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ABSTRACT 
The current state of practice for estimating liquefaction-induced building settlement is primarily based on procedures that 
assume free-field conditions. These relationships are inadequate for buildings, since a structure changes the stress 
distribution and flow patterns in the soil, altering the spatial and temporal occurrence of liquefaction. This in turn affects 
the acceleration, settlement, and tilt response of the structure as well as the seismic demand induced in the 
superstructure. In dense urban environments, further complications arise from the interaction of adjacent buildings. 
Previous studies have shown that buildings located near one another can interact in earthquakes, affecting ground 
motions, settlement patterns, and building damage potential. The parameters that control the seismic performance of 
building clusters are poorly understood. Thus, mitigation measures that are currently designed perform poorly, 
particularly when the performance of a building is evaluated in the context of its surroundings. To investigate the 
influence of adjacent buildings on each other and the effectiveness of pre-fabricated vertical drains (PVDs) for 
liquefaction remediation two centrifuge tests were conducted. In each test a pair of structures placed 3m apart was 
subjected to a suite of earthquake motions. During the first test, no mitigation was employed. In the second test, PVDs 
were added around one of the structures. The results indicate that adjacent buildings interact during earthquakes 
through the underlying soil, and drains placed around a single structure may have detrimental implications on the 
performance of neighboring structures in terms of settlement, rotation, and structural demand. 
 
 
1 INTRODUCTION 
 
Seismic induced liquefaction has caused extensive 
damage in many recent earthquakes including Kobe 
(1995), Kocaeli (1999), Jiji (1999) and the series of 
Canterbury earthquakes (2010-2011). Often, after 
widespread liquefaction in an urban environment many 
structures experience unacceptable permanent rotation 
and settlement. These buildings may be structurally 
sound but they are not serviceable and require demolition 
(Cubrinovski et al., 2011). This dramatically slows the 
recovery of the affected area. 

A variety of relatively cost-effective mitigation 
measures have been developed to increase the resilience 
of buildings and infrastructure in liquefaction prone 
regions. One such method is the placement of drains 
around a structure to reduce the magnitude and duration 
of excess pore pressures, which might otherwise lead to 
excessive building settlement and tilt. For example, 
Adalier et al. (2003) showed that when stone columns 
placed beneath a structure were sufficient to limit the 
excess pore pressure ratio (ru) to less than 0.5, 
permanent settlement could be halved.  

The Japanese Geotechnical Society (1998) 
recommends the design of soil drains according to Seed 
& Booker (1977) and Onoue (1988). The spacing of 
drains assumes one-dimensional variation of effective 
stress such as found in the free field. Such conditions do 
not exist beneath structures. To date very few studies 
have been conducted to investigate the performance of 
soil drainage on the seismic response of structures 
founded on liquefiable soil. Paramasivam et al. (2017) 
showed that drains placed around a structure according to 
Japanese Geotechnical Society guidelines reduce 
permanent settlement and rotation of an isolated model 3-

story building at the expense of increased structural 
demand. In a city environment, where many structures 
are situated in close proximity, the impact of placing 
drains around one structure may have consequences for 
near neighbors. Hayden et al. (2015); Knappett et al. 
(2015) and Mason et al. (2013) have shown that adjacent 
structures may interact during an earthquake in a 
phenomenon known as structure-soil-structure interaction 
(SSSI). This phenomenon is most significant on soft and 
liquefiable soils (Hayden et al., 2015). SSSI may enhance 
or reduce structural performance depending on the 
structural and soil properties and the characteristics of the 
earthquake. The placement of drains about a structure 
increases the average permeability of the soil allowing for 
faster dissipation of excess pore pressures. This is likely 
to affect the mitigated structure and any close neighbors 
in terms of changes in the soil stiffness, which has 
ramifications for the settlement, rotation, and the 
acceleration demand placed upon both adjacent 
structures. 

In this study, we use geotechnical centrifuge modeling 
to consider the response of two closely spaced 3-story 
buildings founded on a layered liquefiable soil deposit and 
investigate how the response changes when pre-
fabricated vertical drains (PVDs) are placed around one of 
the structures. This represents a small step towards 
understanding how PVDs may be used for the mitigation 
of liquefaction related hazards in dense urban 
environments at a systems level. This work is part of a 
larger experimental-numerical study evaluating the 
influence of different mitigation methods on the 
performance and damage potential of adjacent buildings. 
The results will aid in the design of earthquake resilient 
cities. 

 



 

 

 
2 EXPERIMENTAL PROCEDURE 
 
The results of two centrifuge tests conducted at the 
Geotechnical Centrifuge Facility at the University of 
Colorado Boulder (CUB) are presented herein. Each test, 
conducted at 70-g, involved a series of earthquakes of 
increasing magnitude applied to a layered soil model 
contained within a Flexible-Shear-Beam container details 
of which can be found in Paramasivam et al. (2017). 
Figure 1 shows the soil profile at prototype scale. From 
the surface, downwards are 2m Monterey (coarse) sand, 
6m loose Ottawa sand, and 10m dense Ottawa sand with 
initial relative densities of 88%, 36% and 90% 
respectively. The sand was prepared using the new 
automated pluviation facility at CUB, which ensures 
repeatability within ± 2% relative density. Model structures 
on mat foundations were placed 3m apart at a depth of 
1m below the soil surface. The natural frequencies and 
bearing pressure of the model structures were designed 
to represent a typical 3-story building designed according 
to AISC (2010) and ASCE (2010). Structural fuses were 
included at beam and column ends to facilitate the 
localization of strains and plastic collapse mechanisms. 
Further detail of the structure design is available in 
Paramasivam et al. (2017).  

In each of the centrifuge tests, instrumentation was 
placed as shown in Figure 1 to measure the response of 
both soil and structure. The first test (in which no drains 
were included in the model and two buildings referred to 
as “A” were placed 3m apart) is henceforth referred to as 
AA, while the model with drains (PVDs) is referred to as 
AADR. To indicate which structure is under discussion the 
subscripts S and N are employed. For instance, AADR,N 

refers to the north building about which PVDs were placed 
in test AADR. No drains were placed around AADR,S. 

 

 
Figure 1. Model layout in elevation and plan view 

 

In order to satisfy the scaling laws for both diffusive 
and dynamic processes (Schofield, 1980), the model was 
saturated under vacuum with methyl-cellulose of 70cSt 
using a procedure similar to that detailed in Stringer and 
McMahon (2009). 
 
2.1. Input acceleration 
 
In total, five horizontal (1D) earthquake motions of 
increasing intensity were applied to the base of each 
model. First, a low intensity event with PGA < 0.02g was 
applied for characterization of small strain parameters and 
comparison of model consistency. Following this were 
four larger magnitude events each sufficiently intense to 
cause liquefaction of the loose Ottawa sand layer in the 
far-field. To describe each event is beyond the scope of 
this paper which focusses on the first significant motion 
only. 

Figure 2 shows the input acceleration recorded at 
the base of the model for this first significant event: a 
scaled and modified version of the horizontal component 
of acceleration recorded at the Takatori field station 
during the Kobe (1995) earthquake as reproduced by the 
shake table at 70g of centrifugal acceleration. This was an 
event with a rapid build-up of energy that resulted in 
extensive damage due to liquefaction. The base 
accelerations measured in both experiments AA and AADR 

are compared in this figure to show the repeatability of 
achieved motions before comparing results. 

 

 
Figure 2. Base accelerations in models AA and AADR 
 
 
3 RESPONSE IN THE FAR-FIELD 
 
Current predictions of the settlement of structures 
founded on liquefiable deposits assume knowledge of 
ground surface accelerations in the free-field (Idriss & 
Boulanger,  2008). Further, most seismic monitoring 
stations are located in the free-field. Therefore, to 



 

 

understand where this research sits in relation to recorded 
earthquake events, the response of the far-field is 
presented in this section beginning with Figure 3, which 
shows the acceleration and excess pore pressure 
response. Acceleration traces are included for both 
models AA and AADR to show that model preparation was 
consistent and that direct comparisons between the two 
models are valid. A similar comparison is made for excess 
pore pressure in the center of the loose Ottawa sand but 
not at the base of the container owing to a PPT 
malfunction during test AA. 

Figure 3 reveals that complete liquefaction occurs at 
all depths in the far-field. The excess pore pressure ratios 
(ru) in both loose and dense Ottawa sand reach unity after 
about 10 sec. During test AA the excess pore pressure 
ratio at z = 5m remains close to unity for 60s longer than 
the comparable measurement in AADR. This demonstrates 
some influence of the drains on the far-field response. 

The high ru values in dense sand result in the loss of 
some high frequency accelerations at the base of the 
loose sand layer (not shown), but most of the reduction in 
high frequency accelerations occurs within the loose sand 
strata (2<z<8m). At the depth of the foundations (z = 1m) 
in the far-field, very little high frequency acceleration 
content is recorded but acceleration spikes caused by the 
dilation of liquefied soil after incurring significant strains 
are present. 

  

 
Figure 3. Acceleration and excess pore pressures in the 
far-field in AA and AADR. Note discontinuity in the time 
scale at 30 sec. 
 
 Often transfer functions (ratios of Fourier amplitude 
spectra) are used to evaluate amplification or de-
amplification of accelerations at different frequencies in an 

average sense from the base to the soil surface. 
However, where the soil softens dramatically during the 
course of the earthquake (such as when the soil liquefies) 
and its stiffness changes with time (when soil response is 
non-stationary), the time-averaged transfer function may 
be misleading. A better approach is to compare the 
frequency content of accelerations at different depths in 
both the time and frequency domains utilizing S-
Transforms as shown in Figure 4. 
 

 
Figure 4. Accelerations at the base of the container and 
near the soil surface in the far-field (z=1m). The colors 
indicate intensity of acceleration (dark blue for low 
intensity to dark red for high intensity) 
 

Before ru (at any depth) reaches unity (t < 7s), strong 
input base accelerations of ~1Hz are transmitted to the 
level of the foundations (z=1m) with some attenuation and 
a small reduction in dominant frequencies. However, after 
about 10s, by which time a substantial proportion of the 
soil depth has liquefied in the far-field, very little 
acceleration is recorded at the soil surface even while the 
base acceleration remains significant for a further 15-20 
seconds. There is also an intermediate period during 
which a region of the soil is experiencing large strains 
allowing dilation induced acceleration spikes. These are 
visible as high frequency spikes at z = 1m on both the S-
Transform and time history plots.  

 Dashti et al. (2010) and Hayden et al. (2015) 
observed that the greatest settlements are observed in 
the far-field during strong shaking. Figure 5 shows similar 
behavior. Two thirds of the surface settlement occurs 
during strong shaking during the Kobe motion. The 
remaining third is attributed to reconsolidation volumetric 
strains following excess pore pressure generation. 
Interestingly, Figure 5 shows near identical changes in the 
relative density of the loose Ottawa sand in the far-field in 
both AA and AADR. This is indicative of consistency in the 
initial relative density of the loose sand. Small differences 
in the settlement of the surface may appear to contradict 
this. However, the final difference in surface settlement is 
approximately 1mm in model scale and could easily be 
caused by imperceptible variations in the height of the 
sand surface on which the LVDT bearing plate was 
placed. 



 

 

 
Figure 5. Settlement and relative density changes in the 
far-field 

 
 

4 RESPONSE NEAR THE STRUCTURES 
 
4.1. Excess pore pressures 
 
The bearing stress exerted on the soil by the two adjacent 
structures increases the effective stress beneath and 
between the two structures. Relative to the far-field, larger 
excess pore pressures are required to liquefy the soil          
(ru = ∆u/σvo’, and for a greater σvo’ a greater ∆u is required 
to cause ru = 1.0). Also, since the initial effective stresses, 
excess pore pressures, and hydraulic gradients vary in 
three dimensions (3D) close to the structures compared to 
one-dimension (1D) in the far-field, excess pore pressures 
dissipate in a 3D manner, which is to say faster if the 
excess pore pressures developed beneath the structures 
are greater than those in the far-field. These factors under 
strong shaking combine to limit the duration for which the 
soil under two adjacent structures is significantly softened 
compared to the far-field and even compared to an 
isolated single structure (results not shown in this paper). 
This duration is when large structural settlements and 
rotations are likely to be observed. However, due to the 
static weight and the dynamic inertial demand imposed by 
the two structures, the driving force for settlement is 
greater beneath a structure than in the far-field. Also, 
where the effective stress bulbs beneath two structures 
overlap the soil develops non-uniform stiffness across the 
width of the foundation leading to increased permanent 
rotation of one or both structures as witnessed by Hayden 
et al. (2015).  

Figure 6 presents the excess pore pressures 
developed beneath each structure and half-way between 
each pair of structures at z = 5m (mid-depth of the loose 
Ottawa sand layer). Beneath the center of each structure 
ru values of 80-85% are achieved during strong shaking. 
During test AA, with no mitigation, excess pore pressures 
time histories are similar under both North and South 
structures. This indicates that the stiffness of the soil 
beneath each structure varies similarly with time. It is 
unsurprising therefore that the transverse accelerations 
recorded at the foundation of each structure are similar 
(shown later in Figure 8). In contrast, facilitated by the 
drains surrounding the North structure in test AADR, the 

excess pore pressures beneath AADR,N dissipate much 
faster than beneath AADR,S. This difference in the excess 
pore pressures between the adjacent structures will be 
shown to significantly influence the settlement-rotation 
response of both structures and the structural demand.  

 

 
Figure 6. Excess pore pressures at mid depth in the loose 
sand strata (z = 5m) 
 

Another important difference in the response of AA 
and AADR, is the excess pore pressures developed in the 
region between the two structures. Between structures 
AA, the soil at the center of the liquefiable layer attains far 
higher ru values than between structures AADR. This 
results in a higher effective stress gradient beneath the 
base of structure AADR,S. Figure 7 shows the vertical 
effective stress variation beneath the base of each 
foundation at the time when the soil beneath the center of 
the structures is most softened (ru ~ 0.75 at t = 15s). The 
dramatic effective stress gradient across foundation 
AADR,S is indicative of a highly unstable difference in the 
stiffness of the soil beneath the foundation, which will be 
shown to cause unacceptable rotations of the structure.  

 

 
Figure 7. Snapshot of vertical effective stress distributions 
under structures at z = 5m & t = 15s 
 



 

 

A second important point to draw from Figures 6 and 
7 is that during intense shaking, the soil between 
structures AADR maintains relatively high effective 
stresses (remains relatively stiff) due to the presence of 
drains around one structure. Therefore, the soil damping 
beneath the midpoint of structures AADR is less than 
beneath AA with the result that both structures in AADR 

experience much stronger accelerations than structures 
AA (Figure 8), even the South structure without any 
drains. 

 
4.2. Foundation accelerations 

 
For ease of comparison between the plots in Figure 8, the 
color scale is consistent throughout. Accelerations 
measured on structures AADR both with and without PVDs 
are substantially stronger than the corresponding 
accelerations measured on structures AA. This is true 
across a wide range of frequencies, which increases the 
potential for exciting the structures close to their resonant 
frequencies. (The resonant frequencies of the fixed base 
structure are indicated by dashed white lines in Figure 8.) 
The effect is most significant during the period of strong 
shaking (3-10s) when the structure is most vulnerable to 
settlement and rotation. As the intensity of input 
accelerations decays, the difference in acceleration 
response between the two tests becomes less 
pronounced. 
  
 
4.2. Rotation and settlement of the structures 
 
The aforementioned increase in soil stiffness beneath 
AADR,S  and particularly AADR,N would be anticipated to 
manifest as a reduction in settlement compared to the 
unmitigated structures of AA. Figure 9 shows this is 
indeed the case. While structures in AA experience 68 
and 75cm of permanent average settlement, the 
corresponding structures in AADR settle by only 25 and 46 
cm. Another benefit of placing drains around structure 
AADR,N is negligible permanent rotation. However, the 
adjacent structure pays a heavy price. The unmitigated 
AADR,S, has a final rotation magnitude more than a factor 
of two greater than either structure AA.  

From this study it appears that the permanent 
rotation of adjacent structures founded on liquefiable soils 
is related to the effective stress gradient that develops 
across the width of the foundation during strong shaking. 
Figure 7 showed a very small effective stress gradient for 
AADR,N, which resulted in small permanent rotations. The 
soil beneath AADR,S developed the highest effective stress 
gradient and witnessed the highest permanent rotation. 
Meanwhile, the unmitigated structures AA were between 
these two extremes.  

 
Figure 8. Transverse accelerations measured on the 
foundations. White lines correspond to resonant 
frequencies of the fixed base structure. 
 
 

 
Figure 9. Settlement-rotation response of structures 

 
A final point to take from Figure 9 is that while all 

three unmitigated structures appear to ratchet their way 
deeper into the soil, AADR,N with PVDs around it 
experiences significantly larger transient rotations. This is 
indicative of rocking as a means of energy dissipation, 
without amplifying permanent settlement or rotation. This 



 

 

rocking combined with the stiff, non-liquefied soil between 
structures AADR,N and AADR,S may have helped transmit 
energy between the two structures, which would explain 
the similarity in their foundation’s transverse accelerations 
shown in Figure 8. 
 
4.3. Structural demand 
 
As witnessed in Figures 3, 4, and 8, liquefied soil 
attenuates transverse shear waves as they travel through 
the soil column. Paramasivam et al. (2017) and Dashti et 
al. (2010a) observed that when successful, mitigation 
measures employed to reduce permanent settlement and 
rotation of structures founded on liquefiable soils tended 
to increase the structural demand. Figure 10 shows that 
the use of drains may increase the base shear 
experienced both by the mitigated structure and an 
unmitigated neighboring structure, which would amplify 
the flexural drift and damage. In fact, the base shear 
experienced by AADR,S is substantially greater than that 
witnessed by structures AA and only fractionally less than 
the mitigated structure AADR,N. Clearly, the owners of 
structure AAS would consider the placement of PVDs 
around the adjacent structure to the North to be 
unacceptable. Even if the superstructure of AAS were 
strengthened, this could not solve the problem of 
increased permanent rotation. 
 
 
5 CONCLUSION 
 
During an earthquake, densely spaced structures founded 
on liquefiable soils may interact with both the soil and 
adjacent structures. Likewise, PVDs placed to improve 
the performance of a single structure may have a 
detrimental effect on the performance of near neighbors in 
terms of rotation, settlement, and the demand imposed on 
the superstructure. Further study is required to determine 
how PVDs can best be utilized in dense urban 
environments to improve the overall performance of the 
system. Meanwhile, engineers should only place PVDs 
around structures in dense urban environments with 
extreme caution and account for potential amplification of 
seismic demand imposed on adjacent structures. 
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Figure 10. Base shear acting on each structure 
 
 
7 REFERENCES 
 
Adalier, K., Elgamal, A., Meneses, J., and Baez, J. I. 

(2003). Stone columns as liquefaction 
countermeasure in non-plastic silty soils. Soil 
Dynamics and Earthquake Engineering, 23(7): 571–
584. 

AISC. (2010). Specification for Structural Steel Buildings. 
ANSI/AISC 360-10.  

ASCE. (2010). Minimum Design Loads for Buildings and 
Other Structures, ASCE. 

Cubrinovski, M., Hughes, M., Bradley, B., McCahon, I., 
McDonald, Y., Simpson, H., … O’Rourke, T. (2011). 
Liquefaction Impacts on Pipe Networks. Short term 
recovery project No. 6. 

Dashti, S., Bray, J. D., Pestana, J. M., Riemer, M., and 
Wilson, D. (2010a). Centrifuge Testing to Evaluate 
and Mitigate Liquefaction-Induced Building 
Settlement Mechanisms. Journal of Geotechnical 
and Geoenvironmental Engineering, 136(7): 918–
929. 

Dashti, S., Bray, J. D., Pestana, J. M., Riemer, M., and 
Wilson, D. (2010b). Mechanisms of Seismically 
Induced Settlement of Buildings with Shallow 
Foundations on Liquefiable Soil. Journal of 



 

 

Geotechnical and Geoenvironmental Engineering, 
136(1): 151–164. 

Hayden, C. P., Zupan, J. D., Bray, J. D., Allmond, J. D., 
and Kutter, B. L. (2015). Centrifuge Tests of 
Adjacent Mat-Supported Buildings Affected by 
Liquefaction. Journal of Geotechnical and 
Geoenvironmental Engineering, 141(3). 

Idriss, I. M., & Boulanger, R. W. (2008). Soil Liquefaction 
During Earthquakes. EERI. 

Japanese Geotechnical Society. (1998). Remedial 
Measures Against Soil Liquefaction. Rotterdam: 
A.A. Balkema. 

Knappett, J. A., Madden, P., & Caucis, K. (2015). Seismic 
structure–soil–structure interaction between pairs of 
adjacent building structures. Géotechnique, 65(5): 
429–441. 

Mason, H. B., Trombetta, N. W., Chen, Z., Bray, J. D., 
Hutchinson, T. C., & Kutter, B. L. (2013). Seismic 
soil-foundation-structure interaction observed in 
geotechnical centrifuge experiments. Soil Dynamics 
and Earthquake Engineering, 48: 162–174. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Onoue, A. (1988). Diagrams considering well resistance 
for designing of spacing ratio of gravel drains. 
Japanese Society of Soil Mechanics and 
Foundation Engineering, 28(3): 160–168. 

Paramasivam, B., Orlate, J., Dashti, S., Liel, L., & Zannin, 
J. (2017). Mitigation-Soil-Foundation-Structure 
Interaction on Liquefiable Ground: 1. Development 
of Centrifuge Models. Soil Dynamics and 
Earthquake Engineering (Under Review). 

Schofield, A. N. (1980). Cambridge Geotechnical 
Centrifuge Operations. Géotechnique, 30(3): 227–
268. 

Seed, H., & Booker, J. (1977). Stabilization of potentially 
liquefiable sand deposits using gravel drains. 
Journal of the Geotechnical Engineering Division, 
103(7): 757–768. 

Stringer, M. E., & McMahon, B. T. (2009). CAM-Sat : 
Computer controlled saturation for geotechnical 
centrifuge modelling, University of Cambridge. 

 


