
INTERNATIONAL SOCIETY FOR 

SOIL MECHANICS AND 

GEOTECHNICAL ENGINEERING 

This paper was downloaded from the Online Library of 
the International Society for Soil Mechanics and 
Geotechnical Engineering (ISSMGE). The library is 
available here: 

https://www.issmge.org/publications/online-library 

This is an open-access database that archives thousands 
of papers published under the Auspices of the ISSMGE and 
maintained by the Innovation and Development 
Committee of ISSMGE.   

The paper was published in the proceedings of the 7th 

International Conference on Earthquake Geotechnical 
Engineering and was edited by Francesco Silvestri, Nicola 
Moraci and Susanna Antonielli. The conference was held 
in Rome, Italy, 17 – 20 June 2019.

https://www.issmge.org/publications/online-library


Earthquake Geotechnical Engineering for Protection and Development of
Environment and Constructions – Silvestri & Moraci (Eds)

© 2019 Associazione Geotecnica Italiana, Rome, Italy, ISBN 978-0-367-14328-2

Physical modelling of dynamic soil-foundation-structure
interaction

S.P.G. Madabhushi
Department of Engineering, University of Cambridge, UK

ABSTRACT: While the early engineering practice has largely considered that the soil-struc-
ture interaction has beneficial effects and ignoring it will lead to a larger than expected factor
of safety, it is now recognised that such interaction can also be detrimental under certain cir-
cumstances. It is therefore important to investigate and understand the SSI effects carefully.
From a city scale point of view, where close clusters of buildings are expected the structure-
soil-structure (SSSI) interaction is important. In geotechnical earthquake engineering the
investigation of SSI and SSSI effects needs high quality data so that reliable analytical or
numerical modelling can be attempted. Dynamic centrifuge modelling offers an excellent
opportunity to study such effects. In this theme lecture, the recent advances in physical model-
ling of dynamic soil structure interaction effects will be emphasised. Research carried out on
structures fitted with Tuned Mass Dampers (TMDs) and viscous dampers will be presented.
Rocking of structures and the ensuing SSI will be considered. Finally, the kinematic and iner-
tial interactions between pile foundation and surrounding soil will be presented.

1 INTRODUCTION

Dynamic soil-structure interaction (SSI) is an important aspect in geotechnical earthquake
engineering. There is a general perception in engineering practice that dynamic SSI adds to
the factor of safety and therefore ignoring these effects generally leads to safer designs. How-
ever, there have been several researchers who have shown that ignoring SSI is not always safe
(Ghosh & Madabhushi 2007) and that SSI must be carefully evaluated to ensure safe designs,
especially of important structures. In recent years, several researchers have focussed on struc-
ture-soil-structure interaction (SSSI) under earthquake loading (Karimi & Dashti 2016, Knap-
pett et al. 2015, Jabary & Madabhushi 2017). Again, these SSSI aspects are important to
consider in design given the close proximity of structures in a dense urban environment. This
aspect was highlighted in his recent Rankine lecture by Nick Nick O’Riordan in 2018 in the
context of cities like San Francisco and Mexico. City scale modelling is important but difficult
given the limits on computational power when dealing with non-linear soils or limits in terms
of space availability in physical model testing. However, a valid scientific approach is to
model small number of units of buildings that are closely spaced to study the SSSI effects.
Overall it is now widely acknowledged that dynamic SSI effects must be investigated to ensure
safety of civil engineering infrastructure that is subjected to earthquake loading. Physical
modelling especially using dynamic centrifuge testing offers an attractive way forward to
study SSI and SSSI problems. In this paper the main focus will be on the demonstration of the
use of dynamic centrifuge modelling on a wide variety of problems that involve SSI aspects.

2 DYNAMIC CENTRIFUGE MODELLING

Dynamic centrifuge modelling is widely used to study liquefaction problems and in the investi-
gation of behaviour of structures and their foundations following soil liquefaction. In addition,
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the effects of liquefaction are widely studied with a view to understand the fundamental mech-
anisms that cause soil to liquefy (Adamidis & Madabhushi 2018) or lateral spreading of even
gently sloping ground (Kutter et al 2018). However dynamic centrifuge modelling is used less
commonly to investigate SSI problems. Previous attempts at investigating SSI problems (Scho-
field & Madabhushi 1993 or Ghosh & Madabhushi 2007) were limited to structures that were
modelled simply as a lumped mass or at most as a single degree of freedom system (SDOF). In
recent years more realistic structures are being tested using centrifuge modelling. In static prob-
lems, masonry structures that are built using 3D printing were tested in the centrifuge to investi-
gate their cracking following tunnel construction in the ground below (Ritter et al. 2017). In
dynamic problems, detailed framed structures were tested in a centrifuge by Pelekis et al.
(2018a) to investigate the rocking behaviour of such structures.
Dynamic centrifuge modelling is a versatile physical modelling technique that allows us to

investigate the structural performance by taking into account the SSI effects accurately. In
physical testing of small scale models, it is important that the prototype stresses and strains
are recreated within the soil body. In other words, the non-linear, plastic behaviour of the soil
must be captured. This is especially true for geotechnical earthquake engineering problems as
the nature of earthquake loading will result in large cyclic stresses and strains in the soil and
invariably plastic volumetric and shear strains will be generated. Dynamic centrifuge model-
ling allows us to capture all these aspects accurately.
In geotechnical earthquake engineering, it is very attractive to conduct large scale testing of

physical models to understand the failure mechanisms created by earthquake loading in a spe-
cific boundary value problem such as retaining walls, pile foundations or embankment dam fail-
ures. As the soil exhibits highly non-linear behaviour under the action of earthquake loading
which begets large stresses and large strains, it is imperative that the physical models are tested
at prototype stresses and strains. A convenient way to generate full scale, prototype stresses and
strains in small scale physical models is by the use a high gravity centrifuge, such as the one at
the Schofield Centre, University of Cambridge, shown in Figure 1. This is a balanced beam geo-
technical centrifuge that is classified as 150 g-ton machine with a payload capacity of about 1
ton. For earthquake simulation tests the maximum centrifugal acceleration is restricted to about
100g’s. The principles of centrifuge modelling are described in detail by Madabhushi (2014).

2.1 Earthquake actuators

In order to model earthquake loading on centrifuge models in-flight, powerful earthquake actu-
ators are required. These actuators need to deliver large forces (of the order of several kN) in a
very short time scale (of the order of fractions of seconds) due to the centrifuge scaling laws
(Madabhushi 2014). This means large amounts of energy needs to be stored in these earthquake
actuators and delivered to the shake table in a rapid time. In Cambridge there are two types of
earthquake actuators that are available to the modellers. These are described next.

2.1.1 Stored Angular Momentum (SAM) earthquake actuator
Much of the research in the last decade in Cambridge in the area of earthquake geotechnical
engineering has been carried out using the Stored Angular Momentum (SAM) actuator. This

Figure 1. A view of the 10m diameter Turner Beam Centrifuge at University of Cambridge.
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device was developed by Madabhushi et al (1998) and shown in Figure 2. SAM actuator has
been prolific over the last decade and produced research that led to more than 15 PhD theses.
The SAM actuator operates by storing all the required energy for firing a model earthquake in
a set of fly wheels, which are spun up to the required RPM using a 3-phase electric motor. The
fly wheels have the stored angular momentum at the frequency of the required earthquake. The
fly wheels are enclosed in a crank case and drive a reciprocating rod. A fast acting clutch was
developed at Cambridge that can engage the reciprocating rod in under 20 ms. When an earth-
quake is desired, the fast acting clutch is activated by using high pressure nitrogen. This engages
the shaking table on which the centrifuge model package is mounted. The magnitude of the
earthquake can be adjusted by moving the pivot point on the cross rod. Thus, the frequency,
duration and intensity of the model earthquakes can be chosen by the centrifuge modeller. An
example of a typical earthquake that has been produced by the SAM actuator is shown in
Figure 3. In this example, the centrifuge modeller fired the earthquake in a 50g test at a fre-
quency of 40 Hz. The duration of the earthquake was chosen as 500 ms. In Figure 3 the equiva-
lent prototype earthquake is shown which has a magnitude of about 0.2g applied at the base of
the model (i.e. bedrock motion). The FFT of the motion in Figure 9 shows that most of the
energy of the earthquake is concentrated at 0.8 Hz although a higher harmonic is present at 2.1
Hz. The duration of the prototype earthquake is about 25 s. The dynamic scaling laws presented
were used to convert the model earthquake characteristics into an equivalent prototype event.
SAM actuator is a simple, mechanical actuator that is economical to build and has operated

reliably for over a decade. However, it has certain limitations. For example, it can only pro-
duce sinusoidal or swept sine wave motions. This is particularly limiting if amplitude variation
is required within an earthquake event or if multiple frequency components are present in the
earthquake signal. On the other hand, there are many advantages of applying a simple, sinus-
oidal motion and observe the response of the model to such a shaking. The flow of earthquake
energy through the soil model and the damage it causes can be more easily followed when
using such simple motions.

2.1.2 Servo-hydraulic earthquake actuator
The main advantage of a servo-hydraulic earthquake actuator is that it offers the researchers
opportunity to simulate realistic earthquake motions. These servo-controlled actuators are able to
vary the amplitude and frequency content of earthquake motion applied to the centrifuge models.
In Cambridge a servo-hydraulic shaker has been developed in late 2011. Madabhushi et al.

(2012) describe the construction and performance of this actuator. A view of this earthquake
actuator is shown in Figure 4. The main operating principle of this earthquake actuator is that
the energy required to fire the model earthquakes is stored in highly pressurised hydraulic oil.
The hydraulic oil is pressurised to about 260 bar and pumped into four main accumulators. The
pressurised oil is then directed through a double acting actuator directly attached to the shake
table. The spent oil is then collected in a low pressure (7 bar) accumulator. The movement of
the double acting actuator is servo-controlled through a close loop by the servo-amplifier.
The servo-hydraulic earthquake actuator built at Cambridge uses many of the features of the

Turner beam centrifuge shown in Figure 1. For example, the main reaction to the earthquake

Figure 2. A view of the Stored Angular Momentum (SAM) earthquake actuator.
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shaking force imparted to the centrifuge model will be provided by the main body of the beam
centrifuge. The entire shaker assembly is mounted on a self-contained swing which can be
loaded and unloaded like any other centrifuge package tested on the centrifuge. The hydraulic
power pack that supplies the high pressure fluid is outside the centrifuge and is supplied to the
earthquake actuator through high pressure fluid slip rings. One of the main advantages of using
a servo-hydraulic earthquake actuator is that we can simulate more realistic motions as men-
tioned earlier. In Figure 5a an example input motion generated by the servo-hydraulic earth-
quake actuator in a 50g centrifuge test to simulate a scaled Kobe earthquake motion of 1995 is
presented. The peak amplitude of the input motion in this case was about 0.2g and the duration
of the earthquake was about 12 s. In this figure the FFT of the input motion is also presented
which shows the presence of multiple peaks corresponding to the frequency components in the
earthquake motion. Similarly, in Figure 5b an example of the input motion of the Imperial
Valley motion in a 50g centrifuge test is presented. This motion is much longer i.e. nearly 80 s in
prototype scale. The FFT of this input motion also shows the high frequency content of this
motion captured by the servo-hydraulic earthquake actuator.

3 MODELLING OF TUNED MASS DAMPERS IN BUILDINGS

Tuned mass dampers (TMD’s) are widely used in buildings to reduce vibrations from wind
and other dynamic loads. They are also used to reduce vibrations induced by earthquakes, the
most famous example is the case of Taipei 101 tower in Taiwan. In normal design it is
common to estimate the Eigen frequencies of the structure and design the TMD’s to match
the first two or three Eigen frequencies. Recently this problem was modelled at Cambridge
using the facilities outlined above. The main idea of this investigation was to understand the
effects of TMD on the response of the building when soil-structure interaction is accounted
for. The cross-section of the model structure with the TMD’s and a photograph of the struc-
ture are shown in Figure 6. It was possible to adjust the natural frequency of the TMD by
adjusting the height at which the mass is fixed.
The cross-section of a typical centrifuge model in this research is presented in Figure 7. In

this figure the variation in the heights at which the mass is fixed in various centrifuge tests is
also shown. The soil profile consisted of Hostun sand deposited in three layers with different
relative densities (RDs) as shown in Figure 7. The lower RD sand layer was chosen to increase
the SSI effects. The bearing pressure exerted by the structure was set at 50 kPa. The main aim
of this research was to investigate the response of the structure when the TMD’s are tuned to

Figure 3. An example of the sinusoidal

input motion from SAM actuator.
Figure 4. A view of the Servo-Hydraulic Earth-

quake Actuator.
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Figure 5. Example input motions generated by the Servo-Hydraulic earthquake actuator.

Figure 6. Cross-sectional drawing & the model structure with TMD.
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different frequencies. In other words, if the TMD’s are tuned to the structural Eigen frequen-
cies as would be the case in practice, what role does the SSI which lowers the natural frequen-
cies, play in determining the actual response of the structure? To investigate this, model
structures with different TMD configurations were tested by subjecting the centrifuge model
to a swept sine wave motion from 60 Hz → 0 Hz at model scale or 1.2 Hz → 0 Hz prototype
scale. While other earthquake motions were applied to the centrifuge model these will not be
discussed in this paper. Further details on this research can be found in Jabary & Madabhushi
(2015, 2017). The second floor accelerations recorded during the swept sine wave motion are
presented in Figure 8 for the cases of structure only with no TMD, de-tuned and tuned
TMDs. In all cases the resonance and consequent peak floor accelerations occur at lower fre-
quencies as the input motion rolls down. The de-tuned TMD case gives slightly higher floor
acceleration than the tuned TMD case, but is less than the case with no TMD.
To illustrate the point that de-tuned TMD’s can give stronger floor response, the case of a

TMD that is de-tuned to 0.5 Hz is presented in Figure 9. In this case the response of the floor
accelerations is much worse for the de-tuned case with a peak floor acceleration of 1.41g’s com-
pared to the 1.15g’s for the case with no TMD. The temporal variations of various frequency com-
ponents are also presented in Figure 9 in the form a wavelet plot for the de-tuned case. Strong
floor accelerations continue to occur in the 1.1 Hz to 0.9 Hz throughout the earthquake motion.

Figure 7. Cross-section of the centrifuge

model.

Figure 8. Second floor accelerations in response to a

swept-sine wave input motion.

Figure 9. Second floor accelerations for de-tuned and no TMD case.
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This case illustrates that having a de-tuned TMD can have harmful effects on the structural
response compared to a case of having no TMD at all. In other words, by tuning the TMD’s to
structural Eigen frequencies and not considering the natural frequencies of the soil-structure
system can in some cases lead to adverse structural response during an earthquake event. In this
research, the structure-soil-structure interaction (SSSI) effects were also considered by investigat-
ing closely spaced buildings. In an urban environment the structures are often very closely spaced.
If one building is fitted with TMD’s the effect of this on the neighbouring building is unknown.

The SSSI effects with closely spaced buildings with and without TMD’s are investigated using
the centrifuge model shown in Figure 10 in which the left hand side building with TMD is SF1
and the right hand building with no retrofitting is SF2. Again, only the response of the second
floor is presented here. These second floor accelerations normalised with the input accelerations
are presented in Figure 11. For the case of the structure SF1, the large amplification of 5.62
occurs when there is no TMD, compared to a tuned TMD case when this drops to 5.50. As seen
before when a de-tuned TMD is fitted, the amplification is 6.53. In comparison, for the neigh-
bouring structure SF2 with no vibration protection, when there is no TMD on SF1 the amplifica-
tion is 2.89, but when a tuned or de-tuned TMD’s are fitted to SF1, the amplifications in the
structure SF2 are 3.00 and 3.02 respectively. Both of these are worse when SF1 had no TMD.
This implies that by protecting the structure SF1 with TMD’s the response of the neighbouring
structure is made worse. Although the difference if values are small here, this case illustrates the
need to take a more holistic approach when protecting specific structures in a dense urban envir-
onment, such that neighbouring structures do not suffer more. More cases of location of TMD’s
and their effects on neighbouring building are discussed by Jabary & Madabhushi (2018).

4 MODELLING OF STRUCTURAL AND FOUNDATION ROCKING

It is now possible to model in a centrifuge more complex structural models. This is illustrated
in this section where a two storied braced frame structure with strip footings was modelled in
a centrifuge. The cross-braces were designed using poly carbonate tubing to simulate the cor-
rect axial stiffness EA of the prototype structure. More details of the structural design are pre-
sented by Pelekis et al. (2018a, b). This research involved in assessing the relative merits of
foundation rocking over structural rocking. A view of these structures is presented in
Figure 12 in which the left hand structure can rock above the foundations (RA), while the
structure on the right can only rock with the foundations (RB). A view of these structures on
a soil bed loaded onto the centrifuge is also shown in Figure 12. Two different soil configur-
ations were tested, the first with a high relative density sand layer with Dr = 80% and the
second with a lower relative density of Dr = 50%, termed here as loose sand layer.
The centrifuge models were subjected to a large number of earthquake excitations using the

servo-hydraulic shaker that yielded a very rick data base on structural performance of two
rocking systems. In Figure 13 a typical result of rocking rotations suffered by each of the

Figure 10. A view of the centrifuge

model. Figure 11. Second floor accelerations for de-tuned and

tuned TMD cases.
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structures is presented for the case of a 50 Hz (prototype 1 Hz), 5 cycle earthquake event. In
this event, there is an observable difference between the RA and RB cases for the dense and
loose sand tests. In the case of dense sand tests the rocking angles change with the input
motion for both structures in the same way although RA registers a slightly larger rotation
angle. However, for the loose sand test, structure RA rocks the same way as in the dense sand
test but structure RB shows much less rocking. This may be due to the strip foundations are
able to settle into the loose sand involving more of an SSI.
In this centrifuge tests it was also possible to measure the vertical impact acceleration in the

soil below each of the strip foundations. These are presented in Figure 14 for both the RA and
RB structures for the case of dense sand. Again, we see that the impact accelerations for both
left and right strip foundations are smaller for RA compared to RB. This is because in the case
of RB the foundations are lifted up in one half of the cycle and come down onto the sand
thereby recording a much higher vertical impact accelerations. In the case of RA, the columns
lift off above the foundations and the vertical impact accelerations are much smaller when they
land onto the strip foundations. In Figure 15 a combined plot is presented for the case of all the
earthquakes in loose and dense sand tests. In this plot the vertical axis marks the maximum
rotation while the horizontal axis is the normalised differential settlement between the
foundations. For the case of dense sand all the data for RA and RB structures follow an
approximate linear pattern. However, for the case of loose sand, structure RA follows a linear

Figure 12. A view of two structural models and the centrifuge model loaded onto the arm.

Figure 13. Rocking angles of the two structures.

Figure 14. Impact accelerations in the dense

soil below the foundations.
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pattern, while for structure there appears to a limiting maximum rotation, beyond which this
structure simply undergoes more differential settlement. Again, this is consistent with the struc-
ture RB settling more into the loose sand as the strip footings engage more of the soil.

5 MODELLING OF VISCOUS DAMPERS IN STRUCTURES

Just like TMD’s in the previous sections, the use of viscous dampers in prevalent in controlling
the building vibrations under earthquake events, wind loading etc. Recently attempts were
made at Cambridge to model the viscous dampers fitted to buildings. The main research aim
here is to establish the efficacy of these viscous dampers vis-à-vis the damping provided by the
foundation soil during SSI. The biggest challenge in this research was to create miniature vis-
cous dampers that can be fitted to the model structures (Boksmati & Madabhushi 2018). In
Figure 16 the model structures with and without the viscous dampers are presented along with
the detailed sectional views of the structure with viscous dampers. It must be noted that the vis-
cous dampers here are horizontal and act proportional inter-storey drifts. More recent experi-
ments however use inclined viscous dampers as would be the normal practice in real structures.
In the centrifuge model, a model of the bare structure and the structure fitted with viscous

dampers were tested next to each other. The separation distance between the structures was large

Figure 15. Rocking angle of the building with respect to normalised differential settlement in different

earthquake events (RA is blue, RB is red).

Figure 16. Views of the structures with and without miniature viscous dampers.
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enough to minimise any SSSI effects. Dry Hostun sand bed of a prototype depth of 11.35m
formed the foundation soil. The relative density of the sand bed was another variable in these
tests. A view of the cross-section of the centrifuge model and a typical centrifuge test with model
loaded onto the arm of the centrifuge are shown in Figure 17. Equivalent Shear Beam (ESB)
model container was used to minimise any boundary effects. As in previous tests, earthquake
loading was applied parallel to the base of the model. The model viscous dampers were instru-
mented with miniature load cells and Mems accelerometers, so that the damping force and the
differential accelerations and hence the displacement stroke of the damper can be measured.
In Figure 18 typical data for floor accelerations recorded during a Kobe motion and a

sinusoidal earthquake input at 0.8 Hz prototype frequency are presented. In the case of the
Kobe motion it can be seen that the bare frame structure oscillates for a very long time while
the structure with viscous dampers stops vibrating soon after the earthquake, confirming the
efficacy of the viscous dampers. The peak accelerations are also reduced. In the case of 0.8 Hz
sinusoidal motion, the bare frame structure was close to resonance and vibrates strongly for a
long period of time. The structure with viscous dampers shows reduction in peak floor acceler-
ations both at the first and second floor levels, although it oscillates for a few more cycles

Figure 17. Cross-section of the centrifuge model and a view of the loaded model.

Figure 18. Typical floor accelerations for Kobe motion and a sinusoidal motion.
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following the end of the input motion. Clearly the use of viscous dampers in these models
improved the performance of the structure compared to the bare frame structure. Using the
Mems accelerometers on either side of the miniature dampers (see Figure 17) it is possible to
get the displacement stroke of the damper during the earthquake loading. The force in the
damper is directly measured using a miniature load cell. In Figure 19 the force-displacement
loops are presented for four different earthquakes of increasing strength for both the first
floor and second floor dampers.
From this figure it can be seen that the viscous dampers are quite effective and their effect-

iveness increases with the increase in the strength of the earthquake. This is to be expected as
larger earthquakes generate larger inter-storey drifts and thereby engage the viscous damper
more effectively. Also it can be seen that the damper in the first floor is more effective than
the one in the second floor for any given earthquake loading. The shape of the force-displace-
ment loops indicates that there are more circular which means that there are in fact acting as
viscous dampers. If friction in the damper is too high then these loops would have looked
more elliptical. In this research it has been shown that viscous dampers can be successfully
modelled in dynamic centrifuge tests. The efficacy of the viscous dampers has been demon-
strated for realistic earthquakes such as Kobe motion as well as for sinusoidal earthquake
motions closer to the structural resonance. Further, the centrifuge tests can be used to evalu-
ate the optimal locations for the viscous dampers in buildings. The results obtained in this
research confirm that use of viscous dampers in the lower floors of the building is more effect-
ive. More details on this research will be presented in Boksmati & Madabhushi (2019).

6 MODELLING OF PILE-SOIL INTERACTION

Another aspect of soil-structure interaction is when the foundations such as piles interact
strongly with the surrounding soil. This aspect is demonstrated for the case of pile foundations
in soft clay. Single and 3×1 pile groups were tested in a soft clay layer in an ESB model con-
tainer. The piles were instrumented to measure pile head accelerations as well as bending
moments in some cases. A typical cross-section of the centrifuge model is shown in Figure 20.
In these centrifuge tests miniature T bar was used to assess the strength of the clay with depth.
A view of the miniature T bar is shown in Figure 20. The T bar was driven into the clay layer
using an actuator in-flight. More details of the experimental testing are given by Garala &
Madabhushi (2018a,b).

Figure 19. Force-displacement loops for the viscous dampers.
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The Kaolin clay layer was pre-consolidated using a combination of hydraulic press and
vacuum from the base to achieve the required strength profile for the soil. An example of the
strength profile is presented in Figure 21 along with the shear wave velocities measured in the
model using an air hammer apparatus (Ghosh & Madabhushi 2002). By measuring the T bar
penetration resistance and the shear wave velocity in the soil, both the strength and stiffness
of the soil layer are obtained. In Figure 21 the accelerations recorded at different depths are
presented. In this figure it can be seen that there is attenuation of accelerations at shallow
depths that can be attributed to yielding of clay when the shear stresses induced by the earth-
quake loading exceed the shear strength of the clay at that depth.
The accelerations recorded at different levels in the clay layer can be used to obtain shear

stress-shear strain loops following Brennan et al. (2005), from which the shear modulus of the
soil at different locations can be obtained. These shear modulus values from all the earth-
quakes can be compared with those in the literature as shown in Figure 23. The experimental
data falls to the left of the Vucetic & Dobry (1991) and Darendeli (2001) curves. Therefor a
new hyperbolic relationship was proposed by Garala & Madabhushi (2018b) that fits the
experimentally data more closely. Pile foundations shown in Figure 20 earlier are friction piles
with no end bearing. The response of these piles is shown in Figure 24 for a weak and strong
earthquake. Pile group 1 had a pile spacing of 2.67D, while Pile group 2 had a pile spacing of
5.33D. During the weak 0.08g input motion, there is amplification seen in both single pile and
the pile groups. Also, there are differences between the clay surface motion and the pile head

Figure 20. Cross-section of the centrifuge model and a view of the T bar actuator.

Figure 21. Strength and Vs profiles of the Kaolin clay layer.
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motions suggesting kinematic interaction between the piles and the soil. During the earth-
quake event of about 0.2g, the accelerations in the single pile and the pile groups appear to be
larger although the amplifications may be smaller in relative terms, compared to the weak
earthquake. The single pile shows the largest peak accelerations while the pile group 1 shows
reduced acceleration at the pile heads. Pile group 2 with larger spacing shows relatively larger
acceleration. This is to be expected as the pile groups will have some frame action due to the
pile head fixity into the pile cap, where as a single pile is free to vibrate. In all cases, the pile
head accelerations are much higher than the clay surface accelerations indicating very strong
kinematic interaction.

Figure 22. Propagation of shear waves through clay.

Figure 23. Shear modulus degradation curves.
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As part of this research, the inertial and kinematic interaction between the piles and the
clay layer was also investigated in a separate suite of dynamic centrifuge tests. A soft clay
layer was prepared following the same procedures as before but which is underlain by dense
sand layer.
A cross-sectional view of the centrifuge model is presented in Figure 25. In this paper only

the case of a single pile is considered. In these tests, there were two flights. In the first flight a
light, Perspex pile cap was used so that the kinematic interaction can be studied. In the second
flight a heavy brass pile cap was used so that both kinematic and inertial interaction can be
studied. More details of this research are given by Garala & Madabhushi (2019).
In Figure 26 the profile of the kinematic and inertial bending moments generated in the pile

at a given instant of 8 s, are presented for a weak and strong earthquake events. It is interesting
to see both the peak magnitude and shape of the bending moment profile for kinematic bending
moment changes between the weak and strong input motions. Further the inertial bending
moment dominates during a strong earthquake motion as expected, generating a peak BM of
nearly 1800 kN-m. The kinematic BM is largest close to the interface between the clay and sand
layers as has been observed by previous researchers, e.g. Brandenberg et al. (2005).
In order to get a more comprehensive picture of the bending moment variations, the peak

positive and negative bending moment profiles over the whole earthquake events were plot-
ted in Figure 27. In this figure the left hand side plot shows the kinematic BM variation for
a pile with Perspex pile cap while the right hand side plot is for inertial BM for a pile with a
brass pile cap. Both during the weak and strong earthquakes, the kinematic BM peaks tend
to occur at the clay –sand interface, and are larger for the stronger earthquake as expected.

Figure 24. Vibrations of a single pile and pile groups during a weak and strong earthquake events.

595



Also the positive and negative BM’s vary symmetrical with depth. During the inertial inter-
action the peak BM tended to occur some distance above the clay-sand interface. Further
the magnitude of the inertial BMs is quite large, with a peak of nearly 3250 kN-m being
registered at a depth of 4.25 m. It is possible to compare the bending moments observed in
this research to the peak bending moment estimates that can made following the procedures
available in the literature.
In Figure 28 an attempt is made to compare the kinematic bending moments to the proced-

ures given by Dobry & O’Rourke (1983), Nikolaou & Gazetas (1997), Mylonakis (2001) and
Di Laora et al. (2012). In Figure 28 the kinematic BMs are compared in the left hand side plot
for a weak earthquake event while BMs the right hand side plot has a similar comparison for
a strong earthquake event. In this figure it can be seen that the procedures in the literature are
able to predict the peak kinematic BM’s reasonably well for weak earthquake event. However,
for a strong earthquake input motion, they seem to grossly under-predict the peak kinematic
bending moments compared to the experimental values. This suggests there is still much scope
for research to further refine the methods to estimate the kinematic bending moments and
improve our understanding of kinematic pile-soil interaction.

Figure 25. Cross-sectional view of the centrifuge model.

Figure 26. Kinematic and inertial bending moment profiles in weak and strong earthquakes.
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7 SUMMARY

Dynamic centrifuge modelling is a powerful tool in geotechnical earthquake engineering.
While it was employed to investigate a wide variety of soil liquefaction problems, its use in the
investigation of dynamic soil-structure interaction problems is still evolving. In this theme lec-
ture a range of problems that were investigated at the Schofield Centre of University of Cam-
bridge are presented. First the use of Tuned Mass Dampers to mitigate earthquake induced
vibrations in sway frame structures was investigated. It was shown that the practice of tuning
these TMD’s to the Eigen frequencies of a fixed base structure may lead to adverse floor accel-
erations. The importance of tuning the TMD’s to the Eigen frequency of the whole soil-struc-
ture system was demonstrated. Next the modelling of detailed cross-braced rocking structures
was presented in which the structures were designed to either rock above the foundation or
below the foundation. In particular the impact accelerations applied by these rocking struc-
tures in the foundation soil below was investigated. Foundation rocking was shown to be

Figure 27. Peak kinematic and inertial peak bending moment envelopes.

Figure 28. Comparison of peak kinematic bending moments with procedures in the literature.
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beneficial in this case with lower impact accelerations as more soil is engaged in these rocking
vibrations. However, for such structures it must be ensured that the differential settlements
remain within the SLS limit states.
Following this the use of viscous dampers to mitigate structural vibrations was demon-

strated. Miniature viscous dampers had to be developed for use in the scaled down model
structures that were tested in the centrifuge. It was shown that the structural vibrations are
successfully reduced by use of these miniature viscous dampers both in the case of weak and
strong earthquake motions. Further the force-displacement loops for these dampers could be
obtained which confirmed the viscous action of these dampers. Finally the pile-soil interaction
was considered for piles in soft clay. It was shown that piles in such soils can carry the acceler-
ations to the surface even when the clay surface was unable to do so, due to its low shear
strength. This results in strong kinematic interaction between the pile and the soil at shallow
depths. The case of kinematic and inertial bending moments was also presented for the case of
piles passing through soft clay and embedded in dense sand. It was confirmed that the peak
kinematic bending moments occur at the clay-sand interface and that the inertial bending
moments can be quite large owing to heavier pile caps. The bending moment envelopes along
the pile depth were plotted for kinematic and inertial cases, which are larger for strong earth-
quake motions as expected. The kinematic bending moments were then compared to proced-
ures available in the literature and it was concluded that these methods predict well for a weak
earthquake motion but less well for a strong earthquake motion.
Dynamic centrifuge modelling can clearly be used more extensively and the above examples

are chosen to highlight some of the diverse problems that were recently tackled at Cambridge.
In addition to this, work on soil liquefaction and its effects on basement structures (Hughes
and Madabhushi, 2019), performance of drains below existing buildings to mitigate liquefac-
tion (Garcia-Torres and Madabhushi, 2018), dynamic soil-structure interaction in tied-back
retaining walls (Fusco et al, 2019) and many other problems are currently ongoing.
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