variability between the
results from different facilities also emphasises the need for further experimental studies.
Further details of this project can be found in Kutter et al. (2018).
Multiple numerical works addressing stand-alone structures on liquefiable soil have also
been presented. Karamitros et al. (2013) observed a lower liquefaction potential beneath a
footing compared to that of the free-field. The authors also studied the influence of a clay
crust between the foundation and the liquefiable soil on reducing the settlement. Karimi
and Dashti (2015, 2016) exposed the importance of considering the dynamic properties of
the structures during the mitigation design process for structures on liquefiable soil. More
recently, using a fully coupled FE model, Lopez-Caballero and Modaressi (2008) showed
considerable settlement during the strong part of the shaking, questioning the common
assumption that earthquakes induce an undrained response on saturated soils. Similar
observations were presented by Madabhushi et al. (2012) using a geotechnical centrifuge.
Based on an extensive numerical study, Macedo and Bray (2018) exposed the relative
density and thickness of the liquefiable layer, as well as the presence of a non-liquefiable
crust, as the most important factors determining the potential for settlement of shallow
footing on liquefiable soil.
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Regarding closely adjacent structures, Unutmaz (2018) exposed the effect of underground
levels on reducing the liquefaction potential beneath a structure. The authors also exposed
that the corner building on a row of three structures was more prone to liquefaction than
the central one.
However, similar to the LEAP project, the VELACS project (Arulanandan and Scott, 1993)
exposed considerable differences after analysing simple liquefaction problems using
several numerical codes. Different constitutive models and the way that loads are applied
were found to be some of the reasons for the, sometimes quite considerable, differences.
The use of 1g shake tables to model soil liquefaction can be traced back to the 1970s when
Yoshimi and Tokimatsu (1977) studied the liquefaction-induced settlement of buildings.
Early this decade, Ecemis (2013) used a large 1g soil container to simulate soil liquefaction,
showing a satisfactory agreement with a numerical model. Also using a large 1g shake
table, Chen et al. (2013) studied the effects of liquefaction on a prototype of a subway
station. However, as for the case of structures on dry soil, works considering multiple
structures using a 1g shake table are scarcer (e.g., Aldaikh et al., 2016 and Ge et al., 2017).
Recently, Jahed Orang et al. (2021) performed two large scale tests to investigate
liquefaction-induced settlement on shallow foundations. The authors exposed the local
shear failure as the predominant settlement mechanism.
Based on the findings presented in the previous sections, it is clear that more research,
especially using experimental approaches, is needed to enhance the understanding of the
dynamic response of adjacent structures (3SI) on both dry and saturated soil. Therefore,
one of the main aims of this research is to provide valuable experimental data on 3SI using
multiple approaches such as a geotechnical centrifuge and small and large 1g shake tables.
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2.5

Current design specifications

The most common approach to estimate the seismic demand on a structure is using a
response spectrum based on a common spectral shape. This spectral shape is amplified or
reduced depending on the characteristic of the soil, the earthquake risk of the area and the
proximity of near faults, among other parameters. The influence of the soil is commonly
reflected by larger (and higher) or shorter (and lower) plateaus in the case of soft and hard
soils, respectively. Figure 2.3 presents an example of the spectral shapes for the case of the
New Zealand standard (NZS1170.5) for multiple types of soils.

Figure 2.3. Spectral shape presented in the New Zealand structural design code (NZS1170.5:2004)

However, it has been observed that the response spectrum for real ground motions can
exceed the one proposed on the design codes, especially in the case of large earthquakes.
In Figure 2.4, the response spectra for some recorded motions ground during the
Christchurch earthquake in February 2011 in New Zealand are compared with the design
spectrum proposed in the New Zealand Code. It can be seen that some of the records
highly exceed the design spectrum in the range between 0.8 s to 1.5 s. In most cases, these
differences can be explained by site amplification due to local soil characteristics.
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Figure 2.4. Spectral shape for the New Zealand structural design code (NZS1170.5:2004)

To account for these differences, design guidelines present methodologies to better
estimate the dynamic response of a structure considering SSI effects. Even though there is
no design code or guidelines that address 3SI effects to the best of the author's knowledge,
an insight into the current methodologies to evaluate SSI is crucial to comprehend the
actual soil-structure interaction state-of-practice.
In this section, analytical expressions to address SSI presented in some guidelines are
discussed. The most common approach to assess soil liquefaction potential is also
described at the end of the section.
2.5.1

ASCE/SEI 7-10

ASCE 7 (1994) presented the first set of equations to estimate SSI effects. However, the
effects are always related to a reduction of the base shear. This reduction is estimated using
Eqs. 2.1 and 2.2.
2.1

𝑉 = 𝑉 − Δ𝑉

Δ𝑉 = 𝐶 − 𝐶

0.05
𝐵

.

𝑊

2.2

Where: 𝐶 and 𝐶 are coefficients related to the fixed-base and flexible-base period of the
structure, respectively. 𝐵 is related to the damping of the structure-foundation system, and
W is the gravity load of the structure. ASCE 7 also presents an expression to estimate the
period lengthening of the structure due to the supporting soil (Eq. 2.3).
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𝑇 =T 1+

𝑘
𝐾
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𝐾 ℎ
𝐾

2.3

Where 𝑘 and ℎ corresponds to the stiffness and height of an equivalent SDOF structure
while 𝐾 and 𝐾 are the lateral and rotational stiffness of the soil. This period lengthening
may induce some amplification in the response of very rigid structures if it pushes them up
on the initial steep part of the spectrum. However, this amplification will not be sufficient
to counterbalance the reduction on the base shear presented in Eqs 2.1 and 2.2. Therefore,
the absolute effect of considering SSI will be “beneficial” (i.e., reduction of the demand).
2.5.2

NEHRP (Soil-Structure Interaction of Building Structures)

NEHRP (2012) is one of the most complete guidelines to include SSI effects on the
structural analysis. In this code, the SSI effects are divided into two, inertial and kinematic
interaction.
Inertial interaction
The inertial interaction accounts for the effects of the vibration of the mass of the structure
on the soil-foundation-structure system. This interaction leads to a lengthening of the
fundamental frequency of the structure and an increase in the damping of the soil-structure
system. The macro-element model used to represent inertial interaction is shown in Figure
2.5.

Figure 2.5. Macro-element model used to represent inertial interaction in NEHRP (2012)

According to the model presented in Figure 2.5, the displacement of the top mass will be
affected by the stiffness of the structure and also by the lateral and rotational stiffness of
the soil. Considering all these components, the fundamental period of the structure can be
obtained by using Eq. 2.4.
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𝑇 = (2𝜋) 𝑚

1 1
ℎ
+ +
𝑘 𝑘
𝑘

2.4

In addition to the period lengthening, the structure will experience a variation of the
damping ratio due to SSI. The soil-structure damping (b0) can be obtained as the
contribution of the foundation damping (bf) and the structural damping (bi) as presented
in Eq. 2.5.
𝛽 =𝛽 +

1
𝑇
𝑇

𝛽

2.5

Expressions to estimate bf are presented in NEHRP (NEHRP, 2012). The exponent n
depends on the type of structural damping considered. A schematic of the changes in the
original response spectrum due to the inertial interaction (i.e., period lengthening and
changes in the damping) is presented in Figure 2.6. Even though for the particular example
presented in Figure 2.6, the response decreases due to the inertial interaction, it could have
increased in the case of a structure with a shorter fixed-base period lengthening.

Figure 2.6. Spectral shape for the New Zealand structural design code (NZS1170.5:2004)

30

Literature review
Kinematic interaction
The effects of the physical restrictions at the interface between the foundation and the soil
are commonly called kinematic interaction. This interaction induces a vibration of the
footing different from that of the free-field. To consider this effect, the concept of transfer
functions (i.e., frequency-dependent function) is used. Figure 2.7 shows the shape of the
transfer function for translation and rocking movements proposed by NEHRP.

(a)

(b)

Figure 2.7. Transfer functions for (a) translation and (b) rocking of the footing (NERPR, 2012)

The response spectrum for the free-field (𝑢 ) is multiplied by the added effect of both
transfer functions to obtain the spectrum for the foundation (𝑢

𝑢

= 𝐻 +𝐻

) as shown in Eq. 2.6.

𝑢

2.6

Therefore, due to the fast decay of the transfer function for translation and the relatively
small value of the transfer function for rocking (compared to that for translation), this
approach mostly leads to a lower response of the footing compared to that of the free-field.
To summarise, the current methodologies to assess SSI commonly produced a modified
response spectrum leading to a lower response than the fixed-base. Therefore, based on the
current methodologies, ignoring SSI usually leads to conservative designs. However,
several researchers have observed detrimental effects of SSI (i.e., larger response than that
of the fixed-base case). Thus, engineering practitioners may benefit from updated
methodologies to estimate soil-structure interaction effects properly.
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2.5.3

Liquefaction assessment

Worldwide, the most common approach to assess soil liquefaction is by using the
“Simplified Method” originally presented by Seed and Idriss (1971) and revised by Idriss
and Boulanger (2006), among others. Even relatively recent guidelines, as the New
Zealand guidelines (NZGS, 2016), present this methodology as the most accepted.
The Simplified Method comprises two main parameters, the Cyclic Stress Ratio (CSR)
used to quantify the intensity of the load (Eq. 2.7).

𝐶𝑆𝑅 = 0.65

𝑎

𝜎
𝑔 𝜎′

2.7

𝑟

And the Cyclic Resistance Ratio (CRR) to estimate the liquefaction resistance of the soil.
CRR is commonly obtained by using SPT, CPT test, and to a lesser extent, shear wave
velocity profiles (see Figure 2.8).

(a)

(b)

(c)
Figure 2.8. Relationship between CSR and (a) SPT, (b) CPT, and (c) Shear wave velocity
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A factor of safety (FS) for liquefaction is obtained as the ratio of the CRR to the CSR. In
theory, a value of FS>1.0 indicates that no liquefaction will occur. However, some authors
have proposed higher limits to account for the uncertainties associated with soil
liquefaction. Juang et al. (2005) estimated that it is conservative to consider a minimum FS
of 1.4). Further details of the methodology can be found in, e.g., Youd and Idriss (2001)
and Boulanger and Idriss (2014)
However, the FS only indicates the likelihood of liquefaction at a particular depth.
Iwawaki et al. (1984) proposed to extend this concept using a liquefaction potential index
(LPI). This index integrates the FS as a function of the depth (z) to expose the likelihood of
liquefaction at the surface (Eq. 2.8).

𝐿𝑃𝐼 =

𝐹𝑆(10 − 0.5𝑧)𝑑𝑧

2.8

The simplified method has been widely validated with site observations after large
earthquakes (e.g., Ishihara and Yoshimine, 1992. However, this method only considers the
characteristics of the soil, neglecting the effects of the structure. Therefore, this
methodology cannot directly address the effects of liquefaction on the dynamic response of
the structure.
Two factors, 𝐾 and 𝐾 , were included in the simplified method by Seed (1981) to account
for high values of overburden pressure and static shear stresses, respectively. The influence
of 𝐾 and 𝐾 on the liquefaction assessment have been widely discussed, e.g., Harder and
Leslie (1997) and Bray and Sancio (2006). Attempts to relate the results of the simplified
method to the damage on a structure were presented by Iwasaki et al. (1978; 1982) and
Juang et al. (2005). Noorzad et al. (2009) proposed a methodology to include the effects of
a structure in the evaluation of 𝐾 and 𝐾 .
However, the simplified method, even considering 𝐾 and 𝐾 , does not address the
influence of liquefaction on the dynamic response of the structure. Therefore, the
simplified method is mostly useful if mitigation techniques are considered to reduce the
liquefaction potential. These techniques are usually expensive and not suitable for small or
even medium projects. Hence, for this type of structure, it is essential to understand the
effects of liquefaction on the dynamic response of the structure (e.g., settlement and
acceleration) and not only its likelihood.
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2.6

Summary

During the last decades, several authors have presented studies and examples of soilstructure interaction effects. However, considerably less attention has been paid to the
dynamic response of multiple structures (i.e., 3SI). In the case of 3SI, considering saturated
soil, the number of studies is even scarcer.
Regarding the state-of-practice, most of the design codes and guidelines consider mainly
beneficial effects of SSI and do not consider the influence of closely adjacent structures. In
the case of saturated soil, guidelines focus on the likelihood of liquefaction rather than the
effects of soil-structure interaction on the dynamic response of structures. Therefore,
further experimental research is crucial to understand the dynamic response of structures,
especially in dense urban areas, where the effects of closely adjacent structures can be
considerable.
Additionally, in the case of saturated soil, most of the available studies focus on the
liquefaction induced-settlement. However, the excess pore-pressure built-up will affect the
acceleration and the lateral displacement of the structure as well as the rocking at the base
and not only the settlement of the footings. Therefore, further experimental research
considering the entire structure-foundation-soil system under dynamic loads is needed to
understand the effects of soil liquefaction on structures.
The results presented in this doctoral dissertation address free-field, stand-alone, adjacent
and clustered structures on dry and saturated soil. The main aim is to provide a better
understanding of the seismic behaviour of adjacent structures and, up to a possible extent,
reveal the most critical scenarios when 3SI should be considered in engineering practice.
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Chapter 3
Effects of slenderness and fundamental
frequency on the dynamic response of
adjacent structures
This chapter addresses the influence of the fundamental frequency and slenderness of the
structures on the dynamic response of adjacent structures. Multiple configurations of two
closely adjacent single degree-of-freedom (SDOF) structures on a laminar box filled with
sand placed on a shake table were studied. Structures considering multiple fundamental
frequencies and height to base-width ratios (i.e., slenderness) were used. The stand-alone
condition was also studied as a reference. An impulse load exerted by a short and fast
movement of the shake table and simulated ground motions compatible with the New
Zealand design spectra were applied.

3.1

Sand properties

Waikato River sand was used. This is a clean quartz poorly-graded sand with angular
particles. The particle size distribution of the sand is presented in Figure 3.1.

Figure 3.1. Sand grain size distribution
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The laminar box was placed on a shake table and filled with Waikato River sand using the
pluviation technique (Rad and Tumay, 1987). This technique produces a relatively
homogenous density. However, the initial relative density obtained was considerably low
(𝐷 ≈ 35%). Therefore, prior to performing the tests, the sand was densified to a mediumdense condition (𝐷 ≈ 60%).
The densification was intended to ensure a similar initial condition for each test. This
process was performed by applying a sine-sweep with a frequency range from 0.01 Hz to 5
Hz and a maximum amplitude of +/-5 mm until no further settlement was measured. The
settlement was measured with laser displacement transducers. The soil properties after the
densification are presented in Table 3.1.
Table 3.1. Sand properties

Parameter

Symbol

Value

Density (kg/m )

𝛾

1600

Void ratio

𝑒

0.65

Relative density (%)

𝐷

57

Specific gravity

𝐺

2.64

3

3.2

Minimum void ratio

𝑒

0.55

Maximum void ratio

𝑒

0.78

SDOF models

The models used in these tests did not intend to represent any particular prototype but only
to present a range of fixed-base fundamental frequencies. Two groups of three models each,
considering slenderness (𝜆) of 1.5 and 2, were built. The slenderness was defined as the
ratio of the height to the width of the footing of the models (see Figure 3.2).
A minimum distance from the edge of the footing to the closest edge of the laminar box of
half the footing width (B/2) was considered. Therefore, the base of the models was built
using a 0.25 m x 0.25 m acrylic plate, 0.01 m thick. The chosen values of 𝜆 defined the
heights of the models. 𝜆=1.5 corresponds to a height of 0.375 m, while 𝜆=2 corresponds to
0.5 m, referred hereafter as short (S) and tall (T) models, respectively.
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Footing
S1

T1

S2
T2
Direction of the excitation

S3

T3

Figure 3.2. SDOF models

A steel block with a weight of 98 N was placed at each side of the top of the column of the
models. The columns of all models have the same thickness of 5 mm. Sandpaper was glued
to the models’ footing to provide friction between the footing and the sand. Other authors
have already used this technique (e.g., Paolucci et al., 2018) to provide adequate friction.
Figure 3.2 shows a picture of the models, while the properties of the models are listed in
Table 3.2. The damping ratio of each model was obtained as the average from the free
vibration in three snap-back tests.
Table 3.2. Properties of the SDOF models with an assumed fixed base

Column
width
Parameter Model
(mm)

Fundamental
frequency
(Hz)

Fundamental
period
(s)

Damping
ratio
(%)

S1
S2
S3

20
40
100

1.86
2.56
4.86

0.54
0.39
0.21

1.35
1.19
2.51

T1
Tall (T) models
T2
H = 500 mm
T3

40
80
200

1.54
2.00
3.71

0.65
0.50
0.27

1.32
1.95
2.63

Short (S)
models
H = 375 mm

3.3

Impulse loads and simulated seismic ground motions

The impulse load was produced by applying a fast and small movement of the shake table
(5 mm in 1/20 s). This type of load triggers a free vibration of the models. The use of
impulse loads is intended to obtain clear trends of the 3SI effects before considering
seismic ground motions.
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Simulated seismic ground motions compatible with the New Zealand design spectra (NZS
1170.5) were also used. In this study, 𝑍 = 0.4 corresponding to the city of Wellington in
New Zealand, 𝑅 = 1 for a return period of 1/500 and 𝑁 = 1 considering no near-fault
effects, were assumed.
Three simulated ground motions, each compatible with the spectrum of hard soil (class
A&B), medium soil (class C) and soft soil (class D), respectively, were used. The ground
motions were obtained using the methodology proposed by Deodatis (1996). This
methodology starts with an arbitrary power spectral density function that is iteratively
adjusted to match the corresponding target design spectrum. The obtained records were
filtered using a Butterworth filter from 0.1 Hz to 25 Hz. Low frequencies were removed to
obtain realistic acceleration and velocity profiles. High frequencies were filtered to ensure
the adequate functioning of the shake table. The response spectra of the simulated ground
motions are presented in Figure 3.3.

Figure 3.3. Response spectra of the simulated ground motions and target design spectra (thick lines)

3.4

Test set-up

Figure 3.4 shows the test set-up with the laminar box. In all the experiments, the models
were placed directly on the sand surfaces (see Figure 3.4(b)). The dimensions of the box
are 0.8 m x 0.82 m and 0.57 m in height. This box consists of 12 aluminium layers that
slide relative to the layer underneath using rollers. The flexible boundaries of the box are
capable of simulating the shear deformation of the soil. The inside of the box is covered
with a loose membrane to prevent the sand from leaking out. Further details about the
laminar box can be found in Qin (2017)
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(a)

(b)

Figure 3.4. Views of the tests set-up. (a) Shake table with the laminar box and a stand-alone model
and (b) two models on the sand surface

3.5

Tests program

Table 3.3 presents all the configurations studied using both impulse and seismic ground
motions. A distance of 0.05 m between the edges of the footings was considered for the
configurations of two-adjacent models. This distance was the smallest possible to ensure
the interaction while avoiding pounding between the models. Every model was also
studied in a stand-alone condition.
Table 3.3. Test program for the impulse and seismic ground motions tests

S1

S2

S3

T1

T2

T3

S1/T1
S1/T2
S1/T3

S2/T1
S2/S3
S2/T3

S3/T1
S3/T2
S2/T3

Stand-alone models

Two-adjacent models

The nomenclature of the tests, e.g., S3/T2, indicates that the results presented correspond
to those of model S3, hereafter referred to as the “main model”, adjacent to model T2, also
referred to as the “adjacent model”.

3.6

Instrumentation

The acceleration and displacement of the top mass of each model were measured.
Additionally, the rocking of the models was measured using LVDTs on each edge of the
footing. A sketch of the location of the sensors is presented in Figure 3.5.
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Figure 3.5. Sketch of the models and the location of the sensors

3.7

Experimental results and discussions

3.7.1

Impulse tests

As indicated in Section 3.3, the impulses were generated by moving the shake table 5 mm
in 1/20 s. An example of the displacement and acceleration recorded on the shake table due
to an impulse load is presented in Figure 3.6.

(a)

(b)

Figure 3.6. Time histories of the (a) displacement and (b) acceleration recorded at the shake table
due to an impulse load

Figure 3.7 shows the displacement at the top mass of models S1, T1, S2 and S3. The
response of the stand-alone case and configurations of two-adjacent models are presented.
In general, an adjacent model induces either similar or lower lateral displacement than that
of the stand-alone condition.
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The lower displacement observed for some configurations of adjacent models compared to
that of the stand-alone case may be explained by the stiffer soil around the footings
produced by the presence of multiple models. This stiffer surrounding will reduce the
lateral displacement due to a reduction of the rocking movement.
Figure 3.7 also shows a time delay for some configurations of two-adjacent models
compared to the stand-alone case. Two examples of this are T1/S2 compared to T1 (Figure
3.7(b)) and S2/T3 compared to S2 (Figure 3.7(c)). The more rigid surroundings generated
by the presence of adjacent structures is likely to induce a fundamental frequency
elongation (i.e., period shortening) of the models, producing the observed time delay.

(a)

(b)

(c)

(d)

Figure 3.7. Effects of 3SI on the lateral displacement of models (a) S1, (b) T1, (c) S2 and (d) S3

Figure 3.8 shows the acceleration of the top mass of models S2 and S3. The response of
S2/S3 (two-adjacent models) presents a slower decayed compared to that of the standalone case (S2, in Figure 3.8(a)). The slower decay may be explained by the waves induced
by the vibration of the adjacent model (in this case, S3) into the soil. Some of these waves
will travel through the soil, reaching the main model (in this case, S2). This phenomenon
does not occur in the stand-alone case, explaining the differences in the decay. However,
this difference in the decay was not observed for model S3 (Figure 3.8(b)).
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A possible explanation for this is the higher damping ratio of model S3 (2.51%, see Table
3.2) compared to that of model S2 (1.19%). Similar observations were presented by Boutin
et al. (2014). Using a Ricker wave excitation, they studied the response of 37 identical
buildings considering a linear system (i.e., linear soil and structures). The authors observed
an increase in the duration and (i.e., a slower decay) of the acceleration when multiple
models were considered compared to that of the stand-alone condition.

(a)

(b)

Figure 3.8. Influence of 3SI on the acceleration at the top mass of models (a) S2 and (b) S3

The Fourier amplitude of the acceleration at the top mass of the models was used to study
the changes observed in the fundamental frequency. Figure 3.9 shows the Fourier
amplitude of the acceleration of models S2 and S3. A vertical dashed black line indicates
the fixed-base fundamental frequency. Differences in the fundamental frequencies for the
stand-alone case compared to those considering adjacent models can be seen.

(a)

(b)

Figure 3.9. Influence of soil and adjacent structures on the Fourier amplitude of the acceleration at
the top mass of models (a) S2 and (b) S3
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For both models (S2 and S3), the highest fundamental frequency was obtained for the
fixed-base condition and the lowest for the stand-alone case. The adjacent cases presented
a fundamental frequency in between that of the fixed-base and the stand-alone condition.
For model S2, the fundamental frequency for the stand-alone condition was 20% lower
than that of the fixed-base condition, while the average of all the adjacent cases was 16%
lower than that of the fixed-base.
For model S3, the reduction due to supporting soil and the adjacent structure was smaller
but still significant. The stand-alone has a frequency 12% lower while the adjacent cases
have, on average, a 5 % lower frequency compared to that of the fixed-base. Table 3.4
presents the fundamental frequency of models S2 and S3 for all the different
configurations.
Table 3.4. Fundamental frequency of model S2 and D3 for the different configurations studied

Fundamental frequency (Hz)
Model

Fixed-base

Stand-alone

Two-adjacent
(average)

S2
S3

2.50
4.86

1.99
4.26

2.09
4.60

In the case of a stand-alone model, the flexibility of the soil produces a fundamental
frequency of the structure lower than that of the fixed-base case (known as period
elongation due to the supporting soil). However, when multiple structures are considered
(3SI), the stiffer surroundings cause a fundamental frequency that is still lower than that of
the fixed-base but higher than that of the stand-alone case.
3.7.2

Seismic ground motions

The same configurations tested under impulse loads were studied using simulated ground
motions compatible with the New Zealand design spectra. Figure 3.10 presents an example
of the acceleration recorded at the shake table for each one of the ground motions.
Hereafter, the results for the ground motions for soil class A&B, C and D, are labelled as
HS (hard soil), MS (medium soil) and SS (soft soil), respectively. The models were also
tested directly on the shake table to represent a fixed-base condition. The fixed-base
condition was achieved by bolting the base of the models to the shake table. No uplift or
sliding between the footing and the shake table was allowed.
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(a)

(b)

(c)

Figure 3.10. Synthetic ground motions recorded at the shake table. (a) Hard-soil – HS, (b) Mediumsoil – MS and (c) Soft-soil - SS
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Amplification of the base motion through the sand
The influence of the supporting soil can be addressed by studying the amplification (or
reduction) of the shake table motion resulting from wave propagation through the sand.
Figure 3.11 shows the ratio of the maximum acceleration recorded at the footings of the
stand-alone models to that of the shake table. Results above the horizontal dashed line
indicate an amplification. It can be seen that the soft soil excitation (triangles) caused an
amplification in most cases. In contrast, the medium (crosses) and hard soil (circles)
excitations induced a reduction or just small amplification.

Figure 3.11. Effects of the ground motion, slenderness and fundamental frequency on the footing
acceleration relative to that of the shake table. (HS: Hard soil; MM: Medium soil and SS: Soft soil)

Stand-alone models (SSI effects)
The SSI effects are presented in terms of the amplification ratio (𝜒 ) defined as the
maximum value of a parameter (e.g., lateral displacement or acceleration) for the standalone case to that of the fixed-base case. Eqs. (3.1) and (3.2) presents the amplification
ratio for acceleration (𝜒

) and displacement (𝜒
𝜒

𝜒

), respectively.

=

𝑚𝑎𝑥(𝑎𝑐𝑐)
𝑚𝑎𝑥(𝑎𝑐𝑐)

3.1

=

𝑚𝑎𝑥(𝑑𝑖𝑠𝑝)
𝑚𝑎𝑥(𝑑𝑖𝑠𝑝)

3.2
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Figure 3.12 shows the values of 𝜒

and 𝜒

. Results for a slenderness (𝜆) of 1.5 and 2.0

are presented in black and grey, respectively. A horizontal dashed line divides the areas of
amplification (above the line) and reduction (beneath the line). Results are presented for all
the ground motions. Circles, crosses and triangles represent HS, MS and SS ground
motions, respectively.

(a)

(b)

Figure 3.12. Simultaneous slenderness and SSI effects on the maximum (a) acceleration and (b)
lateral displacement. (HS: Hard soil; MM: Medium soil and SS: Soft soil)

The stand-alone condition presented a reduction of the maximum acceleration in all the
cases compared to that of the fixed-base case (i.e., 𝜒

< 1 ) while the maximum

displacement presented amplification for models with a fundamental frequency higher than
3.5 Hz.
Regarding the displacement, models with higher slenderness (𝜆 = 2.0, shown in grey)
presented a larger amplification compared to that of models with 𝜆 = 1.5 with a similar
fixed-base frequency. This difference can be explained by the contribution of the rocking
motion that is expected to be more significant for structures with higher slenderness.
However, rocking induces a low-frequency displacement. Hence it will not affect the
maximum acceleration significantly. This may explain that no amplification of the
maximum acceleration was observed.
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Adjacent models (3SI effects)
Figure 3.13 shows the maximum acceleration and maximum top displacement of twoadjacent models in all the configurations. Values are presented for the fixed-base
fundamental frequency of the models. In general, models with 𝜆 = 2.0 (grey) showed a
larger response in acceleration and displacement compared to those with 𝜆 = 1.5 (black).

(a)

(b)

Figure 3.13. Effects of 𝜆 on the maximum (a) acceleration and (b) lateral displacement. (HS: Hard
soil; MM: Medium soil and SS: Soft soil)

In the case of adjacent models, a larger response for models with 𝜆 = 2.0 was observed in
both acceleration and displacement. This larger response can be caused by the interaction
between the structures and the surrounding soil reflected in i) relative horizontal
displacement between the foundation and the soil and ii) rocking of the footing. No
evidence of lateral displacement was observed after the tests. Regarding rocking, it is
expected to increase with increasing slenderness. Figure 3.13 also shows that the response
for SS (triangles) was commonly the largest and those for HS (circles) the lowest.
Figure 3.14 presents the maximum rocking and uplift recorded at the footing of the models.
The rocking was obtained as the angle between a horizontal line and the inclination of the
footing. The inclination of the footing was measured using LVDTs (see Figure 3.5). The
models with 𝜆 = 2.0 have a larger rocking that those with 𝜆 = 1.5. This is consistent with
the stronger 3SSI effects presented in Figure 3.13 for models with larger slenderness.
Figure 3.14 also shows that the response due to SS ground motions (triangles) was the
largest and those due to HS (circles) the smallest. This observation is more pronounced in
the case of models with higher slenderness.
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(a)

(b)

Figure 3.14. Effects of 𝜆 on the maximum (a) rocking and (b) uplift of adjacent structures. (HS:
Hard soil; MM: Medium soil and SS: Soft soil)

Figure 3.15 shows the amplification ratio for acceleration and displacement (i.e., 𝜒
𝜒

and

) considering the ratio of the maximum value for the adjacent configurations to that of

the stand-alone case. Results are presented in terms of the ratio of the fundamental
frequencies of the main model (where the presented parameter is measured) to that of the
adjacent model (𝑓/𝑓 ). Both, the maximum acceleration and the maximum displacement
present amplification for 𝑓/𝑓

close to 1.5. This amplification can be explained due to the

interaction between the two-adjacent models when both models have similar fundamental
frequency (𝑓/𝑓

≈ 1).

Amplification

Amplification

(a)

(b)

Figure 3.15. Amplification of the (a) acceleration and (b) displacement for two-adjacent models.
(HS: Hard soil; MM: Medium soil and SS: Soft soil)
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3.8

Summary

Six SDOF models with different fundamental frequencies and slenderness were tested to
study SSI (stand-alone structures) and 3SI effects (two-adjacent structures). Models were
placed on the surface of medium-dense Waikato River sand in a laminar box.
Configurations of two-adjacent models, as well as the stand-alone condition, were
investigated. Impulse loads and synthetic ground motions compatible with the New
Zealand design spectra were used. The main observations of this study are summarised
below.
In the impulse tests, the lateral displacement of the structures in the presence of an adjacent
model was smaller than that of the same structure on a stand-alone condition. The
acceleration at the top of the models showed that the fundamental frequency of the standalone structure was lower than that of the fixed-base. However, when adjacent models
were considered, a fundamental frequency between that of the fixed-base and the standalone cases was obtained. These differences between the response of a model with an
adjacent structure and that of the stand-alone condition were due to a stiffer surrounding
induced by the presence of the adjacent structure.
In the case of using synthetic ground motions, models with a slenderness 𝜆 = 2 presented a
similar acceleration but larger displacement than those with 𝜆 = 1.5. This was due to a
larger rocking experienced by the models with higher slenderness.
When an adjacent model was considered, the maximum acceleration for frequency ratios
(𝑓/𝑓 ) between 0.7 and 1.8 was larger than that of the stand-alone case. In the case of the
maximum displacement, amplification was observed for 𝑓/𝑓

up to 1.5.

The results presented in this chapter suggest that an adequate estimate of the dynamic
response of adjacent structures needs to consider the fundamental frequency and the
slenderness of all the structures involved as well as the properties of the soil and the base
motion.

49

Chapter 4
Effect of proximity between adjacent
buildings on their dynamic response
Most experimental works on adjacent structures consider a short distance between them.
Additionally, the majority of these studies focus on changes in the dynamic response of the
buildings (e.g., acceleration, lateral displacement or rocking), assuming that the
fundamental frequency and the damping of the structures remain the same as those for the
stand-alone case. Furthermore, those studies usually consider seismic loads applied by
moving the base of the soil container, affecting the entire system (soil and all the structures
involved). However, to understand the influence of each structure on the surrounding
structures, another approach is required. This chapter presents results from tests applying
impact loads to different configurations of adjacent single degree-of-freedom (SDOF)
structures on a laminar box filled with sand. Two aspects are investigated: (i) the evolution
of the acceleration through the soil and (ii) the influence of neighbouring buildings on the
fundamental frequency and damping ratio of a subject structure.

4.1

Experimental set-up

The tests were performed using a 2 m x 2 m x 2 m laminar box at the University of
Auckland. The box was filled with Waikato River sand using the pluviation technique (Rad
and Tumay, 1987). Details of the design and function of the laminar box can be found in
Qin and Chouw (2017).
4.1.1

Sand properties

Sand from the Waikato River in New Zealand was used. This is a clean quartz poorlygraded sand with angular particles. The particle size distribution of the sand is presented in
Figure 4.1.
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Figure 4.1. Sand grain size distribution

Even though the pluviation technique produces a relatively homogenous density, the initial
density obtained was considerably low (𝐷 ≈ 35%). Therefore, a densification process
was conducted before the tests. The densification was intended to ensure a similar initial
condition for all tests enabling comparison among them. This process was performed by
applying a sine-sweep excitation with a frequency range from 0.01 Hz to 5 Hz and a
maximum amplitude of +/-0.05 m until no further settlement was measured. Properties of
the sand after the densification are listed in Table 4.1. The shear wave velocity of the soil
was measured to ensure a similar soil condition across all the tests. This was achieved by
measuring the delay of the signal produced by an impact on a steel plate on the surface of
the sand recorded on accelerometers at different depths. This measurement was performed
several times during the tests. An average value of 150 m/s with a minimum of 147 m/s
and a maximum of 152 m/s were obtained, showing a consistent soil condition throughout
all the tests.
Table 4.1. Sand properties

General properties

WS1

WS2

Density (kg/m3)

𝛾
𝑒

1600

𝐷
𝐺

57

Void ratio
Relative density (%)

0.65

Specific gravity
Minimum void ratio

𝑒

2.64
0.55

Maximum void ratio

𝑒

0.78
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4.1.2

SDOF models

SDOF structures (M1, M2 and M3) considering three fundamental frequencies were
utilised. The target fixed-base fundamental frequencies were 1.5 Hz, 2.5 Hz and 3.5 Hz.
These structures did not intend to represent any particular prototype but to present a range
of fixed-base fundamental frequencies. A total of 4 M2 were built to allow studying
configurations of up to 6 structures. The structures were built using a square steel footing
(0.2 m x 0.2 m) and a single rectangular steel column with a lumped mass on top. The
dimensions of the footings were selected to keep a minimum distance of 2 times the
footing width (B) from the edge of the footing to the closet edge of the laminar box. The
same mass was used for all the structures to achieve the same bearing pressure beneath the
footings. In order to reduce the number of variables involved, only the height of the
structures (i.e., the length of the steel column) was adjusted to achieve the target
fundamental frequencies. The height of the tallest structure was limited to 3 times the
footing width to enable rocking without overturning. Properties of the structures are listed
in Table 4.2.
Table 4.2. Properties of SDOF structures with fixed base

Structure

Height (m)

M1
M2
M3

0.60
0.45
0.35

4.1.3

Top Mass
(N)

Fundamental
frequency (Hz)

Damping ratio (%)

275

1.54
2.44
3.79

1.60
1.60
1.60

Instrumentation

Accelerometers were placed at the footing and the top mass of each structure as well as
0.05 m under the sand surface beneath the centre of the footings and the mid-distance
between them. Figure 4.2 shows a sketch of the location of the accelerometers (black
squares) considering a distance of 4 times the footing width (B) between the structures.
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Figure 4.2. Location of accelerometers

For the first part of this study, impact loads were applied using a rubber-head hammer with
a load cell. The impact was applied at the base of the structure, inducing vibration about
the weak axis of the steel column, hereafter E-W direction (see Figure 4.3). This direction
was the same considered to calculate the fundamental frequency of the structures.

Figure 4.3. Point of application of impact load and direction of vibration induced on the structure

The force exerted by the hammer was measured to assure that (i) the load cell has a linear
response in the range of forces applied and (ii) to select impacts with similar magnitude
across all the tests, enabling comparison Readings were recorded at 2000 Hz. The force
applied by the hammer and acceleration recorded in the soil were filtered using a bandpass
Butterworth filter from 0.1 Hz to 100 Hz. An example of the time history of an impact
after filtering is presented in Figure 4.4(b). Impulses were applied three times at the footing
of the structures in the E-W direction (see Figure 4.3). Results presented herein correspond
to the average of the three repetitions unless otherwise said.
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(a)

(b)

Figure 4.4. Results from an impact load (a) linear response of load-cell in the range of applied force
and (b) example of recorded force

4.1.4

Impact experiments

First, two structures were tested at a distance of 4 times the footing width (4B). This
configuration will be referred to hereafter as “two far-buildings configuration”. A picture
and a sketch of the top view of structures M1 and M3 in this configuration is presented in
Figure 4.5. Impacts were applied to the base of each structure in the E-W direction. The
acceleration was recorded inside the soil and on the footing of each structure

(a)

(b)

Figure 4.5. Two far-buildings configuration considering structures M1 and M3. (a) sketch of the
top view and (b) actual view of structures on the laminar box

Subsequently, two rows of two closely adjacent structures (at a distance of one-quarter the
footing width - 0.25B) were studied. These configurations will be referred to hereafter as
“two close-structures configurations”.

55

Effect of proximity between adjacent building
A picture of one of these configurations is presented in Figure 4.6. As can be seen,
structures M1 and M3 are in the same locations as they were on the “two far-buildings
configuration”, but each one is accompanied, at a short distance (0.25B), by a structure M2.
All the configurations tested are listed in Table 4.3. The distance between the footings of
the structures is shown in square brackets

(a)

(b)

Figure 4.6. Two close-buildings configuration, (a) sketch of the view and (b) actual view of
structures on the laminar box
Table 4.3. Configurations of two structures tested at distances of 4B (far) and 0.25B (close)
between each other

Test

Models
M1[4B]M2

Two far-buildings configurations
Two close-buildings configurations
4.1.5

M3[4B]M2
M3[0.25B]M1 [4B] M2[0. .25B]M2
M1[0.25B]M2 [4B] M3[0.25B]M2

Shaking table experiments

The same far and close-configurations described in the previous section and additional
configurations considering three-adjacent and six-clustered structures were studied using
an impulse load intended to activate the response of all the structures. This was achieved
by applying a fast movement of the shake table at the base of the laminar box (0.02 m, in
0.2 s). The impulse has a smaller magnitude than that of the sine-sweep used to densify the
sand before starting the tests (+/-0.05 m). This was intended to avoid any further
densification in the sand.
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The studied configurations considering three-adjacent and six-clustered structures are
presented in Table 4.4. The rows of structures were located at a distance of 4B in the case
of three-adjacent models. In the six-clustered configurations, the two rows were located at
a short distance (0.25B) to enable the interaction (see Figure 4.7).
Table 4.4. Configurations of three-adjacent and six-clustered models

Test

Models

Three-adjacent
Six-clustered

M2[0.25B]M3[0.25B]M1

[4B]

M2[00.25B]M2[0.25B]M2

M2[0.25B]M1[0.25B]M2

[4B]

M2[0.25B]M3[0.25B]M2

M2[0.25B]M3[0.25B]M1

[0.25B]

M2[0.25B]M2[0.25B]M2

M2[0.25B]M1[0.25B]M2

[0.25B]

M2[0.25B]M3[0.25B]M2

4
(a)

(b)

(c)

(d)

4

Figure 4.7. Additional configurations testes on shaking table experiments. (a) - (b) Three-adjacent
structures photo and sketch of top view and (c) - (d) six-clustered structures photo and sketch of top
view
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In all the tests, the fundamental frequency and the damping were obtained based on the
acceleration recorded at the top of the structures. A benchmark was obtained from the local
impacts for the far-buildings configurations, i.e., neglecting the influence of the
neighbouring buildings.

4.2

Results and discussion of the impact experiments

4.2.1

Two far-buildings configurations

Figure 4.8 shows the time-history of the acceleration recorded during a far-buildings
configuration test considering structures M1 and M2. Impacts were applied to the footing
of M1. Accelerometers showed in Figure 4.8 (a) are labelled as follows: (i) at the footing
of the impacted structure, M1; (ii) beneath the footing of M1; (iii) at the mid-distance
between the structures; (iv) beneath the footing of M2; and (v) at the footing of M2. The
label on each graph is shown at the top left corner in Figure 4.8(b).

(a)

(b)

Figure 4.8. Acceleration recorded on a far-buildings configuration considering structures M1 and
M2. (a) Sketch of location of the structures and accelerometers and (b) reading from
accelerometers

The time history of the accelerations presented in Figure 4.8(b) shows a reduction close to
50% from the impacted footing (i) to the recorded point beneath it (ii). The acceleration
further attenuates up to the mid-distance (iii). From the mid-distance between the structure
to the point recorded beneath the neighbouring building (iv), almost no attenuation was
observed.
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Finally, comparing the record beneath M2 (iv) with that on its footings (v), the acceleration
was amplified. It can be seen that the acceleration measured at the neighbouring structure
(M2) was about 10% of that at the footing of the impacted structure (M1). Therefore, the
interaction between adjacent structures may be significant even at a large distance, as
presented herein.
As expected, not only the amplitude but also the frequency content of the acceleration
changes as the waves travel through the soil. The Fourier amplitude of the acceleration at
each footing and beneath them is presented in Figure 4.9.

(a)

(b)

Figure 4.9. Fourier amplitude of the acceleration at the footing and beneath structures (a) M1 and
(b) M2 on a far-buildings configuration when an impact is applied to the base of M1

The Fourier amplitude of the acceleration beneath M1 (impacted structure) is considerably
lower than that of the acceleration recorded on its footing. However, the frequency content
of both accelerations is fairly similar. The reduction in the amplitude is an effect of the
three-dimensional propagation of the waves both body and surface waves, produced by the
vibration of the footing. Therefore, the accelerometer beneath the footing captured a
different waveform from that of an accelerometer at a shallower depth. In the case of M2
(adjacent structure), a considerable amplification of the frequency above 50 Hz was
observed on the Fourier amplitude of the acceleration recorded at the footing compared to
that beneath the footing. This amplification may be explained by the contrast of impedance
between the soil (soft material) and the steel footing (rigid material), enhancing the highfrequency content of the signal.
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The maximum acceleration recorded at the footings, beneath them and at the mid-distance
inside the soil for all the far-buildings configurations is presented in Figure 4.10. Results of
the tests considering structures M1-M2 and M2-M3 are presented in Figure 4.10(a) and (b),
respectively. The impacted structure is shown at the top of each curve. The maximum
acceleration was normalised by the maximum recorded at the footing of the impacted
structure. It is worth noting that a distance from 0 up to 5B is shown because they are

% of the max acc. of the impacted footing

% of the max acc. of the impacted footing

measured between centre lines of footings.

(a)

(b)

Figure 4.10. Maximum acceleration recorded for far-buildings configurations (a) M1-M2 and (b)
M2-M3

All the curves presented in Figure 4.10 show the same trend as previously exposed: (i) the
maximum acceleration reduced considerably from the impacted footing to the mid-distance
between the structures; (ii) almost no reduction is observed from the mid-distance to the
accelerometer beneath the neighbouring building; and (iii) the acceleration increases from
beneath the neighbouring footing to that recorded at the footing. The average acceleration
attenuation (percentage of that recorded at the impacted footing) for all the far-buildings
configurations is presented in Table 4.5. The arrows (→) indicate the direction of the wave
propagation, e.g., M1 → M2 corresponds to impacts applied to M1 while M2 was the
neighbouring structure at a distance of 4B.
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Table 4.5. Average acceleration attenuation for the far-buildings configurations

Structures
tested

Location of the accelerometer
Beneath the
MidBeneath the
At the footing of the
impacted structure distance neighbouring structure neighbouring structure

M1 → M2

42 %

2.6 %

4.3 %

10 %

M2 → M1

23 %

4.6 %

8.6 %

17 %

M3 → M2

47 %

5.6 %

11 %

20 %

M2 → M3

28 %

5.6 %

8.8 %

13 %

The values presented in Table 4.5 were used to adjust curves for predicting the acceleration
attenuation with the distance (see Figure 4.11). Quadratic curves were found to fit the last
portion of the curves (large distance) better, while exponential curves better represent the
initial (fast) decay of the acceleration. These results are aligned with those presented by
Vicencio and Alexander (2018) that, using a macro-element model, observed the influence
of an adjacent structure up to a distance of 3 times the footing width. Figure 4.11 shows
approximate curves adapted from Vicencio and Alexander (2018) considering height ratios
(𝜖) of 1.5 and 0.67 that are representative of the pairs of structures used in the tests
presented herein. Numerical results show an acceptable agreement in particular for the data
at a large distance. The faster decay of the acceleration near the impacted structures
observed in the experimental data compared with the numerical models exposes the
importance of energy dissipation due to local non-linearities, e.g., non-perfect contact
between the footing and the soil and local plastic behaviour of the soil.
100
M1-M2
M2-M1
M3-M2
M3-M1
=1.5
=0.67

80
Quadratic curve

60
40

Vicencio and
Alexander (2018)

20
0
-20

Exponential curve
0

1

2

3

4

5

Dist/B

Figure 4.11. Comparison between the adjusted curves for the acceleration attenuation and previous
numerical studies
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4.2.2

Close-buildings configurations

Figure 4.12 compares the normalised maximum acceleration recorded at the footing of the
structures for the far-buildings (at 0.25 B and 4 B) configurations with that of the closebuildings configuration (only at 4B). The structures considered on each test are shown in

50

Far-config. (black)
Close-config. (grey)

40

10
0

M1->M2

4B
0.25B

4B

0.25B
4B

20

0.25B

30

4B
0.25B

% of the max acc. of the impacted footing

the horizontal axis.

M2->M1

M3->M2

M2->M3

Figure 4.12. Comparison between acceleration attenuation recorded for far-buildings and closebuildings configurations

In all the cases, the acceleration on the footing of the structure at 4B was slightly higher for
the close-configurations (grey bars) compared to that of the far-configurations (black bars).
Therefore, the presence of a closely adjacent building seems to emphasise the interaction
with buildings at a large distance. This may be related to a local stiffer soil due to closely
adjacent structures, reducing the soil damping.
Figure 4.12 shows the average of all three impacts for each configuration. However, data
can be further desegregated considering results from each impact. It is worth noting that, as
expected from experimental studies involving soil, scatter in the data is considerable.
Nevertheless, a certain level of proportionality can be observed in the relationship between
the percentage of acceleration recorded on the footing of the structure at 0.25B and that
recorded on the structure at 4B for all the close-building configurations presented in Figure
4.13. The dashed grey line in Figure 4.13 shows a fitted polynomial curve. This curve
indicates that, in general, the larger the vibration on the near adjacent structure (0.25B), the
larger will be that on the far structure (4 B).
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Figure 4.13. Relationship between maximum acceleration recorded on the footing of the structure
at 0.25B and that at 4B for close-buildings configurations

As previously stated, (refer to Section 4.1.4), close-buildings configurations consider
structures in the same locations as they were on the far-buildings configurations, but each
one is accompanied by a closely adjacent neighbour. Therefore, up to a certain extent (i.e.,
neglecting the confining effect on the soil due to the bearing pressure induced by the
closely adjacent neighbour), far-configurations can be considered similar to closeconfigurations when the acceleration of the structure at 0.25B is close to zero (i.e., they do
not vibrate). Additionally, the average acceleration of the structure at 4B for the farconfigurations was 15% of that of the impacted footing. Therefore, an acceleration of
about 15% could be expected for structures at 4B in the close-buildings configurations
when the acceleration of the structure at 0.25B is close to zero. However, Figure 4.13
shows that, for accelerations on the close neighbour higher than 18%, the acceleration
recorded on the structure at 4B was higher than the average from the far-configurations
(i.e., amplification due to the neighbouring structure) while it was lower than the average
for the far-configurations (area enclosed by the grey dotted lines in Figure 4.13) when the
acceleration on the close neighbour was lower than 18%. This is consistent with
observations presented by Li et al. (2012) that exposed lower acceleration of adjacent
structures (3SI) compared to that of the stand-alone structure (SSI) during small
earthquakes while it was larger for strong earthquakes
Finally, the adjusted curves obtained from the far-buildings (see Figure 4.11) were used to
estimate the acceleration of the structure at 0.25B on the close-buildings configurations.
Results are presented in Table 4.6. The estimate was always larger than the experimental
results. This evidences that considerable energy is lost in the process of transferring energy
from the structures into the soil and vice versa.
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Table 4.6. Comparison between an estimate of average acceleration attenuation for the closeconfigurations using fitted curves and experimental results

Test

Measured (%) Estimate (%)

Error

M1 → M2

31

42

35%

M2 → M1

17

23

35%

M3 → M2

41

47

15%

M2 → M3

20

28

40%

4.3

Results of the shake table experiments

4.3.1

Fundamental frequency

For all the configurations studied, the fundamental frequency was obtained by applying an
impulse induced by a small and fast displacement of the shake table (global impulse). This
was intended to induce the vibration of all the structures, i.e., the interaction between all
the neighbouring buildings. A benchmark for the fundamental frequency was obtained
from the vibration induced on each structure due to an impact applied at the top mass (local
impact). This local impact was calibrated to induce a level of displacement of the top mass
similar to that of the global impulse, enabling comparison. Figure 4.14 shows the Fourier
amplitude of the acceleration at the top of M1 and M2, considering the stand-alone
condition (far-buildings configuration) and one adjacent structure (close-buildings
configuration). It can be seen that for both structures, the presence of an adjacent structure
produces a slightly higher frequency. This effect is more significant for M3, the more rigid

Fourier amplitude (m/s)

Fourier amplitude (m/s)

(shorter) structure.

(a)

(b)

Figure 4.14. Fourier amplitude of acceleration at the top of (a) M1 and (b) M2 showing a shift in
fundamental frequency due to the neighbouring structure
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Figure 4.15 shows the fundamental frequency for structures M1, M2 and M3 as a function
of the number of neighbouring buildings (N=2,3,6). Results from the global impulse and
local impacts are presented in black and grey, respectively. As expected, the results from
the local impacts were almost constant for all the structures across all the configurations
(see grey lines in Figure 4.15). This is relevant because, even though the vibration of a
structure induced a certain level of vibration on the neighbouring buildings (as discussed in
Section 4.2.2), this does not seem to be sufficient to produce changes in the fundamental
frequency of the impacted structure. On the other hand, results from the global impulses
show an increase in the fundamental frequency with an increasing number of adjacent

Funndamental frequency (Hz)

buildings for all the structures studied (dashed black lines in Figure 4.15).

Figure 4.15. Influence of number of neighbouring structures on the fundamental frequency

The increase in the fundamental frequency with the number of structures can be explained
due to the stiffer surrounding induced by the neighbouring models. The stiffer condition of
the soil could also be emphasised by local compression of the soil due to the movement of
the models when vibrating. Having multiple closely adjacent structures generates a larger
stress bulb underneath, increasing the confining in the foundation soil, hence increasing the
fundamental frequency of the structure on soil.
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Figure 4.16 presents the fundamental frequency of each structure normalised by the value
of the stand-alone case (N=1). The curves indicate that the influence of each additional
neighbour will be lower than the previous ones. As exposed by Khalil et al. (2007), the
influence of SSI on the fundamental frequency of buildings depends on the soil-structure
relative rigidity that is a function of the shear wave velocity of the soil and the foundation
area among other parameters. Therefore, the less pronounced increase in the fundamental
frequency with an increasing number of structures observed in Figure 4.16 can be
explained by the fact that each new structure will be located at a larger distance from the
subject building than the previous ones. This will induce less significant effects on the soil
beneath the subject building reducing the influence on the soil stiffness, hence on the
fundamental frequency.

Figure 4.16. Normalised curves showing the increasing fundamental frequency with an increasing
number of adjacent structures

Based on the average of the curves obtained for all the structures studied, the fundamental
frequency considering a given number of neighbouring buildings (𝑁) can be approximated
by the expression presented in Eq. (4.1).
𝑓 =𝑓∙𝑁

.

4.1

Where 𝑓 and 𝑓 are the fundamental frequencies of the structure for the stand-alone
condition and that of considering a total of 𝑁 buildings, respectively. Even though
extrapolation might not be suitable and further experiments are recommended to validate
this trend, the expression presented herein estimates a variation of the fundamental
frequency up to 20% for a large number of neighbouring buildings (𝑁 ≈ 30)
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4.3.2

Damping ratio

The damping ratio of the structures was estimated by using the half-power bandwidth
method, as presented in Eq. (4.2). Where 𝜁 is the damping ratio, 𝜔 corresponds to the
frequency at the peak amplitude and 𝜔 and 𝜔 are frequencies at each side of 𝜔 where a
value of

𝜔 is reached. This method provides a simple approximation of the damping

√

ratio using experimental data. A discussion of the characteristics of the half-power
bandwidth method can be found in Papagiannopoulos and Hatzigeorgiou (2011).
2𝜁 =

𝜔 −𝜔
𝜔

4.2

The damping ratio (on a fixed-base condition) of all the structures used on these tests was
1.6%. Results from the tests considering the far-configuration (stand-alone condition),
close-configuration (two adjacent), three-adjacent and six-clustered structures are
presented in Table 4.7 and plot in Figure 4.17.
Table 4.7. Damping ratio of the structures obtained from the global impulses

Fundamental frequency using a global impulse (Hz)
Structure

Fixed-base

Stand-alone

Two-adjacent

Three-adjacent

M1
M1
M2

1.60
1.60
1.60

4.60
4.71
4.72

4.50
4.62
4.65

4.43
3.53
3.82

The values presented in Table 4.7 show that for the stand-alone cases, 𝜁 was almost the
same for all the structures. The damping for the stand-alone condition was also
considerably larger than that of the fixed-base condition, showing a considerable
contribution of the soil to the damping of the structures. Therefore, the common approach
of considering only the structural typology (shear walls or moment frames) and the
material (e.g., reinforced concrete or steel) may lead to an inaccurate estimate of the
damping ratio.
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4.8
4.6
4.4
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Figure 4.17. Influence of number of neighbouring structures on damping ratio

In general, trends observed in Figure 4.17 were different from those observed for the
fundamental frequency. The damping ratio (𝜁) presented a minimum for the configuration
of three-adjacent structures for M1, M2 and M3. From the stand-alone case up to the threeadjacent configuration, 𝜁 reduces with an increasing number of structures. However, it
increases back for the six-clustered configurations. It is worth noting that the six-clustered
configuration considers adjacent structures in both perpendicular directions (see Figure
4.7). Therefore, the confining effect induced by the 6 buildings is more significant than
including structures in the same row, as was the case for the other configurations studied.
The damping ratio seems to be more sensitive to this effect than the fundamental frequency.
Current expressions to assess the influence of soil on the damping ratio of a structure are
commonly a function of the fundamental frequency, as, e.g., presented in Sol -Structure
Interaction for Building Structures (NEHRP. 2012), shown in Eq. ( 4.3)
𝛽 =𝛽 +

1
𝑓 ⁄𝑓

∙𝛽

4.3

Where 𝛽 , 𝛽 and 𝛽 correspond to the damping of the soil-structure system, foundation
and structure, respectively. 𝑓 and 𝑓 are the fundamental frequency of the structure
assuming a fixed-base condition and that of considering the effect of soil. The exponent, 𝑛
accounts for the type of damping considered for the structure.
Based on Eq. (4.3), an increase in the fundamental frequency of the soil-structure system,
as observed in Figure 4.16, should also increase the damping ratio, opposite to what is
shown in Figure 4.17. However, this contradicts the idea that a more rigid soil will induce
a higher frequency on the soil-structure system, reducing damping.
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Furthermore, this corresponds to an analytical solution that neglects the effect of the
vibration of neighbouring buildings. This vibration could generate a fed-back effect
through the common soil reducing or increasing the vibration of a subject building
depending on the frequency of the base motion and that of the structures involved, among
other parameters (e.g., Aldaikh et al., 2016). In the tests presented herein, is highly likely
that the structures vibrate out-of-phase among each other due to the different fundamental
frequencies. This effect could be emphasised by the proximity of the neighbouring
buildings, explaining the larger damping for the six-clustered configurations compared to
that of the three-adjacent case. Therefore, considering only changes on the fundamental
frequency in the estimate of damping of soil-structure systems may lead to nonconservative results (i.e., increasing damping rather than reducing it).

4.4

Summary

The dynamic response of SDOF structures on the surface of medium-dense Waikato River
sand in a laminar box was studied using impact (local) and impulse (global) loads.
Configurations ranging from stand-alone up to six-clustered structures were considered.
Firstly, the influence of the distance between the structures considering footings at 4B and
0.25B was addressed by studying the evolution of the acceleration through the soil.
Subsequently, the influence of the number of adjacent structures on the dynamic properties
of a subject building was studied. The main observations of this study are summarised
below.
In general, the influence of the vibration of an adjacent structure was observed up to a
distance of 4 times the footing width. A faster decay on the acceleration in the soil near the
impacted building was observed in the experiments compared to that of previous numerical
studies. The response of close structures (at 0.25B) estimated using the results from tests
considering structures at a large distance (4B) was also larger than the experimental results.
These observations highlight the importance of energy dissipation due to the local
nonlinear response of the soil (e.g., non-perfect contact between the footing and the soil
and local plastic response of the soil under the impact area), particularly in the process of
transferring energy from the structures into the soil and vice versa.
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The presence of a close neighbour was observed to induce both amplification and
reduction of the acceleration recorded on a structure at a large distance depending on the
level of acceleration induced on the closely adjacent structure. In the case of these
experiments, a reduction was observed for accelerations of the structure at 0.25B lower
than 18% of the acceleration at the impacted footing.
The fundamental frequency increased with an increasing number of neighbours for all the
structures studied. However, the influence of each additional structure reduces compared to
that of the previous ones. The main reason for this is the lower influence on the soil
stiffness (under the subject building) that a new neighbour will have compared to that of
the previous ones due to its location (farther from the subject building than the previous
ones). An equation to evaluate the variation of the fundamental frequency is proposed.
Based on extrapolation, a variation of the fundamental frequency close to 20% for a large
number of neighbouring buildings (≈ 30) was predicted.
In the case of the damping ratio, a considerable contribution of the soil was observed. This
observation may be emphasised by the small mass of the structures. However, it is relevant
considering that, in common practice, only the structural typology and material of the
buildings are used to estimate the damping ratio. The minimum damping ratio was
obtained for the configurations of three-adjacent, exposing the relevance of the location of
the neighbouring buildings. Current expressions to estimate damping of soil-structure
systems were also questioned since they only consider changes in the fundamental
frequency leading to counterintuitive results.
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Chapter 5
Adjacent structures under seismic loads
on dry sand
This chapter is a continuation of the experiments presented in the previous one. Therefore,
the experimental set-up and structural models are similar to those described in the last
chapter. Herein, the seismic response of a single degree-of-freedom structure considering
the influence of one and two closely adjacent neighbours is studied. Firstly, results from
utilising a recorded ground motion from the 2011 Christchurch earthquake as the excitation
are analysed. The effect of adjacent structures on the acceleration and displacement of the
top mass of each structure, as well as the uplift of the footings, are discussed. Later, results
from three additional ground motions are considered to further investigate the influence of
adjacent structures on the response of the structure of focus. In general, acceleration, lateral
displacement and uplift were reduced compared to that of the corresponding stand-alone
case. A footing settlement mechanism resulting from the uplift of the system that reflects
the influence of adjacent structures is also revealed.

5.1

Experimental methodology

The tests were performed using a large laminar box (2 m x 2 m x 2 m) and a shake table at
the University of Auckland’s Test Hall.
The box was filled with sand from the Waikato River in New Zealand. The sand was
rained, maintaining a height of 3 m between the source of the sand and the sand surface.
This process of pluviation leads to a low relative density of the sand, i.e., 𝐷 ≈ 35%. This
initial density will vary after multiple shakes. Therefore, after filling the box, a lowamplitude with noise vibration (+/- 5 mm), which was bandpass filtered between 1 Hz to
10 Hz, was applied. The vibration was applied until no further surface settlement was
recorded. This process achieves a relatively stable density, 𝐷 ≈ 51% , thus enabling
comparison. The final height of the sand surface was 1.45 m. Figure 5.1 shows the laminar
box on the shake table with 2 pairs of two closely adjacent structures.
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Figure 5.1. Experimental assembly of a test with two pairs of adjacent structures

5.2

Sand properties

Waikato River sand is a clean and poorly-graded quartz sand with angular particles.
Properties of the sand are presented in Table 5.1. The particle size distribution is shown in
Figure 5.2. The velocity of vertically propagating shear waves in the soil was obtained by
measuring the time delay of the signal recorded on accelerometers at different depths due
to an impact on a steel plate on the surface of the sand. This measurement was performed
several times between tests to confirm a relatively stable condition of the soil. An average
value of 150 m/s ± 3m/s was obtained.
Table 5.1. Sand properties

Parameter

Value

Unit

Dry density (𝛾 )

1570

Kg/m3

Void ratio (𝑒)

0.69

-

Relative density (𝐷 )
Specific gravity

0.51

%
-

Minimum void ratio (𝑒

)

2.64
0.55

Maximum void ratio (𝑒

)

0.78

-

150

m/s

Shear wave velocity ((𝑉 )
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Figure 5.2. Particle size distribution

5.3

Experimental structures

The experimental set-up enables considering the partial geometrical separation of the
footing (i.e., uplift) and the footing-induced nonlinear sand movement. Therefore,
traditional scaling laws (e.g., Buckingham Theory) were not applied. This produces an
incompatibility between utilising model structures and sand, which is unscalable with
respect to its geometry and mass. However, this also allows avoiding time scaling. Thus
the frequency content of the excitations is not modified. The incompatibility of employing
model structures and unscaled sand leads to contact stress below the footings lower than
that of a typical structure, yet the near-surface response of the soil-foundation system can
be interpreted clearly. The same approach was used by Barrios et al. (2020) to study
footings on saturated sand.
The limitations of 1-g experiments depend on the dimensions of the laminar box,
particularly the depth. The initial stress state in 1-g experiments is not likely to replicate
the real field conditions. However, there are other factors involved in the system dynamics
that 1-g experiments replicate correctly, such as the fundamental frequency of the structure
and the frequency content of the earthquake. In-situ dynamic stresses are strongly
dependent on the fundamental frequency of the structure, the frequency content of the
earthquake and the initial stresses. Therefore, while the stresses prior to the earthquake
might not be accurate, the stresses due to the earthquake are properly simulated.
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In the case of scaled experiments, e.g., centrifuge tests described in Barrios et al. (2021),
the frequency content of the earthquake and the fundamental frequency of the structure,
consequently, the frequency content of the excitation are incorrectly represented because
any scaling will affect the time dimension. Therefore, in contrast to 1-g experiments, in
scaled experiments, while the initial vertical stresses are properly simulated, the stress state
in the soil due to the earthquake is inaccurately replicated.
The authors are aware that there is no experimental setup that can correctly simulate field
and structural conditions under earthquake loading at this stage of knowledge. In addition,
none of the approaches described above can completely replicate reality. Hence, the
behaviour observed in 3SI physical experiments, using either scaled or non-scaled
approaches, need to be evaluated on their own merit with reference to the particular
assumptions and objectives of the experiment.
It is important to maintain a suitable distance between the edge of the sandbox and the
edge of the footing of the structure to minimise boundary effects. Therefore, 0.2 m square
footings were selected. This provided a minimum distance of three times the footing width
(3B) in the direction of the shaking and two times (2B) in the perpendicular direction (see
Figure 6). The height of the tallest structure was limited to three times the footing width to
induce rocking without overturning. The structures (M1, M2 and M3, see Table 2) are also
of equal mass to produce equal bearing pressure and equal inertia, thus limiting the number
of variables.
A total of six small structures were built to study different soil-footing-structure systems.
The structures did not represent any particular prototype yet have a fundamental frequency
in the range of common civil structures.
The targeted fixed-base fundamental frequencies were 1.5 Hz, 2.5 Hz and 3.5 Hz to obtain
a “flexible”, an “intermediate”, and a “stiff” system. The height of the structures was
adjusted to achieve these frequencies. In total, four M2 structures were built to enable a
larger number of configurations. Sandpaper was glued to the base of the footings to
enhance the friction between the footing and the sand. Properties of the structures are
presented in Table 2, and a picture of the structures is shown in Figure 3. The fundamental
frequency and the damping of the structures with a fixed-base were obtained as the average
from five free-vibration tests. The obtained damping ratio was 1.6%.
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Table 5.2. Properties of the SDOF models

Height (m)
Frequency (Hz)
Top mass (kg)

M1

M2

M3

0.60
1.54
28

0.45
2.44
28

0.35
3.79
28

Figure 5.3. SDOF structures

5.4

Instrumentation

The acceleration and the lateral displacement of the top mass of the structures were
measured using an accelerometer and a laser displacement transducer, respectively. The
uplift of the footing (in the direction of the shaking) was measured using two LVDTs close
to the edges of the footing. A diagram of the instrumentation on the structures is presented
in Figure 5.4. The accelerometer is represented by a square, the laser by an ellipse and
LVDTs by a rectangle. The recording sampling rate from all the instruments was 200 Hz.

Figure 5.4. Diagram of the instrumentation of the structures
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5.5

Testing programme

The structure, which results will be discussed, is defined here as the “structure of focus”.
To investigate the influence of one adjacent structure in the shaking direction, two rows of
two closely adjacent structures, defined here as 1AD, were tested simultaneously. To
minimise the interaction between rows of structures, a distance of four times the footing
width was utilised (see Figure 5.5). To study the effect of two adjacent structures, one at
each side of the structure of focus, defined here as 2AD, tests with two rows of three
closely adjacent structures were carried out (see Figure 5.6). A distance of 60 mm between
edges of adjacent footings was considered in all the tests. This was intended to maximise
the interaction between the structures while avoiding pounding between the top masses.
All the configurations of structures are listed in Table 5.3. Each structure was also studied
on a stand-alone (SA) condition as a reference.

(a)

(b)

Figure 5.5. Diagram of the (a) lateral-view and (b) top-view of 1AD structures (units in mm)

(c)

(d)

Figure 5.6. Diagram of the (a) lateral-view and (b) top-view of 2AD structures (units in mm)
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Table 5.3. Testing programme

Test

Configurations
Top

Bottom

Top

Bottom

Two-adjacent (2AD)

M3-M1

M2-M2

M3-M2

M1-M2

Three-adjacent (3AD)

M2-M3-M1

M2–M2-M2

M2-M3-M2

M2-M1-M2

5.6

Ground motions

Four earthquake records from the Darfield and Christchurch events (September 2010 and
February 2011) were utilised. The records were obtained from the database available on
the website of the Geological hazard information for New Zealand - GeoNet
(https://www.geonet.org.nz/). Table 5.4 presents relevant properties of the ground motions
The tests were performed at the surface of a 1.45 m deposit of sand, hence ground motions
recorded on shallow soil were selected. These records are also free from soil softening due
to dynamic pore-pressure development (see Table 5.4 and Figure 5.7(b)).
Table 5.4. Properties of the recorded ground motion

Ground
motion
Darfield
earthquake
Christchurch
earthquake

Station

PGA
(g)

PGV
(m/s)

PGD
(m)

Arias intensity
(m/s)

Strong motion
duration (5%-95%)
(s)

RHSC
CACS
CCCC
RKAC

0.30
0.19
0.24
0.21

16.7
11.5
36.4
11.8

0.15
0.03
0.12
0.09

1.15
0.32
10.9
0.51

10
13
27
21

Note: PGA, PGV and PGD is the peak ground acceleration, velocity and displacement, respectively.

5.7

Experimental results and discussion

Apart from the stand-alone cases, eight experiments were conducted. The discussion
focuses on the acceleration and displacement of the top mass, as well as the rotation and
settlement of the footings. To reveal the influence of closely adjacent structures (i.e., 3SI),
the response of the structure of focus considering adjacent structures is compared to that of
the stand-alone case.
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Figure 5.7 presents the time-history and Fourier amplitude of the acceleration recorded at
the shake table and that of the accelerometer located 50 mm beneath the centre of the sand
surface. These time histories are from one of the 1AD tests. The sand acceleration in the
laminar box and that of the table are similar in all considered time and frequency ranges.

0.1
4

Shake table
50 mm beneath surface

RHSC

Shake table
50 mm beneath surface

0.08

2

1.54 Hz

0.06

0

0.04

2.44 Hz

3.79 Hz

RHSC

-2
0.02
-4
4

6

8

10
Time (s)

12

0

14

0.5

(a)

1

1.5
2
2.5
Frequency (Hz)

(b)

2

Acceleration (m/s )

Fourier amplitude (m/s)

CACS

CACS

(d)

Fourier amplitude (m/s)

Fourier amplitude (m/s)

(c)

CCCC

(e)

CCCC

(f)
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0.04
Shake table
50 mm beneath surface
1.54 Hz
2.44 Hz

RKAC
0.03

3.79 Hz

RKAC
0.02

0.01

0

0.5

1

1.5
2
2.5
Frequency (Hz)

(g)

3

3.5

4

(h)

Figure 5.7. Comparison between the acceleration recorded at the shake table and that of the
accelerometer 50 mm beneath the sand surface. Left column – Time-history and right column –
Fourier amplitude

To reduce the influence factors and thus enable a clear interpretation of the results, 1AD
and 2AD cases only considering M2 structures (i.e., stand-alone M2, and two/three closely
adjacent M2s) are presented first using the ground motion from station RHSC. Observation
and trends for M1 and M3 as the structure of focus are discussed later. In the case of M1
and M3, the adjacent structures are also only M2 structures for ease of comparison.
5.7.1

Dynamic properties

The fundamental frequency of structures is usually estimated using analytical expressions
or numerical models. In the case of damping, values between 3% and 5% of the critical
damping are commonly assumed depending on the material and type of construction. The
soil effect is rarely considered in the estimation of these properties. When considered, the
effect of soil is mainly reflected in an elongation of the fundamental period of the soilstructure system. In the case of damping, considering the effects of soil is even less
common, even though studies have shown that the radiation damping and material
damping of soil can have a significant contribution to the damping of the soil-structure
system (e.g., Chouw, 1994, Cruz and Miranda, 2017).
Expressions, such as the one considered in the American standard “Soil-structure
interaction for building structures” (NEHRP, 2012) presented in Eq. 5.1, have been
proposed to estimate the damping of the soil-structure system (𝛽 ).
𝛽 =𝛽 +

1
𝛽
(𝑇⁄𝑇)
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where 𝛽 and 𝛽 are the damping of the foundation and the structure, respectively, while 𝑇
and 𝑇 is respectively the fixed-base fundamental period of the structure and that
considering SSI, and 𝑛 = 2 is often assumed for hysteretic material damping of the soil.
To estimate the damping (𝛽 ), the effects of soil on the fundamental period (𝑇⁄𝑇) need to
be identified first. In this study, the fundamental frequency is considered instead of the
fundamental period (𝑓 = 1⁄𝑇 ). An estimation of the fundamental frequency of the soilstructure system was obtained from Eq. 5.2.
1
𝑓

=

1
𝑘
𝑘 ℎ
1+
1+
𝑓
𝑘
𝑘

5.2

8𝐺𝑅
2−𝜈
8𝐺𝑅
𝑘 =
3(1 − 𝜈)

5.3

𝑘 =

5.4
5.5

𝐺=𝑉 𝜌

where 𝑘 and 𝑘 is the static lateral and rotational stiffness of the soil, respectively. 𝑓, ℎ
and 𝑘 is the fixed-base fundamental frequency, height, and stiffness of the structure,
respectively. 𝑉 is the velocity of shear waves in the soil.
The soil is characterised by the shear modulus (G) and the Poisson’s ratio (ν). To consider
the influence of multiple structures, the value of the equivalent radius (R) was assumed as
half of the distance between opposite outermost edges of the footings in the direction of
shaking. A diagram of the variables considered is presented in Figure 5.8.

(a)

(b)

Figure 5.8. Parameters considered to estimate the fundamental frequency of the soil-structure
system. (a) Soil structure parameters and (b) equivalent radius (R) considered for each
configuration
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The fundamental frequency (𝑓 ) was estimated using the measured shear wave velocity of
150 m/s and a density of 1570 kg/m3 (see Table 5.1). A Poisson ratio of 0.33 was assumed.
As expected, for the stand-alone case, a shorter fundamental frequency (𝑓) than that of the
fixed-base case was obtained. In the case of one or two adjacent structures (1AD and 2AD),
the fundamental frequency gets closer, yet it is still lower than that of the stand-alone case.
The estimated fundamental frequency for all the systems with the different configurations
(i.e., stand-alone, 1AD and 2AD) is presented in Table 5.5. The structure of focus (listed in
the first column of Table 5.5) is always adjacent to the M2 structure(s).
Table 5.5. Influence of adjacent structures on the estimated fundamental frequency of the
considered soil-structure system according to Eq. 5.2

Fundamental frequency (Hz)
Structure of focus Experimental
SA
1AD
fixed-base
M1
M2
M3

1.54
2.44
3.79

1.37
2.08
3.03

1.53
2.42
3.74

2AD
1.54
2.43
3.78

The experimental results for the case considering only M2 structures (i.e., stand-alone,
1AD and 2AD) are presented in Figure 5.9. The frequency of the corresponding fixed-base
structure is indicated by a vertical dashed line (2.44 Hz).
Even though the experimental values are different from the estimated values (see Table
5.5), up to some extent, they follow a similar trend. for the case considering only M2
structures, the fundamental frequency for the stand-alone system (𝑓 ) is the lowest (1.66
Hz), while 1AD and 2AD systems show a second peak higher than that of the stand-alone
case (1.90 Hz). This second peak reflects the ground motion characteristics, as indicated by
the peak of the Fourier amplitude of the ground motion in Figure 5.7(b). The
experimentally obtained fundamental frequencies (𝑓 ) of all considered cases are listed in
Table 5.6. The values of fundamental frequency estimated (shown in Table 5.5) are shown
in brackets to ease comparison.
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Figure 5.9. Changes in the Fourier amplitude of the top mass acceleration of the structure of focus
due to the presence of adjacent structures considering only M2s (RHSC)

In the case of the M1 (with the lowest fixed-base frequency), 𝑓 of the stand-alone case
was 1.42 Hz. The 1AD and 2AD cases has a frequency of 1.53 and 1.72 Hz, respectively.
This higher frequency is likely due to the constraint of the surroundings because of
neighbouring structures. On the other hand, 𝑓 of the stand-alone M3 structure was 3.61 Hz,
smaller than 3.79 Hz of the corresponding fixed-base case (see Table 5.5). However, no
significant change in the frequency was observed for either the 1AD or 2AD case. The
results suggest that the effects of 3SI on the fundamental frequency are more evident for
low-frequency structures (M1), and this effect decreases with increasing stiffness of the
structure.
Table 5.6. Influence of adjacent structures on the fundamental frequency of the structure of focus,
obtained from the experimental data

Structure
M1
M2
M3

Fundamental frequency (Hz)
SA
1AD
2AD
1.42 (1.54)
1.66 (2.44)
3.61 (3.79)
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1.53 (1.37)
1.80 (2.08)
3.61 (3.03)

1.72 (1.54)
1.80 (2.43)
3.60 (3.78)
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According to Eq. 5.1 the damping of M2 structures can be estimated as 3.5% in the standalone case and 2.9% in the 1AD and 2AD cases. In this estimation, the damping of the
foundation (𝛽 ) is neglected and the fundamental frequency (𝑓 ) of the system obtained
from the experimental results is used. These estimated values are compared with those
obtained experimentally using the free vibration recorded immediately following the end
of the ground excitation (see an example in Figure 5.10).
In the case of M2 as the structure of focus with the location indicated in bold in the
diagram at the bottom right of Figure 5.10, the experimental damping was 4.71%, 4.62%
and 3.48% for SA, 1AD and 2AD cases, respectively. The experimentally obtained
damping of all the structures is presented in Table 5.7. The reduction of the damping with
an increasing number of adjacent structures suggests that the adjacent structures increase
the effective stress in the system subsoil, leading to i) an increase in shear stiffness of the
soil and ii) lower shear strain, resulting in lower material damping. In the case of M1
(tallest structure), the radiation damping is anticipated at the highest of all cases. This is
likely to be the reason that the progression of experimentally determined damping above is
not followed. In the case of M3 (shortest structure), the damping progression described
above for the M2 structure is followed.
Table 5.7. Influence of adjacent structures on the damping ratio of the structure of focus, obtained
from the experimental data

Structure
M1
M2
M3

Damping ratio (%)
SA
1AD
2AD
4.50
4.71
4.70
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4.61

4.43
3.48
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Figure 5.10. Damping of the structure of focus (M2) from the on the acceleration at the top mass
following the end of the ground motion (RHSC)

5.7.2

Response of the structure of focus

The spectral acceleration of free-field ground motion is commonly used to estimate the
seismic demand on a fixed-base structure. In this work, the acceleration at the midpoint
between the two pairs of 1 AD structures (see Figure 5.5(b)) 50 mm beneath the sand
surface was recorded. Since this point is close to the surface and located at twice the
footing width from the nearest structure, it can be considered as a reasonable
approximation of the free-field motion. The response spectrum of this acceleration is
presented in Figure 5.11 using the damping ratio of a fixed-base M2 structure (1.6%, see
Section 5.3). It is worth noting that this spectrum is not intended to be an accurate estimate
of the actual response of the structure but a typical approximation used in common
engineering practice. The response spectrum, calculated for all cases, were compared and
established very little difference. The response spectrum values are compared with the
maximum recorded acceleration at the top mass of the structure of focus. Results are
presented in Table 5.8.
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Figure 5.11. Response spectrum of the acceleration record 50 mm beneath the centre of the sand
surface for the RHSC ground motion

Table 5.8 shows the peak acceleration of the top mass recorded on all the SA, 1AD and
2AD cases. The difference with the value obtained from the response spectrum (Figure
5.11) is presented in brackets. The structure of focus in each case is indicated in bold.
Table 5.8. Effect of adjacent structures on the peak acceleration of the structure of focus

Peak acceleration (m/s2)
Structure
of focus

Response
spectrum
(m/s2)

SA

M1
M2
M3

5.3
6.7
7.4

4.5 (-15%)
4.7 (-30%)
7.8 (+5.4%)

1AD

2AD
(centre structure)

3.9 (-26%)
5.4 (-19%)
6.2 (-16%)

4.0 (-25%)
5.3 (-21%)
5.9 (-20%)

Table 5.8 shows that the stand-alone structure has a lower peak acceleration than the
response spectrum value in most cases. Compared to the SA case, a reduction is also
observed in the 1AD and 2AD cases for M1 and M3 structures. However, results show a
larger peak acceleration for the cases considering adjacent structures than the SA case
when all the structures involved are M2. This indicates an acceleration amplification of the
structure of focus due to adjacent structures when the frequencies of all soil-structure
systems are the same.
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This series of experiments is likely to have implications for design: i) as expected,
considering the supporting soil leads to lower structural response. However, in the case of
short structures, the response can be larger than that of a fixed-base structure. ii) The
presence of adjacent structures causes further reduction from the stand-alone structure,
except when all structures have the same dynamic properties. iii) Considering all cases, the
results show that the supporting soil and adjacent structures produce up to a 30% reduction
compared to the fixed-base case. As identified above, stiff structures can cause a slight
increase in response. Consequently, in this study, apart from the stiffest structure (M3) in
stand-alone condition, the current conventional design based upon a fixed base represents a
conservative approach. Therefore, further investigation considering the effect of both the
supporting soil and the wider environment (i.e., the presence of adjacent structures) may be
of significance, particularly to understand when the structure may present a response larger
than when assuming a fixed-base condition.
Considering energy is central to evaluating the potential for seismically induced damage to
a structure. In general terms, the total energy of a signal 𝑥(𝑡) can be obtained as the
integral of the square of the signal (Eq. 5.6). Therefore, the total energy in the case of a
structure subjected to a seismic load can be related to the Arias intensity, as shown in Eq.
5.7, where a and g are the acceleration of the top mass of the structures and the

gravitational acceleration, respectively. Additionally, using Parseval’s Theorem, the energy
can be expressed in the frequency domain by associating the energy with the square of the
Fourier amplitude spectrum (𝑋(𝑓)), as given in Eq. 5.8. This representation of the energy
in the frequency domain is also known as the Energy Spectral Density.

𝐸𝑛𝑒𝑟𝑔𝑦 =

𝐼 =

𝜋
2𝑔

𝐸𝑛𝑒𝑟𝑔𝑦 =
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The evolution of energy in the time and frequency domain can be determined using the
Arias intensity and the energy spectral density. Both the above variables are evaluated,
considering the top mass of an M2 structure, in Figure 5.12. The structure of focus is
highlighted in bold at the bottom right of each figure.

(a)

(b)

Figure 5.12. Cumulative energy at the top mass of the structure of focus M2 for the RHSC ground
motion based upon (a) Arias intensity and (b) Power Spectral Density

In all cases, the Arias intensity up to about 15 s is similar. The differences observed after
15 s can be explained by compaction of the soil beneath the footing due to the vibration of
the structures that results in an increase in density. This will be further discussed when
uplift and settlement are presented in Section 5.7.4. Figure 5.12(b) shows that in the
frequency domain, most of the energy is produced in the bandwidth between 1.5 Hz and
2.5 Hz. Additionally, a higher final value of the power density was obtained with an
increasing number of participating structures. This could be explained as the excited
adjacent structures, by the process of reflection and refraction of waves, act as an
additional source of vibrations passing energy into the structure of focus that otherwise
will travel away from it. The differences in terms of energy may explain the increase of the
response of the structure of focus M2, observed in Table 5.8, due to the same frequency of
vibration of all the structures involved, inducing a constructive interaction.
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5.7.3

Consideration of potential for pounding

Another relevant factor for the design of structures is the relative lateral displacement. A
large lateral relative displacement can cause pounding between adjacent structures if the
gap between them is insufficient compared with the activated relative displacement. In this
study, the top displacement of the structure of focus is used as an indicator of the potential
for pounding. The displacement between the upright fixed to the top frame and the top
mass of the structure was measured using the laser displacement transducer (see Figure
5.1). This approach enables a clear identification of the contribution of the adjacent
structures via the common soil by comparison with the response of the stand-alone
structure. A window of the time-history of the displacement of the top mass of M2 is
presented in Figure 5.13. The configuration of structures considered in each test is shown
at the top right of the figure, with the structure of focus M2 identified in bold.

Figure 5.13. Effect of adjacent structure on the top mass displacement of the structure of focus M2

The maximum displacement clearly reduces due to the presence of adjacent structures
(1AD and 2AD cases). The presence of neighbouring buildings and the subsequent stiffer
supporting soil lead to a lower strain in the soil, reducing the rocking component of the
system, thus the total displacement. Another possible reason for the reduction of the top
displacement is the existence of destructive interaction of propagating waves between
adjacent structures.
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Figure 5.14 shows a window of the time-history of the top mass displacement of different
structures of focus for the SA and 2AD cases. A clear reduction in the displacement due to
the adjacent structures can be observed in all cases. While the tallest structure (M1)
experiences the largest displacement for the SA case, with adjacent structures, M3 has the
largest displacement. The main reason could be that M3 is the shortest structure.
Consequently, the response contains less rocking motion and results in less effect from the
presence of adjacent structures.
The maximum displacement of all the structures in the different configurations is
summarised in Table 5.9. The difference between the displacements in 1AD and 2AD
cases and that of the SA case are presented in brackets. As explained above, the stiffest
structure (M3) is less affected by the presence of adjacent structures.

(a)

(b)

Figure 5.14. Simultaneous effect of structural properties of the structure of focus and adjacent
structures on the top mass displacement for (a) stand-alone and (b) 2AD cases
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Table 5.9. Maximum displacement considering adjacent structures

Case
SA
1AD
2AD
5.7.4

Maximum displacement of the top mass (mm)
M1

M2

M3

78
34 (-56%)
31 (-60%)

59
22 (-63%)
27 (-54%)

57
54 (-25%)
40 (-30%)

Relationship between uplift and settlement of footing

A positive vertical displacement at the edge of the footing, due to a temporary and partial
separation at the footing-sand surface interface, is defined here as uplift. While “settlement”
corresponds to negative vertical displacement of the centre of the footing calculated by
subtracting half the absolute value of the difference between the displacements of the two
edges from the largest displacement of the two footing edges. A positive displacement of
the centre of the footing, separating from the sand surface, is defined here as “separation”
(see Figure 15). The position of the spatially and temporally varying sand surface beneath
the footing due to base shaking and the response of the structure is hardly determinable.
Although the footing settlement is defined, only an incomplete knowledge of the sand
surface position beneath the footing can be achieved, i.e., the position at the sand surface is
known only when the footing and sand have contact. Because of this restriction in
obtaining the sand-surface position, the authors focus on the footing behaviour.
Uplift of structures on a rigid base under dynamic loads has been widely studied since the
1960s (e.g., Housner, 1963, Priestley et al., 1978, Lim and Chouw, 2018 and Chen et al.,
2017). The results showed that the fundamental frequency of the soil-structure system has
a significant effect on the duration and amplitude of the uplift and thus on the contact
forces between the ground and the foundation. However, there are scarce experimental
works available addressing the uplift of shallow foundations on soil. Furthermore, to the
authors’ knowledge, none of the reported studies considered the influence of closely
adjacent structures on the uplift of the foundation.

Figure 5.15. A diagram of clockwise (cw) uplift and displacement of a footing
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Figure 5.16 shows the uplift of the M1 structure in the most intense phase, between 6 s and
12 s, of the base motion. Vertical dashed lines indicate the period of strong uplifts. Results
of the stand-alone, 1AD and 2AD structure of focus are presented. The location of the
structure of focus is marked in bold in the diagram at the right side of each figure.

(a)

(b)
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(c)
Figure 5.16. Effect of adjacent structures on uplift and settlement of structure of focus M1. (a)
Stand-alone (b) adjacent to an M2 structure, and (c) in between two M2 structures

The top part of Figure 5.16(a) shows that the left and right edges of the footing experience
different amplitudes of uplift. This difference reflects the asymmetric base motion (see
Figure 5.7(a)), resulting in the unequal uplift due to clockwise and counter-cw rotation.
The bottom part of Figure 5.16(a) shows that in large uplift phases (period defined by the
vertical dashed lines), the centre of the footing does not settle but experiences episodes of
separation from the original footing-sand contact. In the following period, the footing
experienced almost continuous downward movements, indicated by negative displacement
values.
This mechanism can be explained by a reduction of the contact area due to large footing
rotations, leading to high contact stresses close to the edges of the footing (see Figure
5.17(a)). The large edge stresses generate a penetration of the footing into the sand at both
ends of the footing. The remaining contact area around the centre of the footing performs a
downward trajectory due to the back-and-forth horizontal movement of the footing,
inducing a rearrangement of the soil beneath the footing, partially filling the gaps next to
the edges, see Figure 5.17(b). This mechanism leads to downward displacement of the
centre of the footing resulting in incremental settlement.
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In the case of 1AD structures, the consequence of an adjacent footing is evident by
comparing the bottom figure of Figure 16(a) and (b). While the settlement at 12 s in the
case of a stand-alone structure is approximately 2.5 mm, the corresponding settlement in
the case of 1 AD is approximately 0.3 mm. The weight of the adjacent structure produces
higher lateral and vertical stresses than that of the SA case. Consequently, the mean stress
(𝜎 + 𝜎 + 𝜎 ⁄3) leads to a higher bulk modulus and results in a stiffer sand medium.
In the 2AD case, the structure of focus experiences similar but a slightly larger settlement
than that of the 1AD case. However, this can be explained by the separation of the footing
progressively reducing from stand-alone to 1AD to 2AD. This reflects the increasing
constraint of the volume of sand supporting the structure of focus.

(a)

(b)
Figure 5.17. Development of settlement induced by footing uplift. (a) Formation of gaps beneath
the edges of the footing due to uplift and (b) partial filling of the gaps due to horizontal movement
of the footing

Table 5.10 lists the maximum settlement at the centre of the footing of the structure of
focus. For all cases, the stand-alone structure experienced the largest settlement compared
to that of the 1AD and 2AD cases. This confirms that, in the experiments reported here, a
stiffer supporting soil mass due to adjacent structures led to less settlement.
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Table 5.10. Influence of adjacent structures on the maximum settlement of the centre of the footing

Maximum uplift of the footing (mm)

Case
SA
1AD
2AD

M1

M2

M3

5.37
1.23
1.25

1.07
1.01
0.63

3.02
1.20
0.73

The contribution of the uplift to the lateral displacement of the top mass of the structure of
focus, i.e., a rigid-body rotation of the footing, was subtracted from the total lateral
displacement. The resulting value was defined as the “relative displacement”. Even though
the total displacement will determine the pounding potential, the stress developed along the
structure depends (neglecting second-order effects) only on the relative displacement.
Results for the three structural configurations are presented in Table 5.11.
Table 5.11. Effect of adjacent structures on the total and relative displacement

Maximum displacement at the top mass (mm)
M1
M2
M3

Case
Total

Relative

Total

Relative

Total

Relative

SA

35

14

26

16

21

11

1AD

25

7

14

8

21

8

2AD

16

2

14

6

19

9

Table 5.11 shows that due to the presence of adjacent structures, both the total
displacement and the relative displacement decreases. Hence, to estimate the likelihood of
pounding, designers would benefit from incorporating the effect of the wider environment
of the structure of focus. Cost optimised structures may result if consideration is given to
the presence of adjacent structures.
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5.8

Results from additional ground motions

5.8.1

Effect of adjacent structures on the maximum acceleration of the structure of focus

3SI effects were studied using the ratio of the maximum acceleration (𝜒

) of the adjacent

case (1AD or 2AD) to that of the stand-alone case (SA). This is similar to the approach
considered by Aldaikh et al. (2016) to study a linear system comprised of only two
structures. However, a generalised version of the work by Aldaikh et al. is adopted here to
consider the influence of multiple adjacent structures (Eq. 5.9).
𝛼 =

∑

𝑓

5.9

𝑛𝑓

The generalized frequency ratio (𝛼 ) corresponds to the sum of the fixed-base frequencies
(∑

𝑓 ) of all structures divided by the frequency ( 𝑓 ) of the structure of focus and

normalised by the total number (𝑛) of structures.
Figure 5.18(a) and (b) show 𝜒

for 1AD and 2AD, respectively. The solid circles show

the average values obtained from all ground motions for each configuration. The horizontal
solid grey line divides the region into reduction (beneath) and amplification (above) with

acc

acc

respect to the stand-alone structure of focus.

(a)

(b)

Figure 5.18. Acceleration ratio (𝜒
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In the case of 1AD, considering the solid circles, large amplification (i.e., 𝜒

> 1.0) was

observed for values of 𝛼 close to 1, while the amplification was lower for values of α_f
further from 1. In the 2AD case (Figure 5.18 (b)), the solid circles do not show a
pronounced amplification spike, as observed for the 1AD case. The trend of the average
(solid circles) in Figure 5.18 confirms the insight gained from the RHSC case described in
Section 5.7.2. The results show that considerable amplification of the structural response
may occur due to adjacent structures with the same fundamental frequency
5.8.2

Effect of adjacent structures on the lateral displacement and footing uplift

Figure 5.19 shows the displacement range (i.e., the maximum in each direction) for the
stand-alone, 1AD and 2AD cases considering all ground motions. The extend of the solid
bars shows the average maximum displacement in each direction, while empty circles
beyond the bars show the largest displacements in each direction due to all ground motions.
The structure of focus is defined on the X-axis, e.g., the left-most group of results has M1
as a structure of focus.
In all cases, a reduction in the displacement range with an increasing number of structures
was observed. The highest reduction was observed for the M1 structure (most flexible),
emphasising that 3SI effects on the displacement depend on the frequency of each soilstructure system as indicated by the sequence proceeding from the most flexible structure
M1 to the less flexible structures M2 and M3.
Additionally, compared to the stand-alone case when adjacent structures are present (i.e.,
1AD and 2AD), the structure of focus has a more symmetric response (i.e., similar
maximum displacement in both directions). The reduction of the lateral displacement is
accompanied by a reduction in the footing uplift. Uplift causes local plastic deformation of
the soil. Therefore, a lower lateral displacement induces less permanent soil deformation,
resulting in a more symmetric response.
The results of all ground motions confirm the trend observed in the results due to the
RKAC ground motion. Further confirmation of the observation made in the physical
experiments presented in this study can be seen in, e.g., the numerical study by Isbiliroglu
et al. (2015).
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Figure 5.19. Maximum lateral displacement for SA, 1AD and 2AD configurations

Figure 5.20 shows the average of the maximum uplift of the footing of all the structures for
all the ground motions. The uplift reduces due to the presence of adjacent structures. This
reduction is quite considerable for M1 and M2 structures supporting the reduction in the
lateral displacement shown in Figure 19. However, it was not as significant in the case of
the M3 structure. M3 structure (most stiff) is expected to present low uplift due to its low
centre of mass. Since in each configuration (2AD and 3AD cases), the structure of focus
experiences the same imposed foundation stresses from adjacent structures, the influence
of the fundamental frequency of the structure on the uplift can be assessed. One can
imagine in the case of a rigid base, the influence of the soil is non-existent. Therefore, all
uplift is generated by the excitation and the characteristics of the structure (more applicable
for M3 structure). Considering the opposite case where the structure is founded on a very
flexible soil, uplift diminishes with the flexibility of the soil (as occurred particularly for

Maximum uplift (deg)

M1 structure)

Figure 5.20. Maximum footing uplift for all the structures, ground motions and configurations
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5.8.3

Influence of different variables observed in the response of the structure of focus

The acceleration of the structures was the parameter that presented the largest variability of
all those studied. However, two clear trends were observed. Firstly, the acceleration of the
structure of focus with adjacent structures was larger than that of the stand-alone case
when all the involved structures had a similar frequency. This can be explained by the
structures acting as filters that reflect waves back into the system at the frequency close to
its fixed-base fundamental frequency. Therefore, if all structures have similar fixed-base
fundamental frequency and similar shape (e.g., rocking response), constructive interaction
is more likely to occur.
Secondly, when two adjacent structures are considered (one on each side of the structure of
focus), amplification also occurs when all structures involved have a similar frequency, yet
it is considerably lower. This lower amplification may appear counterintuitively, as more
structure induced a more rigid local foundation soil. However, when more structures are
considered, they are more likely to vibrate out-of-phase due to non-perfectly uniform soil
conditions across the laminar box and local nonlinearities induced by the rocking of the
structures. Thus, the interaction may not have the potential to be as significant as it was for
the case of a single adjacent structure.
In terms of lateral displacement, the presence of adjacent structures reduced the lateral
displacement due to a more rigid surrounding due to the bearing pressure induced by the
structures. In general, flexible structures (low fundamental frequency) were more sensitive
to the effect of adjacent structures. Therefore, while acceleration seems to be dependent on
the frequency of vibration of the structures involved, the displacement is mostly controlled
by the effects induced in the foundation soil.
The interaction between adjacent structures was observed to be generated by the rocking of
the foundations that induced vibration into the soil that return energy back into the system
that otherwise will be dissipated. Therefore, heavier structures are more likely to influence
more significantly the response of adjacent structures. However, this must be confirmed by
further studies.
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In the case of considering multiple structures, the vibration of the structure of focus is
affected by the entire system (i.e., foundation soil and adjacent structures). Thus, the
definition of fundamental frequency can be ambiguous. In the tests presented herein, the
fundamental frequency of the structures was obtained from the peak of the Fourier
spectrum of the acceleration of the top mass. This methodology was used in all tests
considering stand-alone and multiple adjacent structures, enabling comparison
In all cases studied adjacent structures increased the fundamental frequency of the structure
of focus. Similarly to the lateral displacement, the influence on the fundamental frequency
was mostly dependent on the effect that the structures induced in the surrounding soil (i.e.,
stiffer surrounding). Therefore, structures with higher mass may induce a more significant
effect on the fundamental frequency of the structure of focus. It was also observed that the
characteristics frequencies of the ground motion are more significant in the response of the
structure of focus when multiple structures are considered compared to that of the standalone condition. However, a larger number of ground motions with a range of frequency
content is required to draw conclusions regarding the influence of the ground motion in the
modification of the fundamental frequency.

5.9

Summary

The effect of adjacent structures on a structure of focus has been investigated using a large
laminar box filled with sand on a shake table. Four recorded ground motions from the
Canterbury earthquake sequence (2010-2011) were used as the source of seismic motions.
Three SDOF structures with a fixed-base frequency of 1.54 Hz, 2.44 Hz and 3.79 Hz,
defined as a flexible, intermediate and stiff system, were utilised. Three different cases
were employed: i) a stand-alone structure (SA), ii) one adjacent structure (1AD) and iii)
two adjacent structures (2AD), one at each side of the structure of focus. The study reveals
the effects of neighbouring structures on the acceleration, displacement, footing uplift and
settlement of the structure of focus. The main observations are listed below:
The frequency of the soil-structure system was lower than both the frequency of the fixedbase structure and that estimated using the static soil stiffness.
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In the case of the intermediate structure, differences were observed in the evolution of
energy in both the time and frequency domain due to the presence of adjacent structures
(1AD and 2AD). This causes an increase in the response of the structure of focus when
adjacent to identical structures. Thus, ignoring the presence of adjacent structures may
underestimate the response of the structure of focus in the case considered. The
underestimate of the response of the structure of focus in the intermediate system results
from some of the radiating energy from the adjacent systems arriving at the structure of
focus.
The SA system has the most flexible foundation conditions. The presence of adjacent
structures, with the corresponding confining ground stresses, reduces total and relative
horizontal displacement. Thus, neglecting the effect of adjacent structures may result in an
overestimation of the pounding potential. The lateral displacement reduces most
significantly for the most flexible structure.
The footings settle after episodes of strong uplift. This uplift induces pressure on the soil at
the edges of the footing leading to localised permanent deformation. Even though the
mechanism was similar for the case with and without neighbouring systems, the total
settlement reduced due to adjacent structures
The acceleration of the structure of focus was amplified compared to that of the standalone structure, especially for 1AD configurations with all structures having the same
fixed-base fundamental frequency. The amplification thus depends on both the number of
structures and their fundamental frequency.
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Chapter 6
Centrifuge tests of adjacent shallow
footings on saturated sand
This chapter presents results from geotechnical centrifuge tests performed at the Japanese
Institute of Occupational Safety and Health (JNIOSH) in Tokyo, Japan. A range of shallow
footing configurations with different bearing pressures founded on saturated sand in a
laminar box on a shake table was studied using harmonic excitations. The free-field
condition was also studied as a reference. The study aimed to address the influence of
stand-alone and closely adjacent shallow foundations on the dynamic response of the soilfoundation-structure system. A partially drained response of the soil and a minor dilative
response for large values of shear strain were observed for the free-field case. In the case
with footings, the settlement was found to be largely due to the footing penetrating the
supporting sand. The dilative response of the soil beneath the footings was observed to be
influenced by the presence of adjacent footings.

6.1

Centrifuge testing

The tests were conducted at the Japanese Institute of Occupational Safety and Health
(JNIOSH) in Tokyo, Japan. Centrifugal acceleration of 50 g was applied for all tests. The
centrifuge has an effective radius of 2.3 m. One of the main features of this centrifuge is
the blocking system (also known as a “Touch-down system”) that fixes the platform into a
vertical position. This system avoids any interaction between the movements of the
shaking table and the location of the platform (Nagura et al., 1994). Further information
about the JNIOSH centrifuge can be found in Horii (2006). A general view of the
centrifuge and the shake table in the centrifuge are presented in Figure 6.1.
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Touch-down
system

Dynamic
platform

(a)

(b)

Figure 6.1. (a) Geotechnical centrifuge at the JNIOSH. (a) General view (b) Shake table in the
centrifuge platform

6.1.1

Testing program

The first test considered a free-field (FF) condition. The second test involved footings with
a separation twice the footing width intended to minimise 3SI, thereby bringing solely
Foundation-Soil Interaction (FSI) into play. The third and fourth tests addressed closely
adjacent footings to study the Foundation-Soil-Foundation Interaction (FSFI). FSFI-1
considered footings with different bearing pressures, while footings on FSFI-2 have the
same bearing pressure.
6.1.2

Scale factors

Even though scaling laws were applied, sand particle size was not scaled. This is
substantiated by two main concepts:
(i) Scaling of the particle size will lead to a change in soil behaviour (e.g., using sand
to represent gravel or even clay to represent sand).
(ii) The in-plan foundation size (125 mm x 70 mm) was large enough to include a
considerable number of particles over the contact area, hence minimising the
particle size effects (Toyosawa et al., 2013).
A pore fluid (silicone oil) with viscosity 50 times that of water and a density of 970 kg/m3
(0.97 that of water) was used to avoid inconsistencies between the scaling factor for the
rate of fluid flow (consolidation time) and dynamic time. Further discussion regarding the
scaling laws for centrifuge tests can be found in, e.g., Kutter (1995), while the derivation of
those laws is presented in Konkol (2014).
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Table 6.1 presents the scaling factors considered for the design of the tests. N is defined as
the ratio of the centrifugal acceleration to the gravitational acceleration, i.e., N = 50. All
the data presented henceforth is in prototype units unless otherwise stated.
Table 6.1. Scale factor for centrifuge tests

6.1.3

Quantity

Model/Prototype

Acceleration
Soil Density
Length
Stress
Strain
Time

N
1
1/N
1
1
1/N

Soil properties

Toyoura sand was used in these tests. The main properties of this sand, obtained from work
conducted by Kido (1999), who used the same sand, are presented in Table 6.2.
Table 6.2. Toyoura sand properties

Parameter

Value

𝜌

1340 kg/m3

𝜌

1650 kg/m3
2640 kg/m3

𝜌
𝑒

0.61

𝑒

0.98
0.19 mm

𝐷
Dr (Loose sand)
Dr (Dense sand)
6.1.4

40%
70%

Model preparation

A laminar box with inner dimensions of 410 mm x 150 mm x 250 mm (length x width x
depth), composed of 11 aluminium frames, was used to simulate lateral soil deformation
resulting from the passage of seismic SH waves. The inside of the box was covered by a
rubber membrane to contain the sand and provide a waterproof boundary. A discussion of
the use of a laminar container, with the associated boundary effects, to model soil
liquefaction when using a geotechnical centrifuge can be found in, e.g., Coelho et al. (2003)
and Teymur and Madabhushi (2003).
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The base layer in the laminar box was a 30 mm (1.5 m prototype scale) gravel layer (𝐷

=

3.5 mm). This layer was compacted by hand and vibrated to achieve a high relative density.
The gravel helps to maintain a uniform height of the fluid during the saturation of the
specimen. On top of the gravel, a 50 mm (2.5 m prototype scale) medium-dense Toyoura
sand (TS-D) layer was placed. On top of the medium-dense sand layer, 170 mm (8.5 m
prototype scale) of loose Toyoura sand (TS-L) was placed (see Figure 2(a)). Both Toyoura
sand layers were placed by pluviation. A vacuum was used to remove the excess particles
and ensure a flat surface of each layer.
A silicone oil with a dynamic viscosity 50 times that of water was used to saturate the
specimen. A vacuum system was used during the saturation process. A diagram of the
saturation and vacuum systems is presented in Figure 6.2(b), while a photo of the
components of the systems is presented in Figure 6.2(c).

(a)

(a)

(b)

Figure 6.2. (a) Soil profile and vacuum and saturation systems. (b) Sketch and (c) general view
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The main parts of the saturation system are: i) an air extractor, ii) an empty tank, iii) an oil
tank, and iv) a vacuum chamber. The air extractor was connected to the empty tank. This
tank prevents oil from going inside the air extraction system. A second tank containing the
silicone oil was connected to the empty tank. The oil tank was connected to the vacuum
chamber, which contained the specimen. Two connections were made between the oil tank
and the vacuum chamber. One connection (valve 3 in Figure 6.2(a)) allows the air to be
removed from the vacuum chamber by the air extractor, and the other (valve 4 in Figure
6.2(a)) allows the oil to enter the sand inside the laminar box.
The saturation process was conducted in two stages. Firstly, valves 1 to 3 (Figure 6.2(a))
were opened while valve 4 remained closed. This extracts the trapped air from both the
silicon oil and the specimen. This process was performed over an entire day at a negative
pressure of 97 kPa. Secondly, the silicone oil was pumped into the void space of the
specimen. This was achieved by opening valves 1, 2 and 4. Valve 5, in the oil tank, was
also opened slightly to allow the flow of oil into the specimen. This second stage takes
approximately one day to achieve an oil level coincident with the surface of the sand. The
soil parameters obtained are presented in Table 6.3. The relative density of each soil layer
was obtained at the end of the pluviation using its mass and volume. The final density was
obtained following the process described above. Hence only a global value was estimated.
Table 6.3. Soil properties on each test

Test

Layer

Description

Density
Dry
Saturated

Height
(m)

(kg/m3)

FF

Top
Middle
Bottom

Loose Sand
Dense sand
Gravel

8.5
2.5
1.5

1450
1540
2170

FSI

Top
Middle
Bottom

Loose Sand
Dense sand
Gravel

8.5
2.5
1.5

1440
1550
2120

FSFI-1

Top
Middle
Bottom

Loose Sand
Dense sand
Gravel

8.5
2.5
1.5

1450
1530
2120

FSFI-2

Top
Middle
Bottom

Loose Sand
Dense Sand
Gravel

8.5
2.5
1.5

1450
1550
2120
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(kg/m3)

Dr
(%)

1910

0.826
0.715
0.205

40.5
70.5
94

1910

0.831
0.707
0.205

39.3
72.5
94

1920

0.827
0.720
0.205

40.4
69.1
94

1930

0.827
0.702
0.205

40.4
73.8
94
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6.1.5

Footing models

Steel blocks with no super-structure were used to represent rigid footings. The dimensions
and the bearing pressure were the parameters selected to define the footings models. The
dimensions of the footings were limited by the cross-section (420 x 150 mm) of the
laminar container. Target bearing pressures were chosen based on a static bearing capacity
analysis using the expression presented by Terzaghi for a strip footing, Eq. (1), which
ignores the small over-turning moment and lateral force at the plane of contact, from the
added masses, see Table 6.4, involved in the dynamic tests. The cases studied consider a
surface-mounted foundation, thus only the last term of Eq. (6.1) remains. The expression
proposed by Loukidis and Salgado (2011) was used to evaluate 𝑁 (Eq. 6.2). This
expression was derived based on experimental studies using Toyoura sand and surface
mounted footings.
𝑞 = 𝑐𝑁 + 𝛾 𝐷𝑁 + 0.5𝛾′𝐵𝑁
𝑁 = 2.82 exp

3.64𝐷
100%

𝛾𝐵
𝑝

6.1
6.2

The use of these expressions is not intended to provide an accurate design of the footings
but to obtain “medium” and “high” bearing pressures levels in engineering terms. To
estimate the bearing capacity, only the loose Toyoura sand, i.e., the upper layer, was
considered. This is justified since the depth of this layer was larger than 2B, where B is the
footing width. An angle of internal friction of 33° was used based on curves presented by
Sanhueza and Villavicencio (2014) and Verdugo and Ishihara (1996), all calibrated using
Toyoura sand. A bearing capacity of 140 kPa was obtained. Based on this result, two
values of bearing pressure were selected to study: i) a case with a static safety factor of two
(i.e., 70 kPa) and ii) a bearing pressure close to the maximum capacity (i.e., 115 kPa).
Table 6.4 shows the properties of the selected footings. Both footings were built using a
steel plate of 0.2 m thick. Sandpaper was glued to the base of the footings to ensure
adequate friction between the footing and the sand
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Table 6.4. Properties of the footings

Low-pressure model

Parameter
Width (m)
Length (m)
Weight (N)
Bearing pressure (kPa)

High-pressure model

Prototype

Model

Prototype

Model

6.25
3.5
615
70

0.125
0.070
12.3
1.41

6.25
3.5
1005
115

0.125
0.070
20.1
2.30

It is worth noting that the short distance between the footing and the edges of the container
(B/10) in the direction perpendicular to that of the shaking will not allow the development
of a full bearing capacity mechanism, representing a situation similar to that of the plane
strain condition. The same conditions are considered across all the tests. Hence, the results
are comparable among them.
6.1.6

Instrumentation

Schematic views of the location of the instruments used in each test are presented in Figure
6.3. Each vertical array of devices consists of three accelerometers (squares with an arrow
tip) and four pore-pressure transducers (circles). Linear vertical displacement transducers
(LVDTs) were used to measure surface settlement (rectangles with a flat tip).
Displacement transducers were also used to measure the lateral displacement of some of
the laminar box layers.

(a)

(b)
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(c)

(d)

Figure 6.3. Diagram showing sensor and footing locations. Lateral views of a cross-section of the
(a) FSI test and b) FSFI tests; and top view of the (c) FSI tests and (d) FSFI tests (units in mm)

A vertical array of sensors was located at the centre of the laminar box. The other two
arrays were placed under the centre line of each footing. LVDTs were located outside the
box to measure the displacement, in the direction of the applied motion, of the laminate
layers at 1.5; 3; 4.5 and 9.5 m from the soil surface. LVDTs were also used to measure the
vertical deformation of the soil surface at the centre of the specimen and each edge of the
footings. For the FF test, the LVDTs at the surface were at the same locations as used for
the FSI test (foundations at a large distance).
6.1.7

Base motions

Three base motions were sequentially applied in each test. All base motions were a ramped
harmonic acceleration with a frequency of 1 Hz. The ramp consisted of 4 cycles to
gradually achieve (and decrease from) the maximum amplitude, followed by 12 cycles at
the target amplitude. Maximum accelerations of 0.2, 0.3 and 0.4 g were applied. A total of
20 s and a sampling rate of 5,000 Hz were used to record the tests. Subsequent shakings
were not applied until constant readings from all pore-pressure sensors (i.e., complete
excess pore-pressure dissipation) were achieved. The time between base motions was
about 120 s (6000 s in model scale). Table 6.5 summarises the properties of the ground
motions.
Table 6.5. Base motions properties

Ground
motion
1
2
3

Frequency
(Hz)
Model
prototype
50
50
50

Maximum Amplitude
(m)
Model
Prototype

Maximum Acceleration
(g)
model
prototype

1

1.0 × 10-3

50 × 10-3

10

0.2

1

-3

-3

15

0.3

20

0.4

1

1.5 × 10

-3

2.0 × 10
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Figure 6.4 shows the programmed base motion and the acceleration recorded on the
shaking table during the FF test. To enable readers to see clearly, the motion is presented in
the prototype scale. The maximum acceleration recorded was slightly higher than the
expected values. However, they are adequate to represent the expected base shaking
sequence.

(a)

(b)

Figure 6.4. Harmonic base motions. (a) Programmed input wave and (b) recorded base motion of
the FF test

6.2

Results and discussion

6.2.1

Excess pore-pressure

A commonly used parameter to define liquefaction triggering is the excess pore-pressure
ratio (𝑟 ) as it is presented in Eq. (6.3).
𝑟 (𝑡) =
Where 𝑢

𝑢 (𝑡)
𝜎

is the excess pore-pressure and 𝜎

6.3

is the initial effective stress at the same

depth. Figure 6.5 shows the values of 𝑟 obtained for all the base motions for the FF tests.
Even though, theoretically, 𝑟 cannot be greater than 1, values in excess of 1 were obtained.
These values of 𝑟 occur due to the devices sinking while the soil is liquefied due to a
higher density compared to that of the soil. Therefore, the final position of the porepressure transducers is deeper than the initial location.
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(f)

Figure 6.5. Excess pore-pressure (left column) and excess pore-pressure ratio (right column) for the
FF tests

Figure 6.5 shows that the excess pore-pressure ratio (𝑟 ) decreases with depth in all base
motions. 𝑟 also dissipates rapidly in the case of the deepest transducer. This can be seen
by the plateau reducing, with increasing depth. This phenomenon is associated with a flow
of the fluid from deeper layers to the soil surface, keeping a relatively high value of 𝑟 on
the shallowest part of the soil, while dissipation is experienced in the deepest soil.
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These periods of high 𝑟 are significant since they imply a loss of shear strength. The
longer the pore-pressure remains high, the more residual deformations would be expected.
Additionally, 𝑢

shows an oscillating response that becomes more significant with depth.

This particular response was shown to be related to a dilative response of the soil (Barrios
et al., 2020).
Figure 6.6 shows the excess pore-pressure increment (𝑢 ) recorded at 1 m depth for the
FSI test. Records beneath both footings and at the mid-distance between them (Mid) are
shown. The record from the free-field (FF) tests at the centre of the soil container is also

(kPa)
ex

u ex (kPa)

presented as a reference.

u

FSI
g)

Dilative response

(0.3

Dilative response

FSI (0.2 g)

(b)

u ex (kPa)

(a)

FSI (0.4 g)

Dilative response

(c)

Figure 6.6. Excess pore-pressure 1 m beneath the footings for the FSI tests. (a) 0.2 g, (b) 0.3 g and
(c) 0.4 g
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The excess pore-pressure for the FSI tests does not present the large plateau at high 𝑢

as

it was observed for the FF tests. Therefore, the footings seem not only to influence the
value of 𝑢

but also its co- and post-shake response. The differences in the diffusion

mechanism between FF and the case considering footings can explain this. In the case of
FF, there is only a vertical diffusion of 𝑢

and ideally, the same profile of excess pore

pressure exists at all places. Therefore, there is a zero horizontal excess pore pressure
gradient and flow only occurs vertically. In the case of FSI, there will be non-zero
horizontal gradients leading to enhanced 𝑢

dissipation. Additionally, the footings keep

sinking after the end of the shake, forcing a faster rearrangement of the excess porepressure compared to the free-field case. Figure 6.6 also shows that the excess porepressure at the mid-distance between the footings reaches a maximum similar to that of the
FF. However, the FF increases slower at the beginning of the base motions and starts
decreasing after that of the mid-distance for the FSI cases. This effect can also be attributed
to the horizontal flow of water induced by the footings that intensify the excess porepressure build-up during the base motion and faster decay.
Previous research (e.g., Karamitros et al., 2013) have exposed that shear stress and a
dilative response of the soil induced by the footing also affect the excess pore-pressure
build-up. In the tests presented herein, a dilative response of the soil can be seen close to
the begging of the base motions. This dilative behaviour induces a slower increase in the
excess pore-pressure that reaches the maximum after the end of the shake while the freefield reached the maximum at the end of the base motion. This increase after the end of the
base motion is related to the after-shake flux induced by the subsidence of the footings.
The excess pore-pressure to achieve a value of 𝑟 =1 at 1 m depth for free-field conditions
corresponds to 9 kPa (see Table 6.2). Therefore, it can be considered that liquefaction was
achieved in the mid-distance between the footings. However, beneath the footings, the
additional total stress field created by the footings must be considered. The analytical
solution for a rectangular footing (Polous and Davis, 1974) was used to estimate the
effective vertical stress beneath the centre line of each footing.
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Figure 6.7 shows the excess pore-pressure (𝑢 ) and the excess pore-pressure ratio (𝑟 ) at
the end of the shake beneath each footing and at the mid-distance between them (Mid). The
initial vertical effective stress (𝜎 ) beneath the centre of each footing is shown as a

Depth (m)
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reference.
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(b)
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FSI (0.4 g)

FSI (0.4 g)
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Figure 6.7. Excess pore-pressure (left column) and excess pore-pressure ratio (right column) at the
end of the base motion in the FSI tests
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In Figure 6.7, it can be observed that the excess pore-pressure beneath the footings at the
end of the shake (i.e., ignoring co-seismic dissipation) is higher than the effective vertical
stress for the FF condition. However, the footings produce a higher vertical effective stress
increment compared to the final excess pore-pressure. Therefore, a lower excess porepressure ratio (𝑟 ) can be expected compared to that of the FF case. A lower value of 𝑟
does not indicate that vertical soil deformation will also reduce, quite the contrary, the
bearing pressure and shear force induced by the footing could generate a considerable
vertical deformation (i.e., settlement) even for low values of 𝑟 .
The general trend of 𝑟 for the FF tests, is the opposite to that for the FSI tests (Figure 7).
The free-field presents values of 𝑟 greater than 1 close to the surface. However, beneath
the foundations (FSI tests), 𝑟 increases with depth, reaching values close to 1 at the
deepest device. The maximum values of 𝑟 slightly increase with subsequent base motions.
This may be related to the sink of the sensor after subsequent motions. However,
regardless of the value of the excess pore-pressure ratio, the fact that high values of 𝑟 can
be still be reached not directly below but deeper in the soil may be of consideration for
engineering purposes.
Figure 6.8 shows the excess pore-pressure at 1.0 m depth for both cases considering
closely adjacent structures. Each column corresponds to a test (i.e., FSFI-1 and FSFI-2)
while each row presented a certain acceleration level (i.e., 0.2; 0.3 and 0.4 g). Results
beneath both footings and at the mid-distance between them are presented.

114

(kPa)

FSFI-2 (0.2 g)

u

FSFI-1 (0.2 g)

ex

u ex(kPa)

Stand-alone and adjacent structures on saturated sand

FSFI-2 (0.3 g)

u

FSFI-1 (0.3 g)

(kPa)

(b)

ex

u ex (kPa)

(a)

FSFI-2 (0.4 g)

u

FSFI-1 (0.4 g)

(kPa)

(d)

ex

u ex (kPa)

(c)

(e)

(f)

Figure 6.8. Excess pore-pressure at 1 m depth. The left column shows results for the FSFI-1 tests
(different bearing pressure), and the right column shows results for the FSFI-2 tests (same bearing
pressure)
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Despite the small separation of the footings, a lower excess pore-pressure increment was
recorded at the mid-point between the footings for the FSFI-1 (different bearing pressure)
tests compared to that beneath the footings, while there is almost no difference for the
FSFI-2 test (same bearing pressures). This can be explained by considering the initial
conditions of both tests. FSFI-1 presented a higher initial vertical stress at the mid-point
between the footings compared to that of the FSFI-2, leading to a lower excess porepressure build-up. Additionally, the plateau observed for the FSFI-1 tests is shorter than
that of the FSFI-2 tests. This may be explained by a more non-uniform gradient of excess
pore-pressure due to the unequal bearing pressures induced by the footings compared to
that of the FSFI-2 tests.
6.2.2

Settlement of the footings

Figure 6.9 shows the cumulative settlement at the end of each test. Horizontal solid grey
lines show the average of the settlement at the end of each shake in the free-field (FF) tests.
The corresponding maximum acceleration of each FF test is indicated at the right edge of
the line. Both footings and the corresponding bearing pressure (i.e., 70 and 115 kPa) are
also indicated.
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(a)

(b)

Figure 6.9. Surface settlement at the end of the base motions in the (a) FSI, (b) FSFI-1 and (c)
FSFI-2 tests

In the FSI cases (Figure 6.9 (a)), the LVDT measuring the soil settlement located at the
mid-distance between the footings showed a similar reading to that of the free-field case.
This implies that the spacing was sufficient to minimise the interaction between the
footings.
The final settlement and tilt were considerably different for the footings with unequal
bearing pressure. However, as presented in Figure 6.7, the difference observed in terms of
𝑟 for both levels of bearing pressure in the FSI tests was almost negligible. Consequently,
even though similar values of excess pore-pressure ratio were observed in the considered
cases, the level of bearing pressure induced by the footing significantly affects the rotation
and subsidence of the footing.
In the FSFI cases, a more significant settlement was observed when the same bearing
pressure was applied to both footings (i.e., FSFI-2) compared to that of the FSFI-1, which
considered a higher combined but unequal bearing pressure. At first sight, a larger
combined bearing pressure should induce a larger settlement. However, as shown in Figure
6.8, 𝑢

remain high for a longer period in the FSFI-2 test compared to the FSFI-1 cases,

allowing the footings to sink. The shorter “plateau” observed on the excess pore-pressure
for the FSFI-1 test can be explained by the unsymmetrical diffusion path and horizontal
flow generated when both footings have different bearing pressure
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Figure 6.10 (adapted from Bertalot et al., 2013, following the chart presented by Liu and
Dobry, 1997) shows the relationship between the foundation settlement (S) and the width
of the building (B), both normalised by the depth of the liquefiable layer (DL). These
values were obtained from data for the Niigata earthquake (DL = 11.4 m) and the Luzon
earthquake (DL = 8.7 m). In the tests presented in this paper, the ratio of the width of the
footing to the depth of the liquefiable layer is lower than 1 (3.5m/8.5m=0.4). Figure 6.10
shows that, for values of B/DL=0.4, a settlement between 0.5 m to 1.2 m can be expected.
Figure 6.10 only shows settlement due to the first base motion of each test sequence. This
recorded settlement is unaffected by previous excitations, enabling a valid comparison with
the data obtained from field investigations. The data from this study lies below the
boundaries (solid lines) proposed by Lui and Dobry (1997). Only the case for adjacent
footings with equal bearing pressure (FSFI-2) is close to the proposed curves. This can be
explained by (i) the initial base motion has a maximum acceleration of 0.2 g, while some
of the ground motion accelerations recorded in the field are larger, (ii) the field settlement
data most likely was obtained from buildings with neighbouring structures. Therefore, it
could be expected that the case considering adjacent footings is closer to the curve than the
“stand-alone” case.
The tilt of the footings in the FSFI cases was evident for all the shakes, while it was
evident for the stand-alone footings only for the 0.3 and 0.4 g excitations with no clear
pattern. In an ideal situation, a stand-alone footing (FSI test) should settle uniformly.
Therefore, the inclination observed in the FSI tests may be related to a non-uniform
development of liquefaction across the soil profile or a predominant direction generated
after the first plastic deformation of the soil beneath the footing rather than a particular tilt
mechanism. On the other hand, the rotation of all the footings in the FSFI tests were
towards the adjacent footing, i.e., inwards. This seems to contradict previous results
presented by Jafarian et al. (2017) that observed footings tilting outwards when tested with
no separation between them. However, the gap between the footings in the FSFI tests
induces a lower vertical effective stress near-surface in that area compared to that beneath
the footings. Additionally, the excess pore-pressure build-up in the soil between the
footings is expected to be high. Therefore, the area between the footings could fail earlier
than the “free-side”, inducing footing to tilt inward. Cox et al. (2013) observed that closely
adjacent houses tilt inwards during the 2011 Tohoku-Oki earthquake in 2011 in Urayasu
City.
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Figure 6.10. Normalised liquefaction-induces settlement from site observation and experimental
data (adapted from Bertalot et al., 2013, following the chart presented by Liu and Dobry, 1997)

6.2.3

Relationship between excess pore-pressure and settlement

Figure 6.11 shows the FF time-history of the settlement recorded at the centre of the
laminar box, along with the excess pore-pressure (𝑢 ) 1.0 m beneath the sand surface,
considering maximum accelerations of 0.2 g and 0.4 g. Vertical dashed lines show the
duration of the base motion.
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Figure 6.11. Time-history of the settlement and 𝑢

for the FF cases due to excitation of (a) 0.2 g

and (b) 0.4 g
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The settlement presented in Figure 6.11 shows three clear parts. i) A high gradient at the
beginning of the shake, while 𝑢

increases. ii) A less pronounced slope where 𝑢

approaches its maximum. This second slope reflects the combined effect of soil still
settling in the deeper parts of the deposit, where liquefaction may not have been triggered,
and co-seismic drainage that allows particle rearrangement in the liquefied areas. iii), After
completion of the excitation, a gentle slope is evident from soil particle rearrangement (i.e.,
volumetric deformation). These trends observed of the settlement are similar to those
presented by Jafarian et al. (2017).
A similar comparison of 𝑢

and the settlement beneath each footing for the FSI tests is

presented in Figure 6.12 the settlement for the free-field case is also presented.
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After a few seconds from the being of the shake, the settlement beneath the footings
increases more significantly than that of the FF (Figure 6.12), evidencing a different
settlement mechanism in the presence of footings compared to that of the FF. When the
excess pore-pressure build-up reduces the vertical capacity of the soil below the value of
the static bearing pressure, the deviatoric stress induced by the footings and subsequent
subsidence govern the settlement. The initial portion, where both, FSI and FF show a
similar trend, can be explained by the dilative response observed at the beginning of the
motion for the FSI tests. This dilative response delays the excess pore-pressure build-up
and the reduction of the bearing capacity of the soil.
Considering the response of footings under different maximum accelerations, two opposite
trends are observed. In the case of the 70 kPa footing (Figure 6.12(a) and (b)) under 0.4 g
excitation, a rapid increase of 𝑢

took place with a lower total settlement compared to that

of the 0.2 g excitation. A possible explanation for the response of the 70 kPa footing is that
a rapid increase of 𝑢

will induce a considerable flux of fluid from the deeper part of the

soil towards the surface. This flux may induce vertical forces that will partially restrain the
footing from settling. The dilative response observed during the shake for the 0.4g also
reflects an important flow towards the surface and the subsequent lower settlement. On the
other hand, the increase in excess pore pressure for the 115 kPa footing was similar for
both accelerations, yet the settlement was more significant for the 0.4 g base motion. This
may relate to the more significant dilative response observed for the 0.2 g base motion
(Figure 6.12(c)). During the dilative phase, there is a positive increase in volume, leading
to higher effective stress and associated soil stiffness, hence reducing footing subsidence.
The results for closely adjacent footings considering different bearing pressure (FSFI-1)
are presented in Figure 6.13. The case of adjacent footings with the same bearing pressure
(FSFI-2) are presented in Figure 6.14. Results from only one footing are presented for
simplicity.
In general, the settlement of the footings for the FSFI tests is similar to that of the FSI tests.
Therefore, the mechanisms associated (i.e., shear deformation and subsidence of footing)
could be considered similar as well. However, the slope of the settlement for the FSFI tests
is sharper than that of the FSI tests.
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This could be explained by the larger combined bearing pressure that enables the soil to
reach the failure envelope earlier than the FSI tests and the lack of dilative behaviour at the
beginning of the shake as observed for the FSI tests. Therefore, subsidence of the footings
can be expected earlier for the adjacent footings (FSFI) than for the stand-alone (FSI) case.
Figure 6.13 shows that, in the case of adjacent footings with unequal bearing pressures, a
similar settlement was reached regardless of the base acceleration. A possible explanation
for this is that the settlement is largely due to the footing penetrating the supporting sand.
Therefore, the key factor is that the excess pore-pressure reaches a level capable of
reducing the bearing capacity below the pressure exerted by the footing, i.e., enabling
subsidence. Additionally, the vertical pressure beneath both footings should be quite
similar due to the interaction of the pressure bulbs. Hence, as long as this threshold is
reached, the actual level of excess pore pressure should not influence the settlement
significantly.
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Figure 6.13. Time-history of the settlement and 𝑢

in the FSFI-1 cases. (a) 70 kPa & 0.2 g and (b)
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Figure 6.14 Time-history of the settlement and 𝑢

for the FSFI-2 test. (a) FSFI-1 70 kPa & 0.2 g

and (b) FSFI-2 70 kPa & 0.4 g

Figure 6.14. shows that the settlement recorded during the FSFI-2 tests for the highest
acceleration (0.4 g) was lower than that for the lowest acceleration (0.2 g). This, which
may seem counterintuitive, is considered to be related to the large acceleration applied
during the first two base motions (0.2 g and 0.3g). These accelerations induced
considerable settlement. The soil cannot continue settling indefinitely. Therefore, a certain
level of “saturation” of the vertical deformation could be expected. This phenomenon will
be more significant for the FSFI-2 tests that showed the largest settlement during the first
base motion. Unfortunately, available research applying consecutive base motions consider
relatively low accelerations for the foreshocks (lower than 0.15 g) and only one large
aftershock (0.2 g or more). Therefore, further research considering large foreshocks is
necessary to enable a better understanding of this possible saturation of the vertical
deformation.
6.2.4

Near-surface excess pore-pressure and shear strain

In a previous paper, Barrios et al. (2020) described near-surface co-excitation drainage,
presenting the relationship between 𝑢
Graphs of the same variables, 𝑢

and the near-surface shear strain of the soil (𝛾 ).

v/s 𝛾 , are presented for the centrifuge tests discussed in

this paper in Figure 6.15 to Figure 6.17. 𝛾 was approximated as the difference between
two lateral displacement transducers (LVDT) close to the sand surface divided by the
“distance between them.
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These LVDTs were connected to laminates of the laminar box at 1.5 m and 3.0 m from the
sand surface (refer to Figure 6.3). Therefore, they measure the average lateral deformation
of the entire system. Results for the free-field tests are presented in Figure 6.15. The excess
pore-pressure was measured 1.0 m beneath the centre of the footings
15
0.2 g
0.4 g
10

5

0

Dilative
cycles

-2

0

2
s

Figure 6.15. 𝑢
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v/s 𝛾 for the free-field test

The free-field cases (Figure 6.15) initially show considerable shear strain on each cycle
while 𝑢

increases, followed by a couple of high-amplitude cycles of deformation

(evidence of liquefaction) in the case of the 0.4 g excitation and reduced deformation from
the limited transfer of shear stress after liquefaction has triggered. This is a typical
response of loose sandy soil. Additionally, in the FF cases under 0,2 g excitation, a dilative
response of the soil was observed for large values of 𝛾 (small cycles close to the point of
inversion of the direction of loading, as indicated by circles in Figure 6.15). Therefore, the
data from the FF tests support the concept that the free-field settlement was influenced by a
combined effect of partial drainage and a minor contribution of a dilative response of the
soil for large value.
Figure 6.16(a) and (b) show the relationship between 𝑢
70 kPa and 115 kPa for the FSI tests, respectively.
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The soil beneath both footings shows a considerably lower shear strain compared to that of
the FF. The amplitude of the cycles increases with increasing 𝑢

showing softening of the

soil from a reduction in effective stress, yet liquefaction was not triggered. However, after
the shake, 𝑢

keeps increasing due to a combined effect of the settlement of the footings

and the flux of fluid from the deeper soil towards the sand surface (see the distribution of
𝑟 in Figure 6.7).
The results in the FSFI cases (closely adjacent footings) are presented in Figure 6.17. For
simplicity, the results from only one footing for tests FSFI-2 (same bearing pressure) are
presented. Comparing the FF case with the FSFI cases, the following can be highlighted: i)
the lateral deformation is not symmetric only for the case with different bearing pressures
(FSFI-1), ii) the shear strain of the soil reduced due to the pressure induced by the footings
especially for the case with different bearing pressures, iii) as in the FSI cases, no evidence
of liquefaction beneath the footings was observed.
Additionally, the shear strain amplitude remains almost constant during the shake. The
constant amplitude of the cycles revealed a limited increase in 𝑢 , thus a limited soil
softening. However, the shear strain cycles for SFSI-2 (+/- 2%) are about twice that for
SFSI-1. The larger shear strain is related to the lower effective stress and subsequent lower
stiffness due to the lower bearing pressure induced by the footings for the SFSI-1 tests
compared to that of the SFSI-2 tests. The larger shear strain also explains the larger
settlement, as presented in Figure 6.9.
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Acceleration of the soil

The records from the accelerometers were filtered by applying a Butterworth band-pass
filter between corner frequencies of 0.1 Hz and 50 Hz. Figure 6.18 shows the accelerations
recorded at depths of 1, 3.5, and 7 m in the central array of accelerometers in the free-field
cases.

(a)

(b)

(c)

Figure 6.18. Effect of the excitation magnitude of (a) 0.2 g, (b) 0.3 g and (c) 0.4 g on the soil
acceleration at different depths in the FF cases
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After a few cycles, the deepest device (7 m) shows large spikes that can be attributed to the
combined effect of a stiffer condition due to the dilative response (see Figure 6.5) of the
deepest soil and the harmonic shape of the base motion that could induce this type of
response on stiff soils. In contrast, the other accelerometers present a reduction in the
acceleration, showing evidence of high pore pressures in the loose sand layer (up to 3 m
depth). The increase in the acceleration at 7 m depth is consistent with the low 𝑟 at that
depth (see Figure 6.5). The other devices show similar readings with a slightly larger
acceleration for the device at 3.5 m depth. The first (0.2g) and second (0.3g) excitations
also cause a rapid reduction in the acceleration of the device at 7 m after reaching the
maximum value. This certainly suggests soil softening due to the accumulation of excess
pore pressure. However, during the last test (0.4 g), the maximum acceleration at 7 m
remains almost constant, thought to be the considerable influence of previous shakes for
the deepest part of the soil.
The wavelet cross-spectrum method is also used to analyse the accelerometers records. The
wavelet cross-spectrum (Eq. 6.4) exposes the coherence (i.e., similarity) between two
signals in time.
𝐶 (𝑎, 𝑏) = 𝑆 𝐶 ∗ (𝑎, 𝑏)𝐶 (𝑎, 𝑏)

6.4

Where, 𝐶 (𝑎, 𝑏) and 𝐶 (𝑎, 𝑏) are the wavelet transform of signal 𝑥 and 𝑦, respectively.
The superscript * indicates the complex conjugate, and 𝑆 is a smoothing operator. This
technique is used to study non-stationary waves (Grinsted et al. 2004), i.e., signals with
changing frequency or phase angle with time.
The wavelet cross-spectrums between the accelerometers at the central array (1 m, 3.5 m
and 7 m depth) and the signal at the shake table for the FF tests are shown in Figure 6.19.
The clear area in Figure 6.19 shows a high coherence between the acceleration at the table
and the acceleration at that depth over a given time interval (horizontal axis) for a given
frequency band (vertical axis).
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(a)

(b)

(c)

Figure 6.19. Wavelet cross-spectrum for the FF tests considering (a) 0.2 g, (b) 0.3 g and (c) 0.4 g

In Figure 6.19(a), for a base motion of 0.2 g, a high coherence during the approximate time
interval from 17 s to 21 s at 1 m and 3.5 m depth can be observed. However, for the 0.4 g
base motions (Figure 6.19(c)), at a depth of 3.5 m, coherence is visible during a larger time
interval, while the period of high coherence for at 1 m depth is similar for both base
motions. The time when coherence is reduced (bright domain becomes dark) is an indicator
of soil softening and liquefaction triggering (Kramer et al., 2016). This supports the
observations from the acceleration records presented in Figure 6.18. With subsequent
shaking, the deepest part of the loose sand layer tends to densify and reduce its liquefaction
potential, which is not the case for the device at 1 m that presents a shorter coherence
interval across all the base motions.
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The acceleration recorded at 1 m beneath the centre of both footings in the FSI and FSFI-1
tests is presented in Figure 6.20. The acceleration for the free-field at the same depth is
also shown. Similar behaviour is observed in all records for the FF, FSI and FSFI-1 during
the first few cycles of the acceleration ramp, with the peak value being reached near the
termination of the ramp.
After the peak, the acceleration reduces to a quasi-steady-state value. This reduction was
less important with subsequent shakes. In general, this quasi-steady state value after the
peak was higher when footings were considered compared to that of the FF. Additionally,
similar after peak values were observed for the FSI and the SFSI-1 test, showing a nonsignificative effect of the proximity of the footings in terms of the acceleration in the nearsurface.
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Figure 6.20. Comparison of the acceleration at 1 m depth for the FF, FSI and FSFI-1 tests. (a) and
(b) shows results for the 70 kPa footing and (c) and (d) results for the 115 kPa footing
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The wavelet cross-spectrum between the acceleration 1 m beneath the footings and the
acceleration at the shake table in the FSI and FSFI-1 cases are presented in Figure 6.21. In
both cases, both footings present a high coherence (light area in the graphs) for an
extended period compared to the FF case (see Figure 6.19). Supporting the idea of a lower
liquefaction potential beneath the footings compared to that of the free-field. However, as
it was observed on the acceleration beneath the footings in the FSI cases (see Figure 6.20),
this lower liquefaction potential induces an acceleration larger than that of the FF

(a)

(b)

(c)

(d)

Figure 6.21. Comparison of the Wavelet cross-spectrum 1 m beneath the footings in the FSI (left
column) and FSFI 1 cases (right column)
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6.3

Summary

Results from four tests conducted at the JINIOSH centrifuge in Tokyo, Japan, are
presented. A 50 g centrifugal acceleration was applied in all tests. Three ramped harmonic
loads with a maximum acceleration of 0.2; 0.3 and 0.4 g were applied at the base of a
laminar box containing cohesionless material with silicone oil in the void space using a
shake table in the centrifuge. Three types of tests were performed: i) a free-field (FF) test ii)
a test to simulate Foundation-Soil Interaction (FSI) utilising footings separated by a
distance sufficient to minimise interaction between them, and iii) two tests to simulate the
interaction between adjacent footings (FSFI) utilising a close spacing of the footings. Two
different bearing pressures (70 kPa and 115 kPa) were employed. Conclusions and insights
from the tests performed are presented below.
In the FF tests, the settlement presented three clear regions. i) A sharp gradient at the
beginning of the excitation where 𝑢
gradient when 𝑢

increases significantly, ii) a less pronounced

approaches the maximum, reflecting the combined effect of soil still

settling in the region where liquefaction may not have been triggered, and co-seismic
drainage in the soil volume where liquefaction occurred, iii) a gentle gradient due to soil
particle rearrangement after the end of the excitation. In the case of closely adjacent
footings (FSFI), a consistent inward-tilt was observed due to a lower near-surface vertical
effective stress between the footings. In addition, the large excess pore-pressure in the
volume of soil between the footings will likely induce a failure associated with the inward
tilt. In contrast, in the case of a stand-alone footing (FSI), the direction of tilt will align
with the softest volume of soil.
In the cases considering footings, the settlement was largely due to the footing penetrating
the supporting sand. This occurs after reaching an excess pore-pressure that reduces the
bearing capacity below the pressure exerted by the footings. Subsidence of the footings
was found to develop earlier in the case of adjacent footings compared to that of the standalone case. Additionally, a dilative response of the soil at the beginning of the base motion
was observed for the FSI tests delaying the excess pore-pressure build-up. This dilative
response was not observed in the case of adjacent footings (SFSI test), enabling earlier and
larger settlement.
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Regarding the acceleration of the soil beneath the footings, a peak after a few cycles
followed by a lower quasi-steady-state value, i.e., soil softening due to an increase in the
excess pore-pressure was observed in all the tests. The quasi-steady-state acceleration was
considerably larger for the cases considering footings than that of the FF, particularly for
the highest base acceleration. Therefore, using the response from the free-field condition to
estimate the acceleration on shallow footings in the case of aftershocks may lead to nonconservative results.
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Chapter 7
Dynamic response of shallow footings on
saturated sand with low confining
pressure
This chapter addresses the dynamic response of closely adjacent shallow footings on
saturated sand with low confining pressure. A large laminar box, filled with sand on a
shake table, was used to simulate the soil-foundation system. The subsurface acceleration
and the excess pore-pressure were measured along with the acceleration of the footings. A
stand-alone footing, three adjacent footings aligned with the axis of shaking and a cluster
of six footings (two rows of three footings) were studied. Harmonic waves and seismic
ground motions were used. For the stand-alone condition, the footing acceleration was
larger than that of the shake table (i.e., amplification due to soil-footing interaction).
However, in the case of these experiments, the acceleration of the footings reduced with an
increasing number of footings.

7.1

Methodology

All the tests were performed using a 2 m × 2 m laminar box filled with sand from the
Waikato River in New Zealand. The sand was poured into the box from large bags (about 8
kN each) suspended 3 m above the base of the box. After the initial filling of the box,
several episodes of white noise, with a frequency range from 1 Hz to 10 Hz and an
amplitude of +/- 5 mm, were applied until no further surface settlement was recorded. A
final height of 1.45 m was obtained.
The laminar box consists of a piping network at the base, i.e., beneath the sand, used to
pump the water in and out of the box. The pipes have a series of holes to allow the water to
enter and exit the sand (see Figure 7.1). These pipes are half-buried in a coarse granular
material to distribute the overburdened load of the sand and are covered by a fine mesh to
avoid sand clogging the holes.
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Figure 7.1. Pipe system at the base of the laminar box

Prior to the testing phase, water was pumped into the sand to a level of approximately 200
mm above the free surface. Following this, drainage was slowly applied until the phreatic
surface was level with the top of the sand. This process was repeated after each application
of a dynamic excitation to ensure a reset of the initial conditions of the soil. This
methodology was intended to reset the soil particle arrangement before each test and allow
sand grains to sink slowly as the water elver rises inside the box, similar to the hydraulic
deposition methodology presented by Whitman (1985). The entire process takes
approximately three hours. A diagram of the different phases of the tests is presented in
Figure 7.2.

Figure 7.2. General diagram of the tests

The height of the water table was measured using an external transparent hose attached to
the drainage system at the base (Figure 7.3(a)). The height of the sand was measured using
4 measuring tapes, one attached to each side of the inside of the membrane (Figure 7.3(b)).
The average of the 4 measurements of the height of the sand presented a variability of +/10 mm on each test. This variability was considered acceptable, taking into account the
dimensions of the box.
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(a)

(b)

Figure 7.3. Measurement of the height of the (a) water table and (b) sand

7.2

Sand properties

Waikato River sand was used in these tests. This is a clean quartz poorly-graded sand with
angular particles. The properties of the sand, when in the laminar box, are presented in
Table 7.1.
Table 7.1. Soil properties

Parameter

Value

Unit

Dry density
Void ratio
Relative density

1570
0.69
0.51

kg/m3

Permeability*
Specific gravity
Minimum void ratio
Maximum void ratio

1.70 × 10
2.64
0.55
0.78

%
m/s

* Based on the expression proposed by Kozeny-Carman (Carrier III, 2003)

The particle size distribution of the sand is presented in Figure 7.4. The liquefaction limit
curves, proposed by the Technical Standards for Port and Harbour Facilities in Japan
(2009), are also presented in the same figure.
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Figure 7.4. Particle size distribution

7.3

Instrumentation

Figure 7.5 shows the placement of the instrumentation. The acceleration was measured at
0.05 m, 0.7 m and 1.35 m beneath the surface in the centre of the sand. Pore-pressure
sensors were located next to the accelerometer array at the same depths. Lasers were used
to measure the lateral displacement of the laminates at a distance of 0.05 m, 0.15 m and
0.35 m below the sand surface. A laser was also used to measure the vertical deformation
of the soil surface at the centre of the box. The acceleration at the centre of the footings
and the vertical displacement of the edges of the footings were also measured.

(a)

(b)

Figure 7.5. Instrumentation (a) at the laminar box and (b) footings (units in mm)
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7.4

Footing models

Steel blocks were used to model the footings. All the blocks had the same dimensions and
weight. The dimensions in plane were 0.2 m × 0.2 m, with a height of 0.025 m (Figure 7.6).
These dimensions ensured that the distance between the edge of the footings and the
closest edge of the soil container was larger than three times the footing width. This was
intended to reduce the boundary effects. The dimensions of the footings also assured a
ratio of the size of the footing to the average size of the soil particles higher than 50. Hence
no particle size effects are expected (Toyosawa et al., 2013). The weight of each footing
was 77 N, giving a bearing pressure of 1.93 kPa. Sandpaper was glued to the base of the
footings to provide friction between the footing and the sand.

Figure 7.6. Footing model

Because of the limitation resulting from a range of sand particle sizes, the presence of
water, multiple geometric and material nonlinearities and the heterogeneous nature of sand
(see, e.g., Chen et al., Barrios et al., 2017), any attempt of using similitude laws becomes
unrealistic. Consequently, the scaling laws associated with physical testing were not
applied in this work. This approach enables the authors to reveal the generic nature of the
seismic response of closely adjacent footings on saturated sand and reflects the novelty of
the work. Therefore, these experiments are intended to show trends that can be associated
with similar field conditions rather than setting out to represent a particular prototype.
A significant advantage of conducting physical experiments in a 1g field without scaling is
that water can be used in the void space. This ensures that the rheology of the water/soil
mix reasonably well represents that in the field, and hence, the processes of excess porepressure build up and concurrent dissipation are approximately correct.
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However, this approach leads to low contact stress at the interface between the footings
and the sand surface that does not closely represent that of a typical structure. By
considering a low bearing pressure, near-surface phenomena (the main focus of this work)
can be addressed in a clear manner. Higher bearing pressures may bring behaviour that is
not a part of these observations. Hence, significant extrapolation is not advisable. Thus,
further research is recommended to quantify the influence of bearing pressure on the
observations presented herein.

7.5

Test configurations

Three different configurations of shallow footings, as shown in Figure 7.7, were subjected
to harmonic and recorded seismic ground motions. The footings configurations employed
were (i) a sole footing (stand-alone condition) at the centre of the laminar box, (ii) three
adjacent (3-Adj) footings in the direction of the excitation, and (iii) Six-clustered (6-Cust)
footings (two rows of three footings). A distance of a quarter of the width of the footings
(B/4) between all footings was considered. The free-field condition (FF) was also studied
using the same base motions to establish a benchmark.

(a)

(b)

(c)

Figure 7.7. Plans of the configuration of footings. (a) Stand-alone, (b) 3-Adj and (c) 6-Clust
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7.6

Excitations

A ramped harmonic excitation was utilised, using four cycles to achieve and decrease from
the maximum acceleration and 20 cycles of excitation at a constant acceleration. Maximum
accelerations of 0.12 g, 0.2 g and 0.25 g were used for the free-field tests, while only 0.2 g
was considered for the configurations of footings. A frequency of 1 Hz was considered for
all the harmonic motions. Properties of the harmonic base motions are listed in Table 7.2.
Table 7.2. Properties of the harmonic table motions

Property

Value

Frequency (Hz)
Maximum table acceleration (g)
Maximum table displacement (m)

1
0.12, 0.2 and 0.25
0.03 (0.12 g), 0.05 (0.2 g), and 0.062 (0.25 g)

Two recorded ground motions from the Darfield earthquake and one from the Canterbury
earthquake were also used (see Table 7.3). Records on soil were selected due to the
shallow depth of the sand in the laminar box (1.45 m depth). This is different from other
approaches, such as numerical modelling, that commonly use deconvolution techniques or
records from a nearby outcropping rock mass to avoid duplication of site effects. However,
numerical models consider a much deeper soil profile and the basement rock.

(a)

(b)
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(c)

(d)

(e)

(f)

Figure 7.8. Time histories and the corresponding Fourier spectra. (a) - (b) for CCCC, (c) - (d) for
RKAC and (e) - (f) for CACS
Table 7.3. Properties of the seismic ground motions

7.7

Ground motion

Magnitude

Station

Maximum
Acceleration
(g)

Darfield earthquake
(04/09/2010)

7.1 (Mw)

CCCC
RKAC

0.24
0.21

Christchurch earthquake
(22/02/2011)

6.3 (ML)

CACS

0.19

Experimental results and discussion

The boundary conditions in a shake table experiment are different from those of common
laboratory tests such as triaxial or direct shear tests, where the specimen is constrained by a
zero-volume change condition. In the case of a shake table test, there is a free surface, and
hence the sand can undergo volumetric strain and drainage of excess pore-pressure. The
records of excess pore-pressure presented in this report are thus the combination of the
generation and concurrent dissipation of excess pore-pressure. These two contributions
cannot be quantitatively separated but are likely to represent the situation observed close to
the soil surface in sites with similar soil conditions.
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7.7.1

Free-field tests

Harmonic table excitations
Figure 7.9 shows the excess pore-pressure (𝑢 ) at different depths for the free-field (FF)
tests under harmonic base motions. In none of the excitations did a state of zero effective
stress develop. Therefore, for the case of these experiments, the response of the free-field
sand under harmonic loads can be considered to be closer to “cyclic mobility” rather than
“flow liquefaction”.

(a)

(b)

(c)

Figure 7.9. Excess pore-pressure for the FF under harmony loads at. (a) 0.05 m, (b) 0.7 m and (c)
1.35 m depth

Additionally, almost no generation of excess pore pressure was observed for the lowest
acceleration (0.12 g) at the two shallowest depths. This is in contrast to the results from
laboratory tests where due to the imposed undrained conditions, the dissipation of the
excess pore-pressure during the application of the load cannot be represented.
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This shows the importance of the drainage capacity, especially at low accelerations and
low confining levels. For the 0.2 g and 0.25 g base motions, a considerable increment of
the excess pore-pressure after the end of the excitation was observed. This increment is
considered to be related to the flux of water from the deeper regions passing through the
shallow depths on the way to the surface of the sand.
Figure 7.9 also shows a considerably oscillatory behaviour of the excess pore-pressure. A
short time-window of 𝑢

at 1.35 m depth and the corresponding displacement of the shake

table are presented in Figure 7.10. The cyclic behaviour of 𝑢

is evident, showing a

frequency approximately twice that of the shake table but slightly out of phase. Also
evident is a monotonically increasing component of excess pore water pressure. This can
be seen by the black curve (𝑢 ) approaching the constant amplitude of the grey curve
(displacement of the table).

Figure 7.10. Oscillating behaviour of the excess pore-pressure at 1.35 m depth

The cyclic response of the pore-pressure can be understood in terms of the components of
the excess pore-pressure proposed by Taylor (1975) shown in Figure 7.11. The author
describes the excess pore-pressure recorded in an undrained triaxial test using harmonic
loads as the contribution of (i) The ‘static component’ that corresponds to an almost linear
increase on time, (ii) the ‘dynamic component’ that follows the harmonic axial stress and
(iii) the ‘dilative component’ that leads to a reduction in pore pressure in the region of peak
strain.
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(a)

(b)

(c)

Figure 7.11. Components of 𝑢 , adapted from Taylor (1975). (a) Static, (b) dynamic and (c)
dilative

The general shape of 𝑢

observed in Figure 7.10 can be approximately associated with the

break-down of the pore pressure described by Taylor (1975). There is not a precise match
with Taylor’s description due to the non-symmetrical nature of the response of the sand in
the laminar box. However, the in-phase dynamic component can be clearly seen in Figure
7.10. The potential dilation component is visible at the peak of each half-cycle, and the
monotonically increasing part may be identified with the static component.
The shear strain of the sand (𝛾) was estimated to study the deformation of the sand in the
box. This was obtained as the difference between the lateral displacements of two
laminates of the box divided by the distance between them (see Figure 7.5). Three
estimates of 𝛾 were obtained: (i) Shallow (𝛾 ) - between 0.05 m and 0.15 m from the
surface of the sand; (ii) Medium (𝛾 ) - between 0.05 m and 0.35 m; and iii) Global (𝛾 ) –
using only the measurement at 0.05 m and the distance from the base of the box to the
sensor at 0.05 m beneath the sand surface, i.e., a global estimation. All the estimations of 𝛾
are presented in Figure 7.12.
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(a)

(b)

(c)

Figure 7.12. Estimation of the shear strain of the soil for the FF tests. (a)𝛾 , (b) 𝛾 and (c) 𝛾

In general, the results show that 𝛾 > 𝛾 > 𝛾 . This exposes a non-linear distribution of
shear strain in the sand that concentrates in the shallowest part of the sand deposit.
Additionally, the shear strain for the 0.12 g base motion was almost negligible compared to
that of the other accelerations. This is consistent with the low excess pore-pressure
recorded for this base motion (see Figure 7.9).
The excess pore-pressure at 0.05 m, 0.7 m and 1.35 m depth in terms of 𝛾 , 𝛾 and 𝛾 ,
respectively, is presented in Figure 7.13. Only a few cycles of the constant amplitude part
of the excitation are shown to avoid congested graphs. It is important to highlight that 𝑢
corresponds to the dynamic pore-pressure generated during the shaking. Therefore,
negative values of 𝑢

do not mean negative pore-pressure but a reduction compared to the

hydrostatic value.
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(a)

(b)

(c)

Figure 7.13. 𝑢

v/s 𝛾 for the free-field tests using harmonic excitations at (a) 0.05 m, (b) 0.7 m
and (c) 1.35 m depth

The results for an acceleration of 0.12 g (solid black line) are almost not visible (low
excess pore-pressure and low shear strain). For the other two accelerations, different types
of responses are obtained. The shallowest device (Figure 7.13(a)) shows a cyclic relation
between 𝑢

and 𝛾 while the deepest device (Figure 7.13(c)) shows a near monotonic

increase of the excess pore-pressure. These results support the existence of co-excitation
drainage, which decreases with increasing depth due to the larger drainage path, i.e., to the
surface of the sand. An additional point that suggests the existence of co-seismic drainage
is the zone of largest shear strain is the near-surface region, yet the excess pore pressures
recorded in that zone are the lowest of the three recordings.
Free-field response under seismic excitations
The seismic ground motions used in these tests are described in Section 7.6 and Table 7.3.
The recorded excess pore-pressure (𝑢 ) at the three depths for the three ground motions
are presented in Figure 7.14.
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(d)

Figure 7.14. 𝑢

(c)

ru

ru

(b)

ru

(a)

(e)

Excess pore-pressure, 𝑢

(f)

((a), (b) and (c)) and the corresponding excess pore-

pressure ratio, 𝑟 ((d), (e) and (f)) for the free-field using recorded ground motions CCCC, RKAC
and CACS, respectively

The excess pore-pressures are no longer cyclic, as was the case for the harmonic base
motions. This is related to the lower co-excitation drainage expected for a signal with a
considerable content of higher frequencies, as for the case of recorded ground motions,
compared to the unique frequency of 1 Hz of the harmonic base motions.
In Figure 7.14, it can also be seen that, for the records from stations RKAC and CACS at
0.05 m depth, the excess pore-pressure reaches the value of the initial effective vertical
stress at that depth ( 𝜎′

= 0.6 𝑘𝑃𝑎 ). The monotonic increase of 𝑢

to a maximum

followed by reduction from drainage suggests a different response to that of the harmonic
loading cases. The response under seismic loading is hence closer to “flow liquefaction”
rather than the “cyclic mobility” observed for the harmonic base motions.
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7.7.2

Effects of footings

Harmonic table excitations
Three configurations of footings were studied, as described in Section 7.5. Only a
maximum acceleration of 0.2 g was considered for the configurations of footings under
harmonic excitations. The excess pore-pressure measured at 0.05 m, 0.7 m and 1.35 m
depth beneath the footings is shown in Figure 7.15. Results for the stand-alone (SA), threeadjacent (3-Adj) and six-clustered (6-Clust) footings are presented. A horizontal dashed
black line indicates the maximum excess pore-pressure for the free-field case as a
reference. The positions of the pore pressure measurement relative to the location of the
footings are shown in Figure 7.7.

(a)

(b)

(c)
Figure 7.15. 𝑢

The value of 𝑢

for the configurations of footings at (a) 0.05 m, (b) 0.7 m and (c) 1.35 m depth

achieved at 0.05 m depth for all the configurations of footings is much

higher than that of the FF. This is not the case at 0.7 m and 1.35 m depth, where the
maximum 𝑢

for the SA and 3-Adj cases is much the same as that of the FF. The low

influence of the footings observed at 0.7 m and 1.35 m depth can be explained by the size
of the pressure bulb induced by the footings.
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For the case of a single footing, this is approximately 2B (400 mm), hence low influence is
expected below this depth. However, in the case of the 6-Clust footings, the maximum
value of 𝑢

at 0.7 m depth and, to a lesser extent, at 1.35 m was larger than that of the FF.

The deeper effect of the footings on the value of 𝑢

is presumably due to the larger

effective width of the combined footings.
The settlement of the footings is one of the most important parameters when designing a
structure on loose saturated sandy soil. On these tests, the settlement was obtained as the
average at each recorded instant of the LVDTs at the edges of the footings in the direction
of the shake (see Figure 7.5). The settlement of all the configurations of footings using a
harmonic load is presented in Figure 7.16. The settlement of the centre footing is presented
for the 3-Adj case, while only one of the centre footings is shown for the 6-Clust case for
simplicity. After the end of the shaking, a sharp settlement was observed. This can be
explained due to the dissipation of excess pore-pressure right after the end of the shaking.

Figure 7.16. Settlement of the footings using a harmonic load

Not only the vertical deformation of the soil (settlement) but also the rotation of the
footings affects the seismic performance of a structure. Figure 7.17 shows the maximum
and residual (i.e., at the end of the shaking) rotation of the central footing for each
configuration. in the case of 6 clustered footings, results for both central footings are
presented as 6-Clust1 and 6-Clust2.
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Figure 7.17. Angle of rotation of the footings under harmonic waves

In the case of a stand-alone footing, both the maximum and residual rotation are similar,
showing almost no recovery of rotation due to the liquefied soil around the footing. The
configuration of 3-Adj footings presented the largest rotation of the central footing and
also the largest difference between the maximum and residual rotations. This may be due
to a non-liquefied zone beneath the footing induced by the presence of adjacent footings
that creates additional confining stress. For the 6-Clust configurations, the footings also
rotate in the direction perpendicular to that of the shake. This clearly reduces its capability
to rotate in the direction of the shake. However, considerable recovery (difference between
the maximum and residual rotation) was also observed, similar to the case of 3-Adj
footings.
Figure 7.18 shows the relation between the excess pore-pressure at 0.05 m and the shallow
estimation of the shear strain (𝛾 ) for all the configurations of footings. The results for the
FF tests are also presented for comparison. Three main effects of the footings can be
qualitatively described. i) The presence of footings tends to reduce the shear strain. ii)
When footings were considered, the cycles tended to migrate, this was not observed for the
free-field case using the same acceleration.
This migration is related to a lower dissipation within each cycle. One reason that may
explain this migration is the physical restriction that the footings induce blocking the
drainage of water on the surface covered by it, generating a longer drainage path. In the
case of shoulder-to-shoulder footings, this effect would be amplified. iii) The cases
considering footings presented a more symmetric shear strain (𝛾 oscillates around zero),
while the free-field case presented a considerable offset.
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Therefore, even though the footings increased the excess pore-pressure, the net effect
seems to induce a “less non-linear” soil response in the near-surface region.

Figure 7.18. 𝑢

v/s 𝛾 at 0.05 m depth for the configurations of footings (harmonic load)

The acceleration at the footings is also an important parameter in the design process. This
parameter can be used to estimate the forces that will affect the structure and the
magnitude of the site effects. Figure 7.19 shows the ratio of the maximum acceleration at
the footings (𝑎 ) to the maximum acceleration recorded at the shake table (𝑎 ). The
average of all the footings is presented for the 3-Adj and 6-Clust configurations.

Figure 7.19. Ratio of the maximum acceleration at the footings to that of the shake table (FF tests)

Amplification, i.e., larger acceleration at the footings than the table, was observed for the
SA and 3-Adj cases. The larger amplification was recorded for the SA case (~120%) and
reduced with an increasing number of footings.
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This reduction in the amplification may be related to the settlement (i.e., densification)
induced by the footings. Therefore, the common assumption that an increase in the excess
pore-pressure will reduce the acceleration on the surface may not be entirely accurate,
especially for the stand-alone case.
Effects of footings using seismic shake table excitations
Figure 7.20 presents the excess pore-pressure (𝑢 ) for the different configurations of
footings under seismic ground motions. Each column shows the results for a particular
ground motion, while each row corresponds to a certain depth where 𝑢

was measured

(i.e., 0.05 m, 0.7 m and 1.35 m depth).

CCCC – 0.05 m depth

RKAC – 0.05 m depth

CACS – 0.05 m depth

CCCC – 0.7 m depth

RKAC – 0.7 m depth

CACS – 0.7 m depth

CCCC – 1.35 m depth

RKAC– 1.35 m depth

CACS – 1.35 m depth

Figure 7.20. 𝑢

for the configurations of footings using recorded ground motions
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In most cases, the maximum value of 𝑢

increased with an increasing number of footings.

However, RKAC (centre column in Figure 7.20) presented similar values of 𝑢

for all the

configurations (i.e., a low influence of the number of footings). This may be explained due
to the larger content of frequencies between 4 and 6 Hz that the record from station RKAC
presents compared to the other two ground motions (see Figure 7.8). The larger content of
high frequency may induce a more undrained response of the soil, hence a lower influence
of the changes in the drainage path due to the presence of footings.
Figure 7.21 shows the settlement for the different configurations of footings. The records
of the centre footing were considered for the 3-Adj and 6-Clust configurations.

(a)

(b)

0

0
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3-Adj
6-Clust

5

(c)
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6-Clust
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(e)
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Figure 7.21. Time-history of the settlement of the footings. (a) CCCC, (b) RKAC and (c) CACS
and final settlement (d) CCCC, (e) RKAC and (f) CACS

For all the cases, the configuration of 3-Adj footings presented the largest settlement, the
lowest was recorded for the stand-alone case, and the 6-Clust reached an intermediate
value.

152

Stand-alone and adjacent structures on saturated sand
The record from station RKAC, presented the smallest differences in settlement between
the studied configurations, while the largest differences were observed for CCCC (i.e.,
greater influence of the number of footings). RKAC and CCCC presented a considerable
high and low frequencies content, respectively. This supports the idea that the effects of
footings will be more evident for low-frequency ground motions where the co-seismic
drainage can play a significant role compared to the case of ground motions with a larger
content of high frequencies.
Figure 7.22 shows the ratio of the maximum acceleration recorded at the footings (𝑎 ) to
that of the table (𝑎 ) for the different configurations of footings under seismic loads. The
more footings considered, the lower the acceleration ratio observed. The largest
amplification is observed for the stand-alone case under the record form station CCCC
(𝑎 /𝑎 ~240%). The 3-Adj configuration presented almost no amplification while reduction
was observed for the 6-Clust case. This emphasises the relevance of the densification
induced by the footings also observed for the harmonic base motions.

Figure 7.22. Ratio of the maximum acceleration at the footings to that of the shake table (recorded
ground motions)
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7.8

Summary

The influence of shallow footings on the response of saturated sand under low confining
pressure was studied using a large laminar box filled with sand on a 1-g shake table. A
stand-alone, three-adjacent and six-clustered surface mounted footings were tested using
harmonic and recorded seismic ground motions. The acceleration and pore-pressure inside
the soil, as well as estimations of the shear deformation of the soil, were presented. The
acceleration of the footings was also addressed. The main observations of this works are
summarised below.
Observations for the free-field
For the lowest acceleration studied (0.12 g), using a harmonic base motion, there was
almost no generation of excess pore-pressure at 0.05 and 0.7 m depth. This exposes the
importance of the co-seismic drainage of the sand, especially at low accelerations and low
confining levels.
In none of the free-field tests using harmonic excitations, a state of zero effective stress
was achieved. Therefore, for the case of these experiments, the response of the sand under
harmonic loads can be considered closer to “cyclic mobility” rather than “flow
liquefaction”. However, for the case of the recorded ground motions, the excess pore
pressure presented an almost monotonic increase at the beginning of the shake, reaching
values close to that of the initial effective vertical stress. Hence, in this case, the response
can be considered as ‘flow liquefaction’.
Influence of the footings
When footings were considered, the cycles observed for the 𝑢

/ 𝛾 curves for the free-

field under harmonic base motions tended to migrate. This exposes a reduction in the
drainage of the soil due to the presence of footings. This reduction was more important
when more footings were studied.
The ratio of the maximum acceleration at the footings to that of the table showed
considerable amplification, especially for the stand-alone case. However, the amplification
reduced with an increasing number of footings evidencing the relevance of the settlement
(i.e., densification) induced by the footings.
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In general, the excess pore-pressure was observed to be dependent on the acceleration and
frequency content of the base motion as well as the length of the drainage path (that
depends on the presence of footings). The amplification of the acceleration through the soil
was also highly affected by the presence of footings. Therefore, to characterise the
response of shallow footings on saturated sandy soil, the soil characteristic, as well as the
number and location of footings, must be considered. The individual effects of each
variable are difficult (not to say impossible) to isolate and quantify.
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Chapter 8
Stand-alone and adjacent structures on
saturated sand
This chapter presents results from experimental studies considering stand-alone and closely
adjacent structures on saturated loose sand. The experimental set-up is similar to that
presented in the previous chapter. Herein, a variety of configurations of a single degree-offreedom structure, with different fixed-base fundamental frequencies, were studied using a
large laminar sand-filled box on a shake table. Recorded ground motions from the
Canterbury earthquake sequence were used. The free-field and the stand-alone case for dry
and saturated sand were studied as references. Differences between the response of standalone structures on saturated and dry sand are discussed. The response of a structure of
focus, standing adjacent to neighbouring structures, on saturated sand is compared to that
of the stand-alone case.

8.1

Experimental methodology

The tests were performed at the Structures Test Hall of the University of Auckland. A large
laminar box with a cross-section of 2 m x 2 m and a maximum capacity of 8 m 3 was used.
For the first stage of the investigation, the response of stand-alone structures on dry soil
was determined for reference purposes. The pluviation technique was used to fill the box
with sand from the Waikato River in New Zealand. Even though pluviation provides a
relatively homogeneous density, the initial density obtained was very low (𝐷 ≈ 35%). To
increase the density after filling the box, a low-amplitude white noise signal bandpass
filtered between 1 and 5 Hz was applied until no surface settlement was recorded. Figure
8.1 shows an aerial view of the laminar box on the shake table filled with sand.
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Figure 8.1. Aerial view of the laminar box full of sand on the shake table

8.1.1

Soil properties

The particle size distribution of Waikato River sand and the liquefaction limit curves
proposed by the Technical Standards for Port and Harbour Facilities in Japan (2009) are
presented in Figure 8.2. The distribution lies near the upper limit of the high-risk zone,
showing considerable liquefaction potential. Properties of the sand are presented in Table
8.1.

Waikato
River Sand

Figure 8.2. Particle size distribution of the sand and liquefaction limits proposed by the Technical
Standards for Ports and Harbour Facilities in Japan (2009)
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The dry density of the sand was obtained by considering the total weight of sand and the
volume obtained after the initial densification. After finishing all the tests on dry sand, the
sand was saturated. The amount of water needed to saturate the sand was estimated using
the void ratio and the volume of sand inside the box (see Table 8.1). Water tanks were used
to store the water and ensure that the same volume of water was employed for each test.
The density of the saturated sand was obtained considering the total weight of sand and
water.
For the dry sand, the shear wave velocity (𝑉 ) was estimated using the time delay in the
signal recorded by accelerometers at different depths. The signal was generated by striking
a steel plate positioned on the sand surface. 𝑉 = 150 m/s ± 3 m/s was obtained, reflecting
minimum changes in the soil characteristics due to the subsequent shakes. In the case of
saturated sand, the obtained shear wave velocity was not reliable. However, the same
saturation/drained process (see Section 8.1.2) was conducted prior to each test to ensure
similar initial conditions.
Figure 8.3 shows a curve for the evolution of the shear modulus as a function of the shear
strain. Previous research shows high scatter data with no clear trend for the damping ratio.
Further details on the dynamic properties of Waikato River Sand can be found in Marks et
al. 1998.
Table 8.1. Soil properties (Waikato River sand)

Parameter

Value

Unit

Dry density
Saturated density
Void ratio
Porosity
Relative density

1570
1980
0.68
0.41
0.51

kg/m3
kg/m3

%

General properties
Specific gravity
Minimum void ratio
Maximum void ratio
Permeability

2.64
0.55
0.78
1.7 × 10

m/s

* Based on the expression proposed by Kozeny-Carman (Carrier III, 2003)
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Figure 8.3. Shear modulus as a function of the shear strain for the Waikato River Sand (adapted
from Marks et al. 1998)

8.1.2

Saturation process

The sand was saturated by pumping water through pipes located at the base of the laminar
box (Figure 8.4)). Uniformly distributed holes were drilled into the pipes to inject water
into the sand. The pipes were buried in scoria to shield them from the overburden. On top
of the scoria, a fine steel mesh (200 m) was placed to avoid the sand clogging the holes.

(a)

(b)

Figure 8.4. Piping system at the base of the laminar box. (a) Overview and (b) perforations of the
pipes

The saturation process is comprised of the following steps: (i) water was pumped into the
sand to a level of approximately 200 mm above the sand surface, (ii) enough time was
allowed to assure the sedimentation of the sand, (iii) the water slowly drained out until the
phreatic surface was level with the top of the sand. The level of the water table was
measured using a transparent hose attached to the piping system (Figure 8.5). The entire
saturation process took approximately three hours.
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The box was drained and refilled before each shake to ensure similar initial soil conditions.
Sufficient pressure was used to induce hydraulic sedimentation. The repeatability of this
process was confirmed by ensuring that, within a small margin, the height of the sand
inside the box remains unchanged from test to test. Figure 8.6 shows the procedural
sequence for resetting the experimental environment.

Figure 8.5. Hose used to measure the water table level inside the laminar box

Figure 8.6. Diagram of the testing sequence

The height of the sand was determined using 4 graduated tapes. Each tape was attached to
one side of the membrane. The average height of the sand was found to be between +/- 10
mm on each test. This variation was considered acceptable, taking into account the
dimensions of the box.
8.1.3

Structures

Structures with three different fixed-base fundamental frequencies were used. They were
not intended to represent any particular prototype yet to have a fundamental frequency in
the range of common civil structures. To minimise boundary effects, 0.2 m x 0.2 m square
footings were used. These dimensions allow keeping a minimum distance between the
edges of the footing to the closest edge of the laminar box of two times the footing width
(B). All the structures were built using a single rectangular steel column 50 mm width and
5 mm thick connected to the centre of the footing.
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All structures have the same top mass to generate the same bearing pressure. M1, M2 and
M3 structures were built with target fixed-base fundamental frequencies of 1.5 Hz, 2.5 Hz
and 3.5 Hz, respectively. Four M2 structures were built to enable testing a range of
configurations. The properties of the structures are presented in Table 8.2.
Table 8.2. SDOF models properties

Height (m)
Frequency (Hz)
Mass (kg)

M1

M2

M3

0.6
1.54
28

0.45
2.44
28

0.35
3.79
28

Steel blocks were used for the footings of the structures. The mass of the footings was
included to facilitate the rotational displacement of the footing while providing stability to
the structures. Sandpaper was glued to the base of the footings to enhance friction between
footing and sand. The use of sandpaper to provide friction at the footing-soil interface has
been previously used by other authors (e.g., Paolucci et al., 2008). M1, M2 and M3
structures are presented in Figure 8.7.

Figure 8.7. SDOF structural models

8.1.4

Instrumentation

A vertical array of accelerometers was located at the centre of the laminar box. The devices
were placed at 0.05 m, 0.7 m and 1.35 m depth from the sand surface. Pore-pressure
sensors (PPS) were placed at the same depth as the accelerometers, but 0.1 m from them to
avoid interaction between accelerometers and PPS (Figure 8.8(a)). The lateral
displacement of layers of the laminar box at 0.05 m, 0.15 m and 0.35 from the sand surface
was also measured using laser displacement transducers. Instrumentation inside and
outside the box is presented in Figure 8.8(a).
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Accelerometers, lasers and PPS are represented by squares with a pointed tip, circles and
rectangles with a flat tip, respectively. On the drawings, the size of the devices has been
increased for clarification. The acceleration and displacement of the top mass of the
structures were recorded. The footing rotation was also measured using LVDTs at both
edges of the footing. A schematic of the location of the devices on the structures is
presented in Figure 8.8(b).

(a)

(b)

Figure 8.8. Instrumentation (a) inside the soil and on the laminar box and (b) on the structures
(units in mm)

8.1.5

Ground motions

A total of four ground motions, two from the Darfield (2010) and two from the
Christchurch earthquake (2011), were used (see Figure 8.9 Table 8.3). Ground motions
recorded on shallow soil were selected due to the depth of the sand in the laminar box. The
selected records do not present evidence of liquefaction. The earthquake records were
chosen to include a range of Significant Duration and Arias Intensity values. These
intensity parameters are commonly related to the liquefaction potential of the soil (e.g.,
Orense, 2005, Boomer et al., 2006 and Kramer and Mitchell, 2006). Equations to estimate
the earthquake properties are presented in Table 8.4.
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Figure 8.9. Instrumentation (a) inside the soil and on the laminar box and (b) on the structures
(units in mm)
Table 8.3. Properties of the ground motions
Ground motion

Magnitude

Darfield earthquake
(04/09/2011)

7.1 (Mw)

Christchurch earthquake
(22/02/2011)

6.3 (ML)

Station

Maximum
acc. (g)

Arias intensity
(m/s)

Mean
period (s)

Significant
time (s)

CCCC

0.24

10.9

0.98

26.7

RKAC

0.21

0.51

0.42

20.1

CACS

0.19

0.32

0.40

12.8

RHSC

0.28

1.15

0.53

9.95
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Table 8.4. Equations used to estimate ground motions properties
Property

Expression

Arias Intensity (𝐼 )

𝐼 =

Mean period (𝑇 )
Significant Duration (𝐷

𝜋
2𝑔

𝑇 =
−𝐷 )

Description

𝑎(𝑡) 𝑑𝑡
∑ 𝐶 ⁄𝑓
∑𝐶

A measure of the strength of a ground
motion
Characterises the frequency content of the
signal

Time elapsed from 5% to 95% of the Arias intensity

where 𝑎(𝑡) is the acceleration, 𝐶 is the Fourier amplitude and 𝑓 represents the
corresponding value of frequency.
8.1.6

Tests programme

The free-field condition and the stand-alone structures were firstly tested on dry sand as a
reference. Later, the sand inside the laminar box was saturated, and the free-field condition
and stand-alone structures were tested. Finally, a structure of focus within one (i.e., the
structure of focus with one neighbour) and two closely adjacent structures (i.e., the
structure of focus with one adjacent structure at each side) on saturated sand were studied
with a distance of 0.3B between adjacent footings (see Table 8.5).
The distance between structures was selected to enable interaction, avoiding pounding.
Two rows of one-adjacent (1-Adj) and two-adjacent (2-Adj) structures were tested
simultaneously for efficiency. A distance of 4B in the direction perpendicular to that of the
shaking was considered between the rows of structures to minimise the interaction between
the two rows. Additionally, a distance from the edge of the footings to the closest boundary
of the laminar box of 2B was considered to minimise boundary effects. Figure 8.10 shows
diagrams of the plan-view and a cross-section of all the configurations tested.
Table 8.5. Configurations studied

Test
Stand-alone
Two-adjacent
Three-adjacent
(1)
(2)

Models considered
M1
M3-M1
M2-M3-M1

M2
M2-M2
M2-M2-M2

Stand-alone structures were tested on dry and saturated soil
Two rows of one- and two-adjacent structures were tested simultaneously
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Scaling laws were not applied in these experiments. Scaling approaches are strictly
speaking only valid for linear geometric and linear-elastic material. In 1 g shake table
experiments, relatively simple non-linear cases, e.g., transient and partial separation at the
footing/rigid-base interface, can be incorporated by modifying the scaling approach (see,
e.g., Chen et al., 2017). However, the tests presented in this paper consider saturated sand
with a range of particle sizes and multiple closely adjacent structures. Because of the
shaking, the structures will tilt, settle and separate at the footing-sand interface. The sand
will undergo three-dimensional transient displacement, and this movement will produce a
gradient (in space and time) of the pore-pressure. All the phenomena mentioned above
prevents rational scaling. Further discussion can be found in Barrios et al. (2020), where
the same approach was used to study the influence of shallow footings on the dynamic
response of saturated sand.
Stand-alone structure

One-adjacent structures

Elevation

Elevation

Top view

Top view

(a)

(b)

Two-adjacent structures

Elevation

Top view

(c)

Figure 8.10. Diagrams of configurations tested. (a) Stand-alone, (b) one-adjacent and (c) twoadjacent structures (units in mm)
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8.2

Results and discussion

8.2.1

Saturated sand – Free-field

Due to the free surface, the sand can undergo volumetric strain and drainage of excess
pore-pressure. The records presented in this report are thus the combination of the
generation and concurrent dissipation of excess pore-pressure, i.e., “net excess porepressure”. Hereafter, the term “excess pore-pressure” will be used to refer to the combined
generation and dissipation for simplicity. These two contributions cannot be quantitatively
separated. Hence, the conditions generated in the laminar box are likely to reasonably
represent the situation observed close to the surface of a site with similar soil conditions.
The excess pore-pressure ratio (𝑟 ), as defined in Eq. 8.1, for the free-field (FF) case, is
presented in Figure 8.11.
8.1

𝑟 = 𝑢 /𝜎
Where 𝑢

is the excess pore-pressure (i.e., zero value corresponds to the hydrostatic

pressure) and 𝜎

is the initial vertical effective stress at a defined depth.

Results for all the ground motions, except for the ground motion from station CCCC show
𝑟 = 1 at a depth of 0.05 m, indicating liquefaction. At 0.7 m beneath the soil surface, the
maximum value of 𝑟 was close to 0.5 for all ground motions, while at 1.35 m 𝑟 was lower
than 0.2. A recorded excitation that did not induce liquefaction (CCCC) was used to study
a case where liquefaction did not strictly occur, yet considerable pore-pressure build-up at
shallow depths was developed.

RKAC

CCCC

(a)

(b)
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RHSC

CACS

(c)

(d)

Figure 8.11. Excess pore-pressure ratio for ground motions at (a) CCCC, (b) RKAC, (c) CACS and
(d) RHSC station

The test employing excitation CCCC also shows a slower increase in the near-surface (0.05
m depth) excess pore-pressure than that of the other three excitations. This may be
explained by the higher mean period (𝑇 ) of this record compared to that of the other
ground motions (see Table 8.3). The mean period represents the predominant frequency on
a Fourier spectrum. The CCCC record has a mean period of about 1.0 s, while for the other
ground motions 𝑇 is close to 0.4 s
Therefore, CCCC can be considered a “slow shake” compared to the rest of the ground
motions. A slower shake enables an enhanced co-seismic dissipation of the excess porepressure following the gradients in pore pressure as a function of space and time, with the
bottom drainage boundary playing a role. The relevance of 𝑇 for the case of dry soil has
been explained by Kumar et al. (2011). However, a relationship between 𝑇 and excess
pore-pressure built-up has not been revealed before.
Regarding the RKAC and CACS records, the time histories of 𝑢

shows a pronounced

gradient near the soil surface, while it has a lower excess pore-pressure at 0.7 m depth
compared to the other ground motions (Figure 10(b) and (c)). This high gradient with
depth of 𝑢

in the near-surface region may be linked to the vertical flux of water from the

deeper zones. Rhodes and Cubrinovski (2018) discussed the relevance of vertical flow.
They hypothesised that vertical flow may explain inaccurate liquefaction predictions
compared with what was observed after the Canterbury earthquake sequence (2010-2011).
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The most common ground motion intensity measure (IM) used in liquefaction assessment
is the peak ground surface acceleration, even though the shortcomings of this measure are
well known. Kramer and Mitchell (2006) studied the relationship between multiple IM and
the corresponding calculated peak excess pore-pressure ratio (𝑟 ) for more than 450 ground
motions from 22 earthquakes using a one-dimensional, non-linear model. The authors
found the best IM to estimate the maximum 𝑟 was the cumulative velocity with a
threshold of 0.05 m/s2 (𝐶𝐴𝑉 ) as defined in Eq. 8.2. Another parameter that has been
shown to adequately estimate 𝑢

(e.g., Kayen and Mitchell, 1997 and Bray and Macedo,

2017) is Arias Intensity, 𝐼 . However, all these studies have used numerical models with
scarce empirical or experimental validation. Figure 8.12 shows the relationship, for the
four recorded motions, between the cumulative 𝐶𝐴𝑉 , 𝐼 and 𝑟 . It can be seen that, most of
the records present a good correlation between 𝑟 and both, 𝐶𝐴𝑉 and 𝐼 . The curves
presented in Figure 8.12 corresponds to cumulative values of 𝐶𝐴𝑉 and 𝐼 as a function
time. The curves have also been normalised by their final value to facilitate comparison.
𝑐𝑚
𝑠
𝑤ℎ𝑒𝑟𝑒 𝛿 =
𝑐𝑚
1 𝑓𝑜𝑟 |𝑎(𝑡)| ≥ 5
𝑠
0 𝑓𝑜𝑟 |𝑎(𝑡)| < 5

𝐶𝐴𝑉 =

𝛿|𝑎(𝑡)|𝑑𝑡

8.2

The Arias Intensity (𝐼 ) gives a better representation of 𝑟 (𝑡). Arias Intensity is a function
of the cumulative square of the instantaneous acceleration, emphasising the importance of
“high energy” cycles, while 𝐶𝐴𝑉 just neglects the portions of the ground motion with an
absolute velocity lower than 0.05 m/s. These high energy cycles are related to a major
increase in 𝑟 , thus it was expected that an IM that gives higher importance to these large
cycles will give an improved estimation of 𝑟 .
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(d)

Figure 8.12. Relationship between 𝐶𝐴𝑉 , 𝐼 and 𝑟 recorded at 0.05 m beneath the sand surface.
Ground motions at (a) CCCC, (b) RKAC, (c) CACS and (d) RHSC station

8.2.2

Comparison between the free-field response on dry and saturated sand

Only a few attempts to compare the response of saturated soil with that of the same soil but
on a dry condition have been presented. Jayalekshmi (2017) studied the effect of a
geomembrane in the soil-footing interface considering dry and saturated sand. Mirshekari
and Ghayoomi (2017) investigated the dynamic response of partially saturated soils
ranging from dry to fully saturated conditions, showing differences in the acceleration
recorded on the soil surface.
Figure 8.13(a) shows the maximum acceleration recorded 0.05 m beneath the sand surface
for dry and saturated conditions for the four shake table excitations used in this study. As
expected, the saturated condition results in a lower maximum acceleration than the dry
case for all the ground motions due to pore-pressure build-up and subsequent soil softening.
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The reduction is close to 30% on average. In the case of CCCC (where liquefaction was
not triggered), the reduction was about 40%. This higher reduction could be explained by
noting that CCCC presented a considerable increase in 𝑢

also at 0.7 m depth (see Figure

8.11). Therefore, a deeper portion of the soil experienced softening, which reduced the
capacity of the medium to transmit shear waves from the deeper region to the surface. A
similar reduction (about 45%) was observed by Mirshekari and Ghayoomi (2017) for the
free-field condition in a centrifuge test on sandy soil with a relative density lower than that
used in this study.
Figure 8.13(b) shows the ratio of the acceleration recorded 0.05 m beneath the sand surface
to the maximum acceleration recorded at the shake table (PTA), i.e., acceleration
amplification through the soil. The acceleration at 0.05 m beneath the sand surface was
considered an approximation to the peak ground surface acceleration (PGA) due to its
proximity to the sand surface. Measurements closer to the surface were found unreliable
due to instability experienced by the accelerometers at shallow depths. As expected, the
amplification is always larger for the dry case compared to the saturated condition.
However, the saturated cases still involve a considerable amplification (average of 33%),
with a maximum of 57%. In a practical sense, the considerable capacity of soil media to
amplify seismic waves highlights the importance of an adequate estimation of the design
parameters for structures founded on loose saturated sand.

(g)

(h)

Figure 8.13. Effect of pore-pressure build-up on (a) maximum acceleration PGA at 0.05 m beneath
the surface and (b) ratio of the PGA to the PTA
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For the saturated cases, Figure 8.13(a) shows that the maximum acceleration at 0.05 m
beneath the sand surface reduced, while there is still amplification through the sand, i.e.,
PGA/PTA> 1.0 (see Figure 8.13(b)). This occurs because the net value, i.e., generationdissipation, of 𝑢

increases with each cycle during the table motion. Therefore, at the

beginning of the shake, the soil can still transfer shear waves. This capacity reduces with
time as 𝑢

increases. A window of the time-history of the acceleration recorded 0.05 m

beneath the sand surface, showing the location of the approximation considered for the
“PGA”, is presented in Figure 8.14 for all the table motions. Most of the records reached
the maximum acceleration before reaching the peak of 𝑟 (vertical dashed line in Figure
8.14), i.e., before developing considerable soil softening. For CCCC and RHSC, the
maximum 𝑟 was reached beyond the span of the time window presented.

(a)

(b)

(c)

(d)

Figure 8.14. Time-history of the acceleration 0.05 m beneath the surface for the dry and saturated
case. (a) CCCC, (b) RKAC, (c) CACS and (d) RHSC
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Due to the pore-pressure build-up, effective stress reduces, reducing the shear modulus.
Therefore, the capacity of transmitting high-frequency waves is also reduced. Figure 8.15
shows the Fourier amplitude spectrum (FFT) of the acceleration at 0.05 m depth for the dry
and saturated cases. The saturated cases show a considerable reduction in amplitude for
frequencies higher than 5 Hz compared to the dry case, while almost the same frequency
content was observed below 3 Hz. However, a slightly higher response was observed
between 3 Hz to 5 Hz for the saturated case compared to the dry case. This increase in
energy in the band between 3 Hz and 5 Hz has implications for relatively short (rigid)
structures since they may develop higher inertial forces when found in saturated soil.

(a)

(b)

(c)

(d)

Figure 8.15. Fourier amplitude of the acceleration at 0.05 m depth for the dry and saturated case. (a)
CCCC, (b) RKAC, (c) CACS and (d) RHSC
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8.2.3

Stand-alone structures on dry and saturated sand

The response of a structure on saturated soil is a function of the space- and time-wise
distribution of excess pore pressure in the soil that supports the foundation. A variation of
the excess pore-pressure leads to concurrent changes in the effective stress state, resulting
in a shear modulus (thus soil stiffness) varying as a function of the distribution of excess
pore-pressure in both space and time. Consequently, the dynamic response of the structure
will affect the excess pore-pressure generation and dissipation, inducing a transient crossinteraction. Thus, the analysis must be carried out on a complete system including the
superstructure, footing and supporting soil to have a realistic outcome.
In the case of earthquake response, the incident waves can arrive from below, as well as
those waves associated with surface propagation. Structures can generate both constructive
and destructive wave interference from the interaction between the waves originated from
the foundations of the structures, in addition to the continual arrival of incident waves.
With the current state of knowledge, recognising that the wave field described above will
induce non-linear material and geometrical response, a precise analysis of this interaction
is beyond even the reach of modern analyses. This reveals the advantage of physical
experiments. The number and space location of the structures will also influence the
wavefield under earthquake loads, inducing different characteristics, frequency content,
duration and amplitude.
Figure 8.16 shows the Fourier amplitude spectrum of the acceleration recorded at the top
of the structures for the dry and saturated cases for the table motion based on the recorded
ground motion from station RHSC. The peaks observed reflect the predominant frequency
of the response of the soil-structure system (SSS). For the M1 structure (tallest structure),
the predominant frequency of the SSS response on saturated sand was lower than that on
the dry sand. This difference can be explained by the considerable influence of the footing
rotation in the case of tall structures. A softer soil will induce a higher amplitude of
rotation, thus causing a shortening of the response frequency. However, no significant
changes in the response frequency were observed for the M2 and M3 structures. These
structures are shorter, thus rotation of the footing has a decreased role in its vibration.
These experimental results validate previous observations by Lopez-Caballero and
Modaressi (2008), who used a numerical model to show almost no variation of the
predominant response frequency in the case of mid-rise structures.
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Figure 8.16. Fourier amplitude of the acceleration at the top mass for the dry and saturated cases
for (a) M1, (b) M2 and (c) M3 structures (RHSC ground motion)

Several authors have observed that the excess pore-pressure beneath a footing was
considerably larger than that of the free-field (e.g., Koutsourelakis et al., 2002, LopezCaballero and Modaressi, 2008, Dashti and Bray, 2012 and Barrios et al., 2017). In the
tests presented herein, a similar trend was observed. Figure 8.17 shows the maximum
excess pore-pressure recorded at three different depths for all the ground motions. Results
for the free-field and the stand-alone structures are presented. The initial effective vertical
stress (𝜎 ) for both, free-field (assuming geostatic ground conditions) and considering the
stand-alone structures are also presented. The bearing pressure induced by the structures
was estimated using the analytical solution for a square footing (Polus and Davis, 1974).
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Figure 8.17. Maximum excess pore-pressure at different depths for the free-field and stand-alone
cases

Figure 8.17 shows that even though the excess pore-pressure (𝑢 ) at a depth of 0.05m was
larger beneath the footing compared to that of the free-field, the values are distant from the
corresponding initial effective stress state, including the structure, 𝜎′

. However, 𝑢

at

0.7 m depth was larger for the stand-alone case compared to that of the free-field condition
and closer to the corresponding value of 𝜎′

. Even though the excess pore-pressure ratio

is reduced close to the footing compared to the free-field case, soil softening due to porepressure build-up may occur at a deeper zone of the soil due to the presence of a structure.
The ratio of the maximum acceleration recorded at the top mass of the structures on
saturated sand to that on dry sand is presented in Figure 8.18. All the values are lower than
1.0, exposing a reduction in the acceleration due to pore-pressure build-up. In general, this
reduction was less significant for the M1 structure and increased with response
predominant frequency, i.e., in the case of M2 and M3 structures. This contradicts the
information presented in Figure 8.15. It was deduced that the M3 structure, because of its
higher response frequency content in the case of saturated sand compared to that of the dry
case, should have a larger response. This discrepancy can be explained due to a more
“rigid-like” body motion of the M3 structure on saturated soil, inducing a more significant
reduction in the acceleration.
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Figure 8.18. Ratio of the maximum acceleration at the top mass of the structures on saturated sand
and that of dry sand

Another relevant parameter in structural design is the maximum lateral displacement.
Figure 8.19(a) shows the ratio of the maximum displacement at the top mass of the
structure for the saturated case to that of the dry case. Figure 8.19 (b) and (c) show
examples of time-histories of the top mass displacement for different structures. The lateral
displacement is comprised of flexural deformation of the structure and rotation of the
footing. The increase in the rotation of the footing of the structures for the saturated case
compared to that of the dry case was much more significant for the M3 structure (Figure
8.19(b)) than for the M1 structure (Figure 8.19(c)).

(a)
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M3 - CACS

M1 - CACS

(b)

(c)

Figure 8.19. Effect of pore-pressure build-up on (a) the ratio of maximum displacement
(saturated/dry cases), and time history for (b) M3 and (c) M1 structure under CACS

A tall and flexible structure will be more prone to rotation of footing on stiff soil than
shorter structures. However, on a flexible base, tall structures can accommodate the inertial
loads with associated flexural deformation. In contrast, less flexible (shorter) structures
will induce larger rotational movement, and these may induce permanent deformation
(Figure 8.19(b)). Therefore, an increase in 𝑢

may lead to a significant “rigid-like” body

movement for low-rise structures, explaining the reduction in acceleration and increasing
lateral displacement seen in Figure 8.18 and Figure 8.19(b).
Figure 8.20 shows the residual rotation of the footings (i.e., at the end of the table motion)
for all the structures on dry and saturated sand. The M1 structure was the only one that
showed a significant rotation of the footing in dry sand, while the other structures
displayed significant rotation only on saturated soil. Thus, the magnitude of rotational
displacement depends on the height and sectional properties of the structure, and the
stiffness of the foundation sand, which is dependent upon the excess pore-pressure.
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Figure 8.20. Residual rotation of the footing of the stand-alone structures

Figure 8.21 shows the relationships between the maximum acceleration, maximum
displacement and the maximum value of 𝑢

recorded 0.05 m below surface. Considering

Figure 8.21(a), generally, the results show that with increasing excess pore-pressure, the
activated acceleration at the top of the structures increases. It can be seen that there is
different sensitivity to the excess pore-pressure displayed by the results from the different
structures, e.g., there is a positive gradient of acceleration with excess pore-pressure for
M1 and M3 structures. In contrast, for the M2 structure, the acceleration could be
interpreted to be independent of the excess pore-pressure. In contrast to the acceleration,
the displacement (shown in Figure 8.21(b)) is a much stronger function of excess porepressure, as indicated by the dashed line, which is based upon the full set of data. The
consequence of excess pore-pressure is reflected by a lower shear stiffness of the soil. The
softening of the soil reduced the acceleration. The increase in displacement and
acceleration with excess pore-pressure reflects the coupled nature of the response to the
excitation. The increase in lateral displacement is mainly determined by the overall
behaviour of the structure. The acceleration, however, is defined by the structural response
and the rate of ground movement.
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Figure 8.21. Relationship between maximum excess pore-pressure and (a) maximum acceleration
and (b) maximum lateral displacement at the top mass of the structures

8.2.4

Closely adjacent structures on saturated sand

Barrios et al. (2020) showed that the acceleration recorded on rigid footings with no
superstructure on saturated sand reduced with the number of closely adjacent footings. In
this current work, the superstructure was present. Figure 8.22 shows the maximum
acceleration and displacement recorded at the top mass of the structure of focus as (i) a
stand-alone (SA), (ii) with 1-adjacent (1-Adj) and (iii) 2-adjacent (2-Adj) structures. Solid
marks (squares for SA, crosses for 1-Adj and triangles for 2-Adj) show the average from
all the ground motions, while grey lines with a flat tip extend to the extreme values. The
left, middle and right groups of results in Figure 8.22(a) and (b) represent M1, M2 and M3
structures as the structure of focus, respectively, while all adjacent structures (i.e.,
neighbours of the structure of focus) are all M2 structures.
The results show that the response of the stand-alone structure is always larger than the
response of the structure of focus with adjacent structures. In terms of acceleration (Figure
8.22(a)), this effect was less significant for the M1 structure and increased with increasing
structural stiffness. Figure 8.22(b) shows that the maximum displacement reduced with
adjacent structures. However, the M1 structure was the most affected by this reduction
(opposite to the trend observed for the acceleration). Tall structures (i.e., M1) are prone to
experience low accelerations and large displacement for the reasons discussed in Section
8.2.3. Therefore, it is expected that the acceleration will not be considerably affected due to
soil softening. On the other hand, the lateral displacement of the top mass of the M1
structure results from the lateral displacement of the column and the rotation of the footing
that can be considerable.
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Because of the weight of participant structures, the common soil becomes stiffer than that
supporting a stand-alone structure. Consequently, the footing rotates less than that of a
stand-alone structure, thus reducing the total lateral displacement.

(a)

(b)

Figure 8.22. Influence of the number of adjacent structures on (a) maximum acceleration and (b)
maximum lateral displacement of the mass at the top of the structure

The rotational displacement of the footing is an important component of the total lateral
displacement of the structures. Figure 8.23 shows the maximum and residual (after the end
of the table motion) rotational displacement. As in Figure 8.22, the average for all the table
motions is shown using solid symbols, while grey lines with a flat tip extend to the extreme
values. It can be seen that both the maximum and residual rotations as a general trend
reduce due to the presence of adjacent structures. However, the M2 structure does not
follow this trend. This general reduction of the residual rotation supports the concept that
the common foundation soil is stiffer due to the weight of the adjacent structures leading to
an enhanced capacity to limit the residual rotation.

(a)

(b)

Figure 8.23. Influence of the number of adjacent structures on (a) maximum acceleration and (b)
maximum displacement of the mass at the top of the structures
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The settlement of the footings of all the structures is presented in Figure 8.24. As for the
previous parameters analysed, the settlement also reduced with an increasing number of
adjacent structures. M3 structure experienced the lowest settlement, which is supported by
empirical field evidence of low-rise structures (e.g., Bertalot et al., 2013). When a footing
rotates, the edges in contact with the soil cause high local bearing stresses (as observed in
the experiments), thus non-uniform settlement of the whole footing occurs. Therefore, lowrise structures that experience less rotation will induce a more uniform and lower pressure

Settlement (mm)

beneath the footing, causing less settlement.

Figure 8.24. Effect of the number of adjacent structures on the settlement of the footings
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8.3

Summary

Results from multiple tests on stand-alone and closely adjacent SDOF structures using a
laminar box on a shake table were presented. The free-field condition was also studied as a
reference. Records from the Canterbury earthquake sequence (2010-2011) were used. The
effects of pore-pressure build-up and adjacent structures on the dynamic response of the
soil-foundation-structure systems were presented and discussed. Conclusions and insights
are summarised below:
Free-field condition
For the free-field condition, the Arias Intensity, as a function of time, was found to
adequately represent pore-pressure build-up (𝑢 ). The Arias Intensity is a function of the
square of the acceleration, emphasising the importance of “high energy” cycles which are
related to a major increase in 𝑢 .
Stand-alone condition
Due to pore-pressure build-up, stand-alone structures experienced lower maximum
acceleration and higher lateral displacement of the top mass than the dry sand case. An
increase in 𝑢

leads to a significant “rigid-like” body movement, particularly for low-rise

structures. This explains the reduction in acceleration and increase of lateral displacement
of these structures.
The excess pore-pressure build-up affects the activated forces in the superstructure. It was
found that this effect depends on the structure (i.e., structural characteristics). The excess
pore-pressure build-up has a more pronounced influence on the lateral displacement than
on the acceleration of the top mass. Any decrease in the separation of the structures
increases the probability of inter-structure pounding. Therefore, it is of significance to
consider the structural characteristics and the state of the supporting soil jointly in design.
The excess pore-pressure ratio (𝑟 ) beneath the footing of a structure was observed to be
different from that of the free-field, i.e., 𝑟 reduces close to the footing compared to that of
the free-field. However, higher values, compared to that of the free-field, were recorded
deeper in the soil. Therefore, soil softening due to the presence of structures could be
expected in deeper locations compared with those observed for the free-field condition.
Closely adjacent structures
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Due to the presence of adjacent structures, the acceleration and lateral displacement of the
top mass of the structure of focus reduced compared to the stand-alone case. The reduction
in acceleration was less significant for the tallest structure of focus, while the opposite was
observed for the lateral displacement. In most cases, tall structures are prone to experience
lower accelerations than shorter structures, thus the acceleration will not be considerably
affected by soil softening. The lateral displacement of a tall structure, which has a
considerable contribution from the rotation of the footing, will reduce due to the stiffer
foundation soil induced by the weight of the neighbouring structures.
The residual rotation (at the end of the table motion) and settlement of the footing of the
structure of focus were reduced due to the presence of adjacent structures compared to that
of the stand-alone case. The reduction in the rotation of the footing results from the
common foundation soil being stiffer due to the weight of the adjacent structures. The
stiffer soil also explains the lower values of settlement. The consequence of this residual
footing response is often overlooked in structural design. This work shows this effect to be
more significant for tall structures. To ensure structural integrity, the overall performance
of the soil-footing-structure system needs to be considered in the design.
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Chapter 9
Conclusion and recommendations for
future research
9.1

Conclusions

The primary aim of this doctoral research was to enhance the understanding of the dynamic
response of adjacent structures considering both dry and saturated sand as the foundation
soil. Structures were represented using either rigid footings (i.e., rigid steel plates with
negligible deformation) or SDOF structures comprised of a rigid footing with a central
column (flexible steel plate) and a lumped mass on top. The structures were calibrated to
achieve multiple fundamental frequencies. The free-field condition, the stand-alone case
and multiple configurations comprised of adjacent structures were studied.
The first part of this study (Chapter 3) described the effects of the fundamental frequency
and the slenderness of the models on the dynamic response of two adjacent structures. The
Structures used in these initial tests were improved and used later in tests considering
larger configurations of structures. Chapters 4 and 5 studied two and three-adjacent
structures on a large laminar box using impulsive and seismic loads, respectively. These
large-size experiments enabled studying a broader range of configurations and a better
representation of the dynamic loads.
The second half of this dissertation focused on the response of adjacent structures on
saturated sand. The influence of the bearing pressure and neighbouring footings was
studied by performing centrifuge tests of rigid footings at different distances under
dynamic loads (Chapters 6). Later, a larger number of footings was studied using a large
laminar box and a 1g shake table (Chapter 7). Finally, the response of structures on
saturated soil was addressed by studying SDOF structures on a large laminar box filled
with sand saturated with water (Chapter 8). The free-field condition, the stand-alone case
and configurations of two and three closely adjacent structures were addressed.
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The findings present in this doctoral study highlight the importance of considering the
entire soil-foundation-structure system and the influence of adjacent structures. The effect
of adjacent structures on the acceleration and lateral displacement of the structures, as well
as on the rotation and settlement of the footing, were observed and discussed for both dry
and saturated sand. The main conclusions are summarised below.
9.1.1

Initial insight into the dynamic response of adjacent structures on dry sand

Single degree-of-freedom (SDOF) structures considering both different height to base
width ratios (i.e., slenderness) and fixed-base fundamental frequencies were studied using
a small laminar box filled with medium-dense sand on a shake table. Multiple
configurations of two closely adjacent structures, as well as each structure alone on soil
(i.e., stand-alone condition), were tested. Impulse loads and synthetic ground motions
compatible with the New Zealand design spectra were used.
Due to the presence of an adjacent structure and using impulse loads, the lateral
displacement reduces compared to that of the same structure on a stand-alone condition.
The Fourier spectrum of the acceleration at the top of the stand-alone structure occurred at
a lower frequency than that of the fixed-base. However, when adjacent models were
considered, a peak on the Fourier spectrum between that of the fixed-base and the standalone cases was obtained.
In the case of using synthetic ground motions, due to larger rocking, slender structures
presented a larger acceleration and displacement than the shorter structures.
When an adjacent model was considered, the maximum acceleration for frequency ratios
(𝑓/𝑓 ) between 0.7 and 1.8 was larger than that of the stand-alone case. In the case of the
maximum displacement, amplification was observed for 𝑓/𝑓

up to 1.5. This reflects a

constructive interaction between closely adjacent structures when they have a similar
fixed-base fundamental frequency.
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9.1.2

Influence of the vibration of a model into neighbouring structures

Two main aspects of the interaction between adjacent structures were addressed: (i) The
influence of the distance between neighbouring structures and (ii) the influence of
neighbouring structures on the frequency at which the peak of the Fourier spectrum occurs
and on the decay of the acceleration of the top mass of the structure of focus after the end
of the base motion. These two parameters are referred to as the fundamental frequency and
damping ratio of the structure of focus, respectively. Local impact loads applied at a
particular structure and global impulse loads induced by a fast movement of the shake table
were utilised.
The influence of the vibration of an adjacent structure was observed up to a distance of
four times the footing width. A faster decay of the acceleration in the soil near the
impacted building was observed in the experiments compared to that of previous numerical
studies. The response of close structures (at 0.25B) estimated using the results from tests
considering structures at a large distance (4B) was also larger than the experimental results.
These observations highlight the importance of energy dissipation due to the local
nonlinear response of the soil, particularly in the process of transferring energy from the
structures into the soil and vice versa.
A closely adjacent model was observed to either increase or reduce the acceleration of a
structure at a large distance depending on the level of activated vibration. For low levels of
vibration of the closely adjacent model, a reduction was observed, while amplification was
observed for large vibrations.
The fundamental frequency, estimated as the frequency at the peak of the Fourier spectrum,
increased with an increasing number of neighbours for all the structures studied. An
equation to evaluate the variation of the fundamental frequency is proposed. In the case of
the damping ratio (obtained from the decay of the acceleration at the end of the base
motion), a considerable contribution of the soil was observed, and the minimum damping
ratio was obtained for an intermediate number of structures (three-adjacent). Current
expressions to estimate damping of soil-structure systems were questioned since they only
consider changes in the fundamental frequency leading to counterintuitive results.
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9.1.3

Adjacent structures under seismic loads on dry sand

The dynamic response of adjacent structures was addressed by testing different
configurations of SDOF structures on a large laminar box filled with dry sand. Using a
shake table, four recorded ground motions from the 2011 Christchurch earthquake were
simulated.
Differences in the Arias intensity of the acceleration of the top mass of the structure of
focus for different structure-foundation-soil systems were explained by the compaction of
supporting soil due to the presence of multiple systems. Additionally, a higher final value
of the power spectral density of the acceleration at the top mass of the structure of focus
was obtained with an increasing number of neighbouring systems. This is likely due to
some of the radiating energy from the surrounding systems arriving at the structure of
focus. This could be explained as the excited adjacent structures, by the process of
reflection and refraction of waves, act as an additional source of vibrations passing energy
into the structure of focus that otherwise will travel away from it.
The footings were observed to settle after episodes of strong rocking. This rocking induces
pressure on the soil at the edges of the footing leading to localised permanent deformation.
The total settlement was reduced due to the presence of adjacent structures. The presence
of adjacent systems also reduces the lateral displacement and the internal forces resulting
from lower flexural deformation.
Using multiple ground motions, the presence of adjacent footings was confirmed to reduce
the lateral displacement of the top mass of the structure of focus as well as the uplift of the
footings. The acceleration of the top mass was amplified, especially when the structures
involved have a similar fixed-based fundamental frequency. This amplification was less
significant when two-adjacent structures were considered compared to only one adjacent
structure. This can be explained by the different levels of local non-linear response of the
soil beneath each structure, leading to an out-of-phase movement of the structures involved,
hindering a constructive interaction.
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The presence of adjacent structures also reduced the fundamental frequency of the
structure of focus compared to that of the stand-alone condition. This is consistent with
observations presented in chapters 3 and 4. This phenomenon is partially explained by
considering typical analytical expressions. Furthermore, it is considered that the main
factor inducing this increase of the fundamental frequency is the more rigid surrounding
induced by the presence of multiple structures.
9.1.4

Centrifuge test of closely adjacent footings

A free-field (FF) test considering two footings at a large distance and two tests to simulate
the interaction between closely adjacent footings were conducted using a geotechnical
centrifuge. A 50 g centrifugal acceleration and ramped harmonic loads with a maximum
acceleration of 0.2; 0.3 and 0.4 g were applied at the base of a laminar box containing
cohesionless material with silicone oil in the void space.
In the FF tests, the settlement presented a sharp gradient at the beginning of the excitation,
a less pronounced gradient when pore-pressure build-up approaches the maximum, and a
gentle gradient due to soil particle rearrangement after the end of the excitation.
In the cases considering footings, the settlement was largely due to the footing penetrating
the supporting sand. This occurs after reaching an excess pore-pressure that reduces the
bearing capacity below the pressure exerted by the footings. Subsidence of the footings
was found to develop earlier in the case of adjacent footings compared to that of the standalone case. Additionally, a dilative response of the soil at the beginning of the base motion
was observed for the stand-alone tests delaying the excess pore pressure build-up.
In the case of closely adjacent footings, a consistent inward-tilt was observed due to a
lower near-surface vertical effective stress between the footings.
9.1.5

Adjacent footings on saturated sand

The influence of shallow footings on the response of saturated sand under low confining
pressure was studied using a large laminar box filled with sand on a 1-g shake table. A
stand-alone, three-adjacent and six-clustered surface mounted footings were tested using
harmonic and recorded seismic ground motions.
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A state of zero effective stress was not recorded in any of the free-field tests using
harmonic excitations. Thus, the soil always exhibited a residual shear resistance.
Additionally, a considerable oscillatory behaviour of the excess pore-pressure was
observed. The term “cyclic mobility” is used to refer to the dynamic response of soil
characterised by a progressive reduction of effective stress due to cyclic loading. However,
near a state of zero effective stress, the soil dilates, regaining strength, as observed for the
free-field tests under harmonic loads.
For the case of the recorded ground motions, the excess pore pressure underwent an almost
monotonic increase at the beginning of the shake, reaching values close to that of the initial
effective vertical stress. This response of the soil is commonly known as “flow
liquefaction”. Flow liquefaction corresponds to a complete loss of shear resistance of the
soil due to the accumulation of excess pore-pressure. The soil experiences large
deformation until the excess pore-pressure reduces after the end of the excitation.
When footings were considered, the cycles observed for the 𝑢

v/s 𝛾 curves tended to

migrate. This exposes a reduction in the drainage of the soil due to the presence of the
footings. This reduction was more important when more footings were studied.
The dilative behaviour of the soil that generates this cyclic response seen in Chapter 7 was
also observed in the centrifuge tests for both the free-field case and those considering
footings. However, the excess pore-pressure after the end of the base motion shows a more
rapid decay in the 1g tests compared to that observed in the centrifuge tests (Chapter 6).
This difference is also observed in the sudden sink of footings after the end of the base
motion for the 1g test, while the footings in the centrifuge tests experienced a gentle
settlement. This can be partially explained by the higher viscosity of the fluid (compared to
that of water) used in centrifuge tests that induced a slower excess pore-pressure
dissipation.
In general, the excess pore-pressure was observed to be dependent on the acceleration and
frequency content of the base motion as well as the length of the drainage path (that
depends on the presence of footings). The amplification of the acceleration through the soil
was also highly affected by the presence of footings.
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9.1.6

Stand-alone and adjacent structures on saturated sand

Multiple configurations of stand-alone and closely adjacent SDOF structures using a
laminar box on a shake table were tested. The free-field condition was also studied as a
reference. Records from the Canterbury earthquake sequence (2010-2011) were utilised.
For the free-field condition, Cumulative Velocity and particularly Arias Intensity, as a
function of time, were found to adequately represent pore-pressure build-up. The Arias
Intensity is a function of the square of the acceleration, emphasising the importance of
“high energy” cycles which are related to a major increase in excess pore-pressure.
In general, the excess pore pressure beneath the footing (shown in Chapter 8) presented a
more limited dilative behaviour than that of the centrifuge tests (presented in Chapter 6).
However, this is consistent with the observations presented in Chapter 8, where the dilative
response reduces when considering ground motions rather than harmonic base motions.
The excess pore-pressure build-up was found to have a more pronounced influence on the
lateral displacement than on the acceleration of the top mass. The excess pore-pressure
ratio beneath the footing of a structure reduced close to the footing compared to that of the
free-field. However, higher values, compared to that of the free-field, were recorded deeper
in the soil. Therefore, soil softening due to the presence of structures could be expected in
deeper locations compared with those observed for the free-field condition.
Due to the presence of adjacent structures, the acceleration and lateral displacement of the
top mass of the structure of focus, as well as the rotation and settlement of the footing,
reduced compared to that of the stand-alone case. The reduction in acceleration was less
significant for the structure with the lowest fixed base fundamental frequency, while the
opposite (less reduction for the structure with the highest fixed base fundamental frequency)
was observed for the lateral displacement. The lateral displacement of a more flexible
structure (low fundamental frequency), which has a considerable contribution from the
rotation of the footing, will reduce due to the stiffer foundation soil induced by the weight
of the neighbouring structures. The stiffer soil also explains the lower values of settlement
when considering multiple structures compared to the stand-alone case.
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Conclusions and recommendations for future research

9.2

Recommendations for future studies

Based on the findings from this doctoral research, the following recommendations for
future studies on adjacent structures are proposed:
1. Study the response of structures with multiple degrees-of-freedom. This can help
understand the effect of both the supporting soil and adjacent structures on higher
modes.
2. Study different structural typologies (e.g., moment frames, braced frames or shear
wall) and different types of footings (e.g., strip footings and mat foundations and
piles) to identify which are the most sensitive structures to the presence of adjacent
buildings.
3. Consider a more significant number of excitations with different characteristics
(e.g., duration, intensity or frequency content). Even though this has been partially
addressed in Chapters 8 and 9, further research is encouraged to understand the
effects of ground motion properties on closely adjacent structures.
4. Consider multi-axial excitations to get a better insight into the response of adjacent
structures under more realistic seismic loads.
5. Study the response of adjacent structures on different soils such as clay or silty sand.
These soils can present particular characteristics such as cementation or expansive
tendency that could be affected by the presence of closely adjacent structures.
The results of the experimental tests discussed in this thesis are available for other
researchers upon request.
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