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ABSTRACT: The state-of-the practice for estimating liquefaction-induced building settlement still largely involves using empirical 
procedures developed to calculate post-liquefaction, one-dimensional, reconsolidation settlement in the free-field away from 
buildings. These free-field analyses cannot possibly capture shear-induced deformations in the soil beneath shallow foundations. 
Nonlinear effective stress fully coupled soil-structure interaction dynamic analyses are performed to identify the key parameters 
controlling liquefaction-induced settlement for buildings with shallow foundations. The primary mechanisms of liquefaction-induced 
settlement of structures are shear-induced, volumetric-induced, and ejecta-induced ground deformation. Dynamic analyses and 
available empirical procedures capture the first two of these mechanisms but not the last mechanism (i.e., loss of ground due to the 
development of sediment ejecta). A simplified procedure is developed to estimate liquefaction-induced building settlement based on 
the analytical results. The simplified method is applied to several field case histories and shown to provide estimates of settlement 
consistent with those observed. Recommendations for evaluating building performance at liquefiable sites are made.  

RÉSUMÉ: La pratique actuelle consiste encore en grande partie à estimer le tassement des bâtiments en utilisant des procédures 
empiriques développées pour calculer le tassement post-liquéfaction, unidimensionnel, de consolidation loin des bâtiments. Ces analyses 
ne peuvent pas intercepter les déformations induites par cisaillement dans le sol sous des fondations peu profondes. Des analyses 
dynamiques de l'interaction sol-structure non linéaire ont été modélisées afin d’identifier les paramètres clés contrôlant le tassement 
induit par liquéfaction pour des bâtiments de fondations peu profondes. Les mécanismes principaux des tassements des structures induits 
par liquéfaction sont liés au cisaillement, au changement de volume et à la déformation induite par le sol qui sort en surface. Les analyses 
dynamiques et les procédures empiriques disponibles appréhendent les deux premiers cas, mais pas le dernier (c'est-à-dire la perte de 
terrain due au mouvement de sol vers la surface). Une méthode simplifiée a été développée pour estimer le tassement induit par 
liquéfaction de manières analytiques La méthode simplifiée a été appliquée à plusieurs cas historiques, et a montré que les estimations 
de tassement étaient compatibles avec celles observées. Des recommandations pour évaluer les performances des bâtiments sur sites 
liquéfiables sont faites. 
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1  INTRODUCTION 

The state-of-the-practice for estimating liquefaction-induced 
building settlement is largely based on empirical procedures that 
were developed to estimate post-liquefaction, one-dimensional 
(1D) consolidation settlement in the free-field without the effects 
of structures (e.g., Ishihara and Yoshimine 1992). Estimating 
building settlement based on free-field, post-liquefaction 
reconsolidation, volumetric strains neglects the importance of 
other mechanisms that contribute to building settlement. 
Effective evaluation and mitigation of the soil liquefaction 
hazard require a thorough understanding of the underlying 
mechanisms involved in the phenomenon, the parameters 
governing ground and building performance, and analytical 
procedures for performing reliable and informative assessments. 
Two-dimensional (2D) or three-dimensional (3D) soil structure 
interaction (SSI) nonlinear effective stress dynamic analyses can 
provide salient insights. However, before performing such 
analyses, it is useful to have a sense of how much liquefaction-
induced building settlement is likely.  

Free-field methods are often used to estimate liquefaction-
induced building settlement, because alternative simplified 
procedures that capture shear-induced deformation due to the 
presence of buildings are currently lacking. However, it is known 
that seismically induced building movements are often 
controlled primarily by shear-induced ground deformations as a 
result of SSI-induced ratcheting and bearing capacity-type 
movements (e.g., Bray and Dashti 2014). Volumetric-induced 

ground deformations resulting from localized partial drainage, 
sedimentation, and post-liquefaction reconsolidation can also 
contribute in addition to the removal of materials beneath a 
structure due to the formation of sediment ejecta. The previously 
mentioned 1D empirical procedures can only capture settlement 
as a result of the cumulative effect of volumetric strains related 
to sedimentation and post-liquefaction reconsolidation 
mechanisms.  

A simplified procedure that provides assessments consistent 
with the results of advanced SSI analyses and field case histories 
is thus desirable. A simplified method that captures the key 
shear-induced mechanisms that are not captured with currently 
employed 1D free-field post-liquefaction procedures represents 
an important advancement. This is the primary motivation of the 
study presented in this paper.  

2  PREVIOUS WORK 

Numerical analyses have been used by researchers to replicate 
the measured responses of the ground or structures during 
physical experiments (i.e., commonly centrifuge tests). Popescu 
and Prevost (1993), Elgamal et al. (2005), Popescu et al. (2006), 
Lopez-Caballero and Farahmand-Razavi (2008), Shakir and Pak 
(2010), Adrianopoulos et al. (2010), Dashti and Bray (2013), and 
Karimi and Dashti (2016a,b) performed nonlinear dynamic SSI 
effective stress analyses to capture the response of model 
buildings on top of a soil deposits that commonly include a 
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 liquefiable soil layer. A few studies have back-analyzed field 
case histories. Travasarou et al. (2006) and Luque and Bray 
(2015, 2017) performed numerical analyses of buildings that 
suffered liquefaction-induced damage in the 1999 Kocaeli and 
2011 Christchurch earthquakes with good success. Although 
much has been much learned, there still is significant uncertainty 
in the robustness of dynamic SSI effective stress analyses. No 
validated, widely accepted simplified method exists for 
estimating liquefaction-induced building settlement. 

Heavily loaded structures on shallow foundations at liquefied 
sites typically settle more than the surrounding ground (e.g., Bray 
and Dashti 2014). Liquefaction-induced settlement of shallow 
foundations on liquefied soil have been found to be related to the 
width and contact pressure of the foundation and the thickness of 
the liquefied soil layer, among other factors (e.g., Yoshimi and 
Tokimatsu 1977, Liu and Dobry 1997, Dashti et al. 2010a,b, 
Karimi and Dashti 2016a,b, and Bray et al. 2017).  

Researchers have also used shaking table and centrifuge tests 
to investigate the seismic performance of rigid, shallow model 
foundations situated atop deep, uniform deposits of saturated, 
loose-to-medium dense, clean sand (e.g., Yoshimi and 
Tokimatsu 1977, Liu and Dobry 1997, and Dashti et al. 2010a,b). 
A majority of the measured foundation settlement occurred 
during strong shaking in these experiments. Settlement after 
strong shaking was relatively minor in comparison. Foundations 
settled in an approximately linear manner with time during strong 
shaking and commonly settled more than the free-field soil. As a 
result, the structure’s inertial forces were identified as an 
important factor (Liu and Dobry 1997). 

 
3 MECHANISMS OF LIQUEFACTION-INDUCED 
BUILDING MOVEMENTS  
 
Cyclically-induced pore water pressure generation and 
liquefaction may produce several mechanisms of building 
movement. Several of the key mechanisms of liquefaction-
induced building settlement are illustrated in Figure 1. It is useful 
to categorize movements as ejecta-induced, shear-induced, or 
volumetric-induced deformations (Bray and Dashti 2014). 

 
Figure 1. Liquefaction-induced building displacement mechanisms: (a) 
ground loss due to soil ejecta; shear-induced settlement from (b) 
punching failure, or (c) soil-structure-interaction (SSI) ratcheting; and 
volumetric-induced settlement from (d) sedimentation or (e) post-
liquefaction consolidation (modified from Bray and Dashti 2014). 

When it occurs, ejecta-induced deformation (e) can govern 
building settlement (Figure 1a). Soil that was supporting the 
shallow foundations of a building can be transported from 
underneath the building to the ground surface. Hence, this 
mechanism physically removes soil that was below foundations. 
The resulting impacts can be devastating and lead to large 
settlement. 

Shallow founded buildings exert shear stresses in the 
underlying soil that can produce liquefaction-induced settlement, 
wherein the building punches into the surrounding ground. 
Partial bearing capacity failure under the static load of structures 
due to cyclic softening/strength loss in the foundation soil can 
result in punching settlement or tilting of the structure (εq-BC) 
(Figure 1b). Cumulative ratcheting foundation displacement due 
to SSI-induced cyclic loading near the edges of the foundation 
(εq-SSI) (Figure 1c) can be especially damaging, as soil cannot 
sustain tension, and loading the soil downward after an upward 
loading is particularly disruptive to the soil structure.   

Volumetric-induced displacement mechanisms may be 
important as well. Localized volumetric strains may occur due to 
partially drained cyclic loading (εp-DR) induced by the high 
transient hydraulic gradients that may occur during cyclic 
loading. Downward displacement of the building due to 
sedimentation or solidification after liquefaction or soil structure 
break-down (εp-SED) occurs when a high pore water pressure ratio 
is reached (Figure 1d). Consolidation-induced volumetric strains 
(εp-CON) occur as excess pore water pressures dissipate and the 
soil’s effective stress increases (Figure 1e). This mechanism is 
present anytime some amount of excess pore water pressure is 
generated. This mechanism and the sedimentation mechanism 
are captured well by most free-field post-liquefaction 
reconsolidation methods (e.g., Ishihara and Yoshimine 1992). 

The differing responses of the adjacent buildings shown in 
Figure 2 illustrate further some of the key mechanisms of 
liquefaction-induced building settlement. The March 11, 2011 
(Mw=9.0) Tohoku, Japan earthquake heavily damaged areas of 
Japan. Comprehensive studies (e.g., Tokimatsu et al. 2011) have 
documented many cases of liquefaction-induced building 
movements. This particular case occurred in Urayasu, near 
Tokyo. 
 

 
Figure 2. Differing responses of pile-supported building and building 
with shallow foundation relative to free-field ground; note person in blue 
standing in front of the 3-story building is standing on the top of the 
entrance slab that was at same elevation as entrance to pile-supported 
building that is on the left side of the photograph (from Ashford et al., 
GEER 2011) 

Widespread, severe liquefaction occurred in the loose sandy 
hydraulic fills in the City of Urayasu as a result of the Tohoku 
earthquake. The building to the left in Figure 2 is supported on 
piles, and it appears to have not displaced vertically. The adjacent 
ground has settled about 300 mm relative to the pile-supported 
building. This amount of liquefaction-induced ground settlement 
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 was pervasive in the free-field in this area of Urayasu. The 
volumetric-induced ground deformation mechanisms of 
sedimentation and reconsolidation produced the free-field 
ground settlement (i.e., εp-SED and εp-CON). The 3-story building 
positioned to the right of the pile-supported structure was 
supported on a shallow mat foundation. It punched into the 
ground and displaced 400 mm into the surrounding ground, so 
that it displaced downward 700 mm relative to the pile-supported 
structure. Thus, liquefaction produced about 300 mm of 
settlement of the ground surface in the free-field condition, but 
the 3-story building that was supported on a shallow foundation 
punched an additional 400 mm into the ground, due to shear-
induced ground deformations (i.e., εq-BC and εq-SSI). The pile-
supported, taller structure did not appear to move downward. A 
building that is supported adequately on piles with its neutral 
plane below the liquefied soil does not undergo significant 
settlement. These observations clearly show that buildings 
supported by shallow foundations displace downward more than 
the 1D volumetric reconsolidation liquefaction-induced 
settlement for the free-field, level ground case. Shear-induced 
mechanisms should be considered in procedures estimating 
liquefaction-induced building settlement. 

4  SSI ANALYTICAL MODELS 

Sensitivity analyses were performed to investigate the influence 
of different soil conditions, building configurations, and ground 
motion characteristics on the magnitude of liquefaction-induced 
building settlement. The ground conditions and building 
configurations considered for the sensitivity analyses are 
presented in Table 1, and the central part of the baseline case 
analytical model is shown in Figure 3. In total, 105 different 
models were analyzed. The thickness of the liquefiable layer (HL) 
was varied from 1 to 18 meters, and its relative density (Dr) 
varied from 35% to 90%. The depth of the liquefiable layer was 
varied through changing the thickness of the non-liquefiable 
crust layer (HC) from 1 to 6 meters. The building contact 
pressure (Q) ranged from 20 to 240 kPa with building heights (H) 
of 6 to 24 meters and building widths (B) of 6 to 24 meters.  
 
Table 1. Parameters for sensitivity analyses 

Parameter Description Variations Baseline

HC 
non-liquefiable 
layer thickness (m)  

1,2,4,6 
2 

HL liquefiable layer 
thickness (m) 

1,2,3,6,12,18 
3 

HB thickness below 
liquefiable layer (m) 

20-HL-HC 
15 

Dr liquefiable layer 
relative density (%) 

35,50,60,75,90 
50 

Q foundation contact 
pressure (kPa) 

20,40,80, 

160,240 
80 

H building height (m) 6,12,24 12 

B building width (m) 6,12,24 12 

 
The nonlinear dynamic SSI effective stress analyses were 

performed using the program FLAC Version 7.0 (Itasca 2011). 
The widely used finite difference method code is capable of 
modeling coupled stress-flow problems under static and dynamic 
loading conditions. The PM4Sand Version 3 user-defined 
constitutive model (Boulanger and Ziotopoulou 2015) was 
employed to capture the cyclic response of saturated sand. The 

constitutive model PM4Sand is a stress-ratio controlled, critical 
state compatible, bounding surface plasticity model developed 
primarily for earthquake engineering applications. 

 

Figure 3. Central part of baseline case model; water table depth is 2 m. 

The PM4Sand model has three primary input parameters: 
relative density (Dr), shear modulus coefficient (Go), and 
contraction rate parameter (hpo). The value of Dr was first 
specified based on the soil conditions for the case being analyzed. 
The value of Go was calculated using Equation 1, which is 
recommended by Boulanger and Ziotopoulou (2015): 
 = 167 46 + 2.5   (1) 

 
The stress dependent elastic shear modulus is given by: 
 = .

            (2) 

where Pa is the atmospheric pressure (101.3 kPa), and m is the 
mean confining pressure. Element tests were analyzed with the 
PM4Sand model in FLAC to set the value of hpo to obtain the 
cyclic resistance ratio (CRR) at 15 cycles estimated by the 
Boulanger and Idriss (2016) simplified deterministic liquefaction 
triggering procedure for the specified relative density. The 18 
secondary model parameters retained the default values 
recommended by Boulanger and Ziotopoulou (2015). 

The structures modeled in the SSI analyses were typical frame 
structures founded on a mat with a sufficient number of floors to 
capture several modes of shaking. FLAC can model the 
equivalent-linear-perfectly-plastic response of structural 
components through beam elements that can sustain axial force, 
shear force, and bending moment. Luque and Bray (2015), Luque 
(2017), and Luque and Bray (2017) showed that the primary 
aspects of the dynamic response of a 3D system in terms of 
liquefaction-induced building settlement can be captured in 2D 
analyses by using tributary mass and stiffness with the primary 
goals being to capture the mass and stiffness, and hence the 
correct fundamental period of the structural system for one-
directional shaking as well as the contact pressure transmitted to 
the foundation system. For the analyses, the stiffness of the beam 
elements was set to 3.0 E7 kPa, and the density was adjusted to 
obtain the desired contact pressure at the foundation level as well 
as a reasonable fundamental period for the structure, which 
varied from 0.17 s to 0.6 s. The outcrop rock motions were input 
using the compliant base feature in FLAC to apply them to the 
base of the model. The side boundaries were placed sufficiently 
far away from the building to capture free-field conditions. The 
side nodes at each depth were attached so they moved together. 

Additionally, nonlinear total stress seismic site response 
analyses were performed for a 1D column representing free-field 
conditions in each model to calculate the ground motions at the 
ground surface for the no-liquefaction case. These analyses 
provided the seismic demand at the ground surface for the free-
field no-liquefaction case similar to what is done when using 
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 existing simplified liquefaction triggering procedures. Surface 
ground motions were calculated using the input “rock” ground 
motions described in the next section. The site response analyses 
were performed using the GQ/H model implemented in Deepsoil 
V 6.1 (Groholski et al. 2015). The GQ/H model can capture an 
initial shear modulus at zero shear strain as well as a limiting 
shear stress at large shear strains.  

5  EARTHQUAKE GROUND MOTIONS 

The characteristics of the earthquake ground motions largely 
determine the seismic response of the ground and structure, and 
hence, play a significant role in the amount of liquefaction-
induced building settlement that is produced. Originally, twelve 
recorded acceleration-time histories from shallow crustal 
earthquakes along active plate margins were selected for 
performing analyses of the 105 SSI analytical models discussed 
previously (a total of 1,260 analyses were performed). A suite of 
24 additional earthquake ground motions were applied to a subset 
of the SSI models considered in this study to explore the 
influence of wider range of ground motions. Some of them were 
modified through amplitude-scaling to examine the influence of 
the intensity of the ground motion on the amount of liquefaction-
induced building settlement. Thus, 36 acceleration-time histories 
were used (see Table 2). Considering all cases analyzed, 1,308 
nonlinear dynamic SSI effective stress analyses were performed 
in this study (Macedo 2017). 

Figure 4 shows the distribution of the peak ground acceleration 
(PGA), peak ground velocity (PGV), arias intensity (Ia), and a 
standardized version of the cumulative absolute velocity 
(CAVdp) for the 12 primary earthquake ground motion records 
used in the sensitivity analyses (i.e., ground motions 1 to 12 in 
Table 2). Ia is defined in Arias (1970), and CAVdp is defined in 
Campbell and Bozorgnia (2011) as:  = ∑ ( ( − 0.025) | ( )| )   (3) 

where N is the number of discrete 1-s time intervals, PGAi is the 
value of the peak ground acceleration (g) in time interval i 
(inclusive of the first and last values), and H(x) is the Heaviside 
Step Function (H(x)=0 for x<0 and H(x)=1 for x ≥1). CAVdp is 
taken as 0 if CAVdp is lesser or equal than 0.16 g-s or the 
maximum value of the spectral acceleration in the periods range 
from 0.1 to 0.5 s is lesser than or equal to 0.20 g.  

Ground motions 13 to 24 included amplitude-scaled ground 
motion records from the primary suite of ground motion records 
to examine the influence of variations in ground motion intensity 
on the amount of liquefaction-induced building settlement. The 
last set of ground motions (i.e., number 25 to 36) included ground 
motions of lower intensity compared to the other sets (Ia lesser 
than 1.0 m/s, PGA less than 0.4 g and PGV less than 25 cm/s ) to 
explore the influence of less intense motions. 
 
Table 2. List of earthquakes used for the nonlinear SSI Analyses (first 12 
are primary earthquake ground motion records). 

Number Earthquake NGA # Mw 
Rrup 
(km) 

Amplitude
Scale 
Factor 

1 Montenegro 4455 7.1 26 2.2 

2 Darfield 6928 7.0 26 1.0 

3 Northridge 1787 7.1 10 1.5 

4 Kobe 1111 6.9 7 1.25 

5 Imperial 
Valley 

164 6.5 15 1 

6 Hector 
Mine

1787 7.1 10 1 

7 Denali 2111 7.9 43 3 

8 Cape 
Mendocino

830 7.0 29 1 

9 Northridge 952 6.7 18 1.3 

10 Chi-Chi 1512 7.6 8 1 

11 Imperial 
Valley

164 6.5 15 2 

12 Hector 
Mine

1787 7.1 10 1.5 

13 Cape 
Mendocino

3750 7.0 24 1 

14 Morgan Hill 448 6.2 3 1 

15 Darfield 6928 7.0 26 2 

16 Northridge 1012 6.7 19 3 

17 Kobe 1111 6.9 7 2.4 

18 Kocaeli 1162 7.5 32 3 

19 Imperial 
Valley

164 6.5 15 2 

20 Hector 
Mine

1787 7.1 10 2 

21 Victoria 265 6.3 14 1 

22 Loma Prieta 753 6.9 4 1 

23 Cape 
Mendocino

830 7.0 29 2 

24 Northridge 952 6.7 18 2.3 

25 Whittier 
Narrows

690 6.0 15 1 

26 Duzce 1612 7.1 4 1 

27 Chi-Chi 26220 6.2 17 1 

28 Parkfield 33 6.2 16 1 

29 Tottori 3943 6.6 9 1 

30 Parkfield 4132 6.0 5 1 

31 Montenegro 4457 7.1 4 1 

32 L'Aquila 4477 6.3 6 1 

33 Northridge 1078 6.7 17 1 

34 Friuli 125 6.5 16 1 

35 Duzce 1618 7.1 8 1 

36 New 
Zealand-02

587 6.6 16 1 
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Figure 4. Distribution for the PGA, PGV, Ia, and CAVdp for the primary 
earthquake ground motions records. 

6  ANALYTICAL RESULTS 

It is informative to examine the key trends in the results of the 
SSI dynamic analyses from the large number of cases examined 
in this study. The variation of the calculated liquefaction-induced 
building settlement as each of the ground and building 
parameters are varied is examined to gain insight using the 
primary suite of earthquake ground motions. The continuum SSI 
analyses could not capture the ejecta-induced settlement (Fig. 1a). 
Volumetric-induced settlement largely occurs after strong 
shaking. Because it can be estimated with available simplified 
procedures, the analyses are stopped after strong shaking to 
minimize computational effort. There is likely some coupled 
shear-induced and volumetric-induced settlement that occurs 
during strong shaking, but the majority of the settlement is shear-
induced (Macedo 2017). Assuming settlement during strong 

shaking is all shear-induced is conservative if volumetric-
induced ground deformation is added later.  

Figure 5 shows representative trends for building settlement 
versus the relative density of the liquefiable soil layer 
considering ground motion records 1-12 for a subset of the 
analyses. Liquefaction-induced building settlement decreases 
significantly as the liquefiable soil layer’s relative density 
increases, as expected. The reduction in building settlement is 
more pronounced for medium density sands (e.g., Dr increasing 
from 50% to 75%) than for low-density sands (e.g., Dr increasing 
from 35% to 50%). The amount of liquefaction-induced 
settlement is significantly lower when the liquefiable layer is 
dense, but importantly, it is often not zero. The shape of the 
curves depicted in Figure 5 look similar to that of the well-known 
shape of the strain-dependent shear modulus reduction curves of 
sandy soils. 

 

 

Figure 5. Building settlement (mm) versus relative density (Dr) for 
ground motions 1-12 (Table 2) for B=12m, HL=6m, H=12m, Q=80 kPa, 
and HC=2m. 

Figure 6 shows representative trends for building settlement 
versus the thickness of the liquefiable soil layer considering 
ground motion records 1-12 for a subset of the analyses. 
Liquefaction-induced building settlement increases as the 
thickness of the liquefiable layer increases at a diminishing rate 
of increase as HL continues to increase. There is eventually a 
point, which depends on the width of the building foundation, 
where further increases of HL do not increase building settlement 
substantially. The shapes of the curves shown in Figure 6 
resemble a hyperbolic tangent shape.  
   

 

Figure 6. Building settlement (mm) versus thickness of liquefiable layer 
(HL) for ground motions 1-12 (Table 2) for B=6m, Dr=50%, H=12m, 
Q=80 kPa, and HC=2m.  

Figure 7 shows representative trends for building settlement 
versus the building contact pressure considering ground motion 
records 1-12 for a subset of the analyses. Building settlement 
initially increases roughly proportionally with increasing Q from 
low to medium values of Q (e.g., 20 kPa to 80 kPa). At higher Q 
values, the rate of increase of building settlement decreases as Q 
continues to increase. There appears to be a point for the cases 
examined in this study where increasing Q does not cause the 
building settlement to increase significantly. In fact, in some 
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 cases building settlement may actually decrease slightly with 
increasing Q values. This result may be due to the higher 
confinement and reduced stress reversal for cases with heavy 
buildings. Additionally, this result may be due to reduced levels 
of pore water pressure ratio (i.e., ru = ue/’vo) generated by the 
earthquake under the heavily loaded building. Although higher 
excess pore water pressures (ue) may be generated for the case of 
heavily loaded buildings, they are significantly less than the 
initial vertical effective stress (’vo). 

 

Figure 7. Building settlement (mm) versus contact pressure (Q) for 
ground motions 1-12 (Table 2) for B=12m, HL=3 m, Dr=50%, H=12m, 
and HC=2m.  

Figure 8 shows representative trends for building settlement 
versus the crust thickness considering ground motion records 1-
12 for a subset of the analyses. Liquefaction-induced building 
settlement decreases if the liquefiable layer is not directly 
beneath the foundation; settlement then decreases only slightly 
for increasing values of the crust thickness up to a point. If crust 
thickness keeps increasing, there is a point wherein an additional 
decrease in settlement occurs. The depth that this occurs appears 
to be between B/4-B/3 below the foundation, where B is the 
width of the foundation.  

 

Figure 8. Building settlement (mm) versus crust thickness (HC) for 
ground motions 1-2 (Table 2) for B=12m, HL=3 m, Dr=35%, H=12m, 
and Q=80 kPa. 

Figure 9 shows representative trends for building settlement 
versus the width of the building foundation considering ground 
motion records 1-12 for a subset of the analyses. Liquefaction-
induced building settlement decreases moderately in a nearly 
linear manner as the width of the foundation increases for the 
cases analyzed in this study. Thus, foundation width is likely an 
important parameter to capture in the development of a predictive 
equation for liquefaction-induced building settlement. However, 
building height (H) is already captured through the building’s 
foundation contact pressure (Q), i.e., as H increases so does Q 
increase. Thus, it is not likely an important parameter to consider 
as Q already captures its effect.  

Previous work (e.g., Bray and Sancio 2009, Bray et al. 2014, 
and Bray et al. 2017) highlighted the importance of the calculated 
post-liquefaction bearing capacity factor of safety (FS) as an 
important index of seismic performance for buildings with 
shallow foundations situated atop liquefiable soils. For the cases 
analyzed in this study, the static bearing capacity FS was 
calculated using the procedure developed for a two-layer 

cohesive soil deposit (Meyerhof and Hanna, 1978), using these 
equations to calculate the ultimate bearing capacity of the 
foundation:  = 5.14 + 2 + ≤ 5.14 +  (4) = (−0.58 + 0.96 + 0.612) (5) 

 

where the average shear strength of the non-liquefied crust (C1) 
layer represents the top layer, and the post-liquefaction residual 
shear strength of the liquefied soil layer (C2) represents the 
bottom layer. The post-liquefaction residual shear strength (C2) 
is estimated using empirical relations (e.g., Idriss and Boulanger 
2008) using a cone penetration resistance consistent with the 
relative density of the liquefiable soil layer. D1 is the thickness 
of the top layer, B is the foundation width,  is the unit weight 
of the top layer, and  is the foundation embedment depth.  

 

Figure 9. Building settlement (mm) versus foundation width (B) for 
ground motions 1-12 (Table 2) for HL=6 m, Dr=50%, H=12m, Q=80 kPa, 
and HC=2m.  

Results are shown for a subset of the SSI analyses for two 
ground motion records in Figure 10. Liquefaction-induced 
building settlements are not large until the post-liquefaction 
bearing capacity FS is below 1.5. As the FS decreases below 1.0, 
the liquefaction-induced building settlement can increase 
significantly. Thus, it is prudent to calculate the post-liquefaction 
bearing capacity FS and be cautious when it is below 1.5. When 
FS is below 1.0, extreme care is warranted as bearing capacity 
failure is possible with large building movements. The data 
points shown in Figure 10 with FS < 1 and small displacements 
(i.e., lesser than 100 mm) correspond to cases where there is 
either a small thickness of the liquefiable layer (i.e., HL=1.0 m), 
or a higher relative density (i.e., Dr≥ 50%) combined with a large 
contact pressure (i.e., Q= 160 kPa). 

7  REGRESSION ANALYSIS OF ANALYTICAL RESULTS 

7 .1 Selection of independent variables 

Based on concepts in liquefaction-induced deformation, building 
performance and interrogation of the results from the SSI 
analyses described previously, several trial functional forms 
were proposed initially to represent the shear-induced building 
settlement due to liquefaction, one of which is: 
 ( ) = 1 + 2 ∗ ( ) + 3 ∗ ( ) + 4 ∗ +5 ∗ ( ℎ ) + 7 ∗ + 8 ∗ + 9 ∗( 1) + 10 ∗ ( 2)          (6) 
 
where Ds is the shear-induced liquefaction building settlement, 
IM1 and IM2 represent ground motion intensity measures, a1 to 
a10 are coefficients, and the other variables have been defined 
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 previously (e.g., Table 1). Regression analyses were performed 
employing the functional form of Equation 6 using the analytical 
results considering different candidates for the intensity measure 
parameters (when considering only one IM, a10=0). The results 
of these analyses are shown in Figure 11 for outcrop “rock” 
ground motion parameters as well as for ground motion 
parameters for the ground motions calculated at the free-field 
ground surface in the nonlinear total stress seismic site response 
analyses. 

 

 

 
Figure 10. Building settlement (mm) versus post-liquefaction bearing 
capacity factor of safety (FS) for ground motions 1 (top) and 10 (bottom). 
Dark vertical dashed line corresponds to FS=1.5, and dark vertical solid 
line corresponds to FS=1.0. 
 

The preferred IM parameters to estimate D have the highest R2 
values in Figure 11. The preferred IM parameters are 
standardized cumulative absolute velocity (CAVdp), arias 
intensity (Ia), and Sa1, the spectral acceleration at a period equal 
to 1 s (Sa(T=1 s)). Arias intensity and cumulative absolute 
velocity have been proposed previously as informative ground 
motion intensity measures that incorporate the cumulative effects 
of ground motion intensity, frequency content, and duration on 
the seismic response of structural and geotechnical systems (e.g., 
Dashti et al. 2010b, Kramer and Mitchell 2006). However, the 
ground motion predictive equations (GMPE) for arias intensity 
exhibit a greater aleatory uncertainty than standardized 
cumulative absolute velocity (Campbell and Bozorgnia 2012). 
Additional regression analyses are performed exploring the 
robustness of using the ground motion intensity parameters of 
CAVdp, Ia, and Sa1, independently (i.e., setting a10=0) or using 
combinations of them (i.e., Ia & Sa1, or CAVdp & Sa1). 

One regression was performed using Equation 6 and 
considering CAVdp and Sa1 for the outcrop “rock” motion. The 
calculated coefficients for this model are: a1= -4.63, a2= 4.70, 
a3= -0.43, a4= -0.03, a5= 0.98, a6= 6.0, a7= -0.02, a8= -0.07, 
a9= 0.74, and a10= 0.41. The liquefaction-induced building 
settlements estimated with Equation 6 using these ground motion 
intensity parameters and these coefficients were compared to the 
values calculated by Karimi and Dashti (2017) for several cases 
analyzed in a comprehensive study by them. Karimi and Dashti 
(2017) performed a large set of 3D SSI analyses using a different 
computational platform (i.e., Opensees), a different constitutive 

model (i.e., PDMY02; Elgamal et al., 2002; Yang et al. 2003), 
and a different suite of ground motions. The comparison of 
values estimated using Equation 6 and those calculated by 
Karimi and Dashti (2017) are shown in Figure 12. The Equation 
6 model estimates are reasonable when compared with the 
analytical results from Karimi and Dashti (2017). There are only 
significant systematic inconsistencies between the values 
estimated using Equation 6 and those calculated by Karimi and 
Dashti (2017) for cases where small liquefaction-induced 
building settlements were calculated (i.e., D < 5 mm). Equation 
6 underestimates the calculated building settlement for these few 
cases. However, overall, Equation 6 captures the observed trends 
in the analytical results over the range of building settlements 
that are of engineering importance. 

 

 

 
Figure 11. R2 values for different IMs for free-field motions calculated at 
the ground surface (top) and for outcrop “rock” motions (bottom). The 
error bars indicate mean and mean +/- 1 standard deviation values for the 
models. PGA: peak ground acceleration (g), PGV: peak ground velocity 
(cm/s), CAVdp: standardized cumulative velocity (g-s.), D5-95: 
significant duration (s), D5-75: significant duration between 5 and 75% 
of the Arias intensity (s), Ia: Arias intensity (m/s), SIR: shake intensity 
rate (m/s/s), Tm: mean period (s), Tp: Predominant period (s), Sa1: 
spectral acceleration at T = 1 s (g), Sa2: spectral acceleration at T = 
4(10m)/Vs10 (g), Sa3: spectral acceleration at T = 4(20m)/Vs20 (g), Sa4: 
spectral acceleration at T = 4(30m)/Vs30 (g), and Sa5: spectral 
acceleration at T = the fundamental period of the structure (g).  
 

 
 
Figure 12. Comparison of liquefaction-induced building settlements 
estimated using Equation 6 (Ln(D_Eq.6)) and the building settlements 
calculated analytically through 3D FEA by Karimi and Dashti (2017) 
(Ln(D_KD)). D_Eq.6 and D_KD are in mm. R2=0.83. 
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 7 .2  Selection of the functional form of predictive equations 

It is standard practice in earthquake engineering to perform 
simplified liquefaction triggering evaluations using the estimated 
free-field no-liquefaction ground surface PGA to represent the 
seismic demand. Moreover, the seismic performance of a site 
should be more influenced by the characteristics of the ground 
motions at the ground surface than those for the outcropping 
“rock” site condition. Therefore, the ground motion intensity 
parameters corresponding to the surface ground motions are 
preferred in the proposed simplified procedure for estimating 
liquefaction-induced building settlement. As noted previously, 
nonlinear total stress seismic site response analyses were 
employed to calculate the ground surface acceleration-time 
histories for the cases examined in this study.  

Liquefaction-induced building settlement is related primarily 
to the level of shear strains induced in the foundation soils by the 
earthquake shaking (Macedo 2017). Consequently, a 
liquefaction-induced building settlement index (LBS) was 
developed as:  = ∗ dz       (7) 

where z (m) is the depth measured from the ground surface > 0, 
W is a foundation-weighting factor wherein W = 0.0 for z less 
than Df, which is the embedment depth of the foundation, and W 
= 1.0 otherwise. The shear strain parameter in Equation 7 ( ) 
is the liquefaction-induced free-field shear strain (in %) 
estimated using the Zhang et al. (2004) CPT-based procedure, 
which is based on the work of Ishihara and Yoshimine (1992). It 
is calculated based on the estimated Dr of the liquefied soil layer 
and the calculated safety factor against liquefaction triggering 
(FSL). The relative density of the liquefied soil layer was defined 
in each case analyzed (Table 1), and the simplified liquefaction 
triggering procedure of Boulanger and Idriss (2016) was used to 
estimate FSL. The integral of Equation 7 can be approximated as 
the summation of increments of liquefaction-induced shear strain 
divided by the depth of the midpoint of the sublayer over depth 
(z) to estimate LBS. The use of the reciprocal of depth as the 
depth-weighting function for LBS emphasizes the relative 
importance of liquefaction of soil layers close to the foundation.  

Several other depth-weighting functions were examined (e.g., 
linearly decreasing with increasing depth, and one similar to that 
used in the Schmertmann et al. 1978 procedure for estimating 
static settlement). However, the reciprocal of depth captured the 
trends in the data best and was straightforward. Several other 
liquefaction damage indices were also explored. The use of LBS 
was compared to other liquefaction indexes such as LPI (Iwasaki 
et al. 1982), LSN (van Ballegooy et al. 2015), and LPIish 
(Maurer et al. 2015). LBS is better correlated with the settlement 
density distribution in the analyses, provides the smallest 
standard deviation in the regressions, and also performs better for 
the cases histories analyzed in this paper, which are presented 
later in Section 9. The functional form considered going forward 
is thus (where b1-b10 are coefficients):  ( ) = 1 + 2 ∗ ( ) + 3 ∗ ( ) + 4 ∗ +5 ∗ ( ℎ ) + 7 ∗ + 8 ∗ + 9 ∗( 1) + 10 ∗ ( 2)        (8) 

7 .3  Model for estimating liquefaction-induced building 
settlement 

The regression analyses using Equation 8 showed that the HC 
term can be omitted once the parameter LBS is brought in, 
because LBS carries descriptive information related to HC. 
Additionally, there was a bias in the residuals with respect to Dr 

for values greater than 60%. Accordingly, dummy variables were 
used for LBS values lesser than or equal to 16 (which correspond 
to the range of Dr, where the residuals were observed), which led 
to a different set of coefficients for b1 and b4 in Equation 8. 
Lastly, there were not considerable differences for the models 
that used the pair of Ia and Sa1 or the pair of CAVdp and Sa1 as 
IM1 and IM2. Given the better predictability of CAVdp 
compared to Ia, CAVdp is preferred. Models with only one IM 
were also tested but these models exhibited bias in terms of 
residuals for IMs that were not considered in the models. The 
final form of the recommended equation to estimate shear-
induced liquefaction building settlement (Ds in mm) is: ( ) = 1 + 4.59 ∗ ( ) − 0.42 ∗ ( ) + 2 ∗+ 0.58 ∗ ( ℎ ) − 0.02 ∗ + 0.84 ∗( ) + 0.41 ∗ ( ) +             (9) 

where c1= -8.35 and c2= 0.072 for LBS ≤ 16, and c1= -7.48 and 
c2= 0.014 otherwise. Q is in kPa, HL is in m, B is in m, CAVdp 
is in g-s, and Sa1 in units of g. The uncertainty in the estimate of 
building settlement given the input parameters is defined by , 
which is a normal random variable with zero mean and 0.50 
standard deviation in Ln units. Figures 13 and 14 show the 
residual plots for different variables of interest. 

8  SIMPLIFIED PROCEDURE FOR ESTIMATING 
LIQUEFACTION-INDUCED BUILDING SETTLEMENT 

Shallow foundations at sites with liquefiable layers within its seat 
of settlement can undergo shear-induced ground settlement as 
well as settlement due to the removal of soil from beneath 
foundation elements through the formation of sediment ejecta 
and settlement due to volumetric-induced mechanisms. Shear-
induced mechanisms are not captured and hence cannot be 
estimated using 1D post-liquefaction volumetric reconsolidation 
procedures. The 1D procedures are applicable for level-ground 
sites with no influence of the overlying structure. Therefore, 1D 
procedures should not be relied upon solely for evaluating the 
seismic performance of shallow foundations at potentially 
liquefiable sites. Instead, a procedure that incorporates the 
important shear-induced building settlement mechanism is 
recommended to be used in preliminary assessments.  

The proposed simplified procedure for estimating 
liquefaction-induced building settlement involves these steps:  

1. Perform a liquefaction triggering assessment, and calculate 
the safety factor against liquefaction triggering (FSL) for 
each potentially liquefiable soil layer preferably using a 
CPT-based method (e.g., Boulanger and Idriss 2016). 

2. Calculate the post-liquefaction bearing capacity factor of 
safety (FS) using the simplified two-layer solution of 
Meyerhof and Hanna (1978) (i.e., Equations 4 and 5), where 
the average shear strength of the non-liquefied crust layer 
represents the top layer and the post-liquefaction residual 
shear strength of the liquefied soil layer represents the 
bottom layer. If the post-liquefaction bearing capacity FS is 
less 1.0 for light or low buildings or less than 1.5 for heavy 
or tall buildings, large movements are possible, and the 
potential seismic building performance can generally be 
judged to be unsatisfactory. 

3. Estimate the likelihood of sediment ejecta developing at the 
site by using ground failure indices such as LSN, LPI, or the 
Ishihara (1985) ground failure design chart. If the amount 
of sediment ejecta is significant, estimate the amount of 
building settlement as a direct result of loss of ground due 
to the formation of sediment ejecta (De). This can best be 
done using relevant case histories to estimate the amount of 
ejecta and then assuming that the ejecta have been removed 
below the building foundation. 
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Figure 13. Residual plots for ground motion parameters. 
 

 
 

 
 

 
 

 
 

 
 
Figure 14. Residual plots for building and soil properties.  
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 4. Estimate the amount of volumetric-induced building 
settlement (Dv) preferably using a CPT-based method (e.g., 
Zhang et al. 2002). 

5. Estimate the shear-induced building settlement (Ds) due to 
liquefaction below the building using Equation 9, which is 
repeated below:  ( ) = 1 + 4.59 ∗ ( ) − 0.42 ∗ ( ) + 2 ∗+ 0.58 ∗ ( ℎ ) − 0.02 ∗ + 0.84 ∗( ) + 0.41 ∗ ( ) +              (9) 

 
where Ds is in mm, LBS is calculated with Equation 7, c1= 
-8.35 and c2= 0.072 for LBS ≤ 16, and c1= -7.48 and c2= 
0.014 otherwise. Q is in units of kPa, HL is in m, B is in m, 
CAVdp is in g-s, and Sa1 is in g;  is a normal random 
variable with zero mean and 0.50 standard deviation in Ln 
units. 

6. Estimate the total liquefaction-induced building settlement: 
 

Dt = De + Dv + Ds                         (10) 
 
7. Use engineering judgment. There are important limitations 

of the proposed simplified procedure to consider. Equation 
9 was developed using a subset of potential building 
configurations and earthquake ground motions. The 
structures considered are regular (e.g., uniformly loaded) 
and have heights no greater than 24 m. The non-liquefiable 
crust does not have defects (e.g., utility trenches that could 
provide preferential paths for ejecta). Some volumetric-
induced liquefaction building settlement occurs during 
strong shaking, but this procedure categorizes all of this 
settlement as being due to the shear-induced mechanism, 
which is conservative. Case histories and previous 
experience are important to consider in developing the final 
engineering assessment of this complex problem. For 
important projects, perform nonlinear dynamic SSI 
effective stress analyses (Bray et al. 2017).  

9  VALIDATION THROUGH CENTRIFUGE 
EXPERIMENTS AND FIELD CASE HISTORIES 

 Results from centrifuge tests performed by Dashti (2009), 
Allmond and Kutter (2012), Zupan et al. (2013), and Hayden et 
al. (2014) are used to compare the estimates from Equation 9 
with the measured liquefaction-induced settlements during 
strong shaking in the centrifuge tests. Nonlinear total stress site 
response analyses with the GQ/H model implemented in 
Deepsoil V6.1 and the ground motions used as input excitations 
for the experiments were used to estimate the ground motion 
parameters at the model surface. Liquefaction triggering analyses 
using the Boulanger and Idriss (2016) procedure were performed 
to estimate the safety factor for liquefaction triggering, and the 
Zhang et al. (2004) procedure was used to estimate the cyclic 
shear strains induced in the soil profile. With this information, 
LBS was estimated for each case using Equation 7. A total of 102 
cases were analyzed. Figure 15 shows the comparison between 
the centrifuge experimental results and the estimated settlements, 
including 24 cases where the settlement is small (i.e., < 11 mm). 
Most of the cases are within the lines with slopes 1H:2V and 
2H:1V. Thus, the proposed equation produces reasonable results 
when compared to the centrifuge tests considered in this study. 

The performance of the proposed methodology has been 
tested for several well-documented field case histories after the 
Kocaeli earthquake (17 AUG 1999 Mw 7.5) and the 2010-2011 
Canterbury earthquake sequence (Christchurch event: 22 FEB 
2011 Mw 6.2, Darfield event: 4 SEP 2010 Mw 7.1, and the June 
event: 13 JUN 2011 Mw 6.0). Table 3 shows the comparison of 
liquefaction-induced settlements measured or estimated for 

nineteen field case histories with the estimates using the 
proposed simplified procedure.  

The Canterbury earthquake sequence ground motion 
parameters Sa1 and CAVdp were estimated from the ground 
motion recordings within the Christchurch Central Business 
district (CBD). The average of the ground motion parameters 
calculated from the ground motion recordings was considered 
appropriate given the close proximity of the buildings to the 
recording sites and their similar soil conditions. For the 
considered cases after the Kocaeli earthquake, Sa1 was estimated 
from the Abrahamson et al. (2013) GMPE for the Turkey region 
and CAVdp from the Campbell and Bozorgnia (2011) GMPE. 
LBS is estimated from Equation 7 using available CPT results. 
For the shear strain estimation, the Zhang et al. (2004) procedure 
is used where the safety factor against liquefaction is estimated 
from Boulanger and Idriss (2016) and the “clean sand” 
equivalent relative density is estimated from a combination of 
three correlations presented in Idriss and Boulanger (2008), 
Kulhawy and Mayne (1990) and Jamilkowski et al. (2001) with 
0.4, 0.3 and 0.3 weights, respectively. 

 

 
Figure 15. Comparison of liquefaction-induced model building 
settlements measured during centrifuge tests by Dashti (2009), Allmond 
and Kutter (2012), Zupan et al. (2013) and Hayden et al. (2014) with 
estimated liquefaction-induced settlements with the proposed procedure. 
 

The FTG7 building was a 7-floor steel frame structure that 
was supported on reinforced concrete (RC) strip footings. Details 
of the soil conditions, building, and its performance during the 
Canterbury earthquake sequence are provided in Zupan (2014) 
and Bray et al. (2014). Luque and Bray (2017) performed SSI 
analyses to estimate numerically the shear-induced liquefaction 
settlements in the building using the PM4Sand model. Table 3 
shows their best estimate of the shear-induced settlements.  

The shear-induced building settlement due to liquefaction for 
the Christchurch earthquake is estimated using Equation 9 to be 
100-270 mm with a median estimate of 160 mm for the SW 
corner (CPT1); whereas the best estimate from the field case 
history was about 150 mm. For the SE corner (CPT2), the shear-
induced building settlement was about 170-210 mm, whereas the 
estimation based on the proposed simplified procedure was 120 
to 310 mm with a median estimate of 190 mm. For the NW corner 
(CPT3; Footnote 3 of Table 3), the estimated shear settlement is 
in the range of 90 to 240 mm with a median estimate of 150 mm; 
whereas the field values were in the range of 90 to 130 mm. For 
the Darfield event, the proposed procedure’s estimates are 
greater than the negligible observed displacements, but the 
estimates are small (about 50 mm for the median value). The 
conservatism in the estimate of liquefaction-induced building 
settlement for the Darfield event has been also observed with the 
application of simplified liquefaction triggering procedures for 
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 this event (Bray et al. 2014). For the June event, the median 
estimates are about 40-60 mm; whereas the best estimate of 
observed settlements are 10-20 mm for the NW corner and 30-
40 mm for the SE corner. Luque and Bray (2017) report 
measured total building settlements over the 2010-2011 
Canterbury earthquake sequence for the NW and SE corners of 
the building based on field surveys and LiDAR data. The total 
settlements are reported as 400-450 mm for the NW corner and 
550-600 mm for the SE corner. Using the proposed procedure to 
estimate shear-induced settlement, using Luque and Bray (2017) 
to estimate ejecta-induced settlement, and using Zhang et al. 
(2002) to estimate volumetric-induced settlement, the estimated 
total liquefaction-induced building settlements over the 
Canterbury earthquake sequence are 340-790 mm for the NW 
corner and 440-970 mm for the SE corner. The estimated values 
are reasonable considering the conservatism of the liquefaction 
triggering assessments of the Darfield and June events.  

The FTG4 was a four-story RC framed structure located 
adjacent to the FTG7 Building. Details of the soil conditions, 
building, and its performance during the 2010-2011 Canterbury 
earthquake sequence are provided in Zupan (2014) and Bray et 
al. (2014). During the Christchurch event, more settlement was 
observed on the west side of the building compared to its east 
side. The ground floor slab settled approximately 160 mm more 
at the building’s NW corner than at its NE corner. The difference 
of volumetric settlements estimated by Zupan (2014) between 
the west and east sides is around 100 mm. Based on the proposed 
simplified liquefaction-induced building settlement procedure, 
shear-induced settlement on the east side (CPT1 in Table 3 for 
the SE corner and CPT2 in Table 3 for the NE corner) is about 
100 to 120 mm (median values). The median shear-induced 
settlement on the west side can be estimated from CPT2 in FTG7 
(Table 3), and it is about 190 mm. Thus, the differential shear-
induced settlement is about 70 to 90 mm. The median estimate 
of the total differential settlement is about 170 to 190 mm, which 
is only slightly above the reported differential settlement of 160 
mm. 

The CTUC Building was a six-story RC frame structure with 
RC core walls and block in-fill walls with its roof supported by 
steel framing. Details of the soil conditions, building, and its 
performance during the Canterbury earthquake sequence are 
provided in Zupan (2014) and Bray et al. (2014). Luque and Bray 
(2017) estimated the shear-induced liquefaction building 
settlements presented in Table 3. Their best estimates of the 
shear-induced settlements for the Christchurch earthquake are 
100-200 mm for the SE corner and 60 mm for the NE corner. 
Using the proposed simplified procedure, these estimates are 
110-290 mm with a median value of 180 mm for the SE corner 
(CPT1 in Table 3) and 40-120 mm with a median estimate of 70 
mm for the NE corner. The total building pressure over its full 
width and the contact pressure and width for individual footings 
were used in two calculations with Equation 9, and the results 
averaged, because the footings of this building are poorly 
connected. In terms of total settlements, using the procedure 
proposed in this study, the Zhang et al. (2002) procedure for 
volumetric settlements and the sediment ejecta settlement 
estimates from Luque and Bray (2017), the estimated total 
settlements are in the range of 330 to 690 mm for the SE corner 
and 140 to 320 mm for the NE corner. The total settlement 
estimates from Luque and Bray (2017) are 320 to 600 mm for the 
SE corner and 160 to 260 mm for the NE corner. 

For the Darfield event, the displacements estimated with the 
proposed simplified procedure are conservative with a median 
estimate of 80 mm for the SE corner and 10 mm for the NE corner. 
The estimates correspond to minor levels of settlement, but the 
observed level of settlement during the Darfield event was 
considered negligible. As noted previously, simplified 
liquefaction triggering procedures were generally conservative 
for the Darfield event in the CBD. For the June event, the median 

estimated settlements are about 70 mm for the SE corner and 10 
mm for the NE corner. These estimations can be considered 
consistent with the minor level of settlements observed after the 
June event. It is also important to mention that the soils that 
liquefied after the June event had already liquefied extensively 
during the Christchurch earthquake. Thus, their age and fabric 
were likely more susceptible to liquefaction triggering and 
liquefaction-induced building settlement in the June 2011 event. 

The CTH building is located in the NW quadrant of the CBD, 
with the meandering Avon River to its immediate south. The 
facility is composed of several independent structures. This paper 
refers to the auditorium located towards the west of the facility. 
The foundation system for the auditorium consists of an outer 
ring of rectangular shallow RC spread footings and an inner ring 
of square shallow RC spread footings. Details of the soil 
conditions, building, and its performance during the Canterbury 
earthquake are provided in Zupan (2014). The field observations 
at the CTH building are complicated by lateral spreading-
induced settlements. The entire facility moved laterally towards 
the river with decreasing severity of lateral movements to the 
north of the building. Luque (2017) provides estimates of the 
observed settlement based on LiDAR data for the CTH building, 
field measurements, and advanced SSI analyses. Table 3 shows 
their best estimate of the shear-induced liquefaction building 
settlement. For the Christchurch event, the observed settlements 
are 50-210 mm for the southern part of the building and 40-140 
mm for its northern part. Using the proposed simplified 
procedure (e.g., Equation 9), the shear-induced settlements are 
estimated to be 70 to 180 mm with a median estimate of 110 mm 
for the southern part of the building and 40 to 120 mm with a 
median estimate of 70 mm for the northern part of the building.  

For the Darfield event, the median estimates of the shear-
induced settlements for the CTH auditorium are about 50 mm 
and 35 mm for the south and north of the building, respectively. 
Similar to previous cases for the Darfield earthquake, these 
estimates are greater than the observed settlements of 0-20 mm, 
but they do correspond to the small-observed building 
settlements. For the June event, the median estimates of the 
shear-induced settlements are about 40 mm and 20 mm for the 
north and south of the building, respectively. The best estimate 
of the observed settlements is 30 mm for the south and 20 mm 
for the north. In terms of total settlements (from LiDAR data), 
the estimated settlements are in the range of 350 to 800 mm for 
the south part of the building and 250 to 550 mm for the north 
part of the building (Luque 2017). Using the proposed simplified 
procedure for shear-induced settlements, the Zhang et al. (2002) 
procedure for volumetric settlements, and the sediment ejecta 
and lateral spreading settlement estimations from Luque (2017), 
the estimated total settlements are 410-850 mm and 260-560 mm 
for the southern and northern parts of the building, respectively.   

The PWC building was a 21-story reinforced-concrete (RC) 
structure with a one-story basement. The basement foundation 
consisted of a RC mat with variable thickness. Details of the soil 
conditions, building, and its performance during the Canterbury 
earthquake sequence are provided in Zupan (2014). Luque (2017) 
provides estimations of the observed total and shear-induced 
settlements based on LiDAR data, field measurements, and 
advanced SSI analyses. Their estimates of shear-induced 
building settlement are provided in Table 3. For the Christchurch 
event, the observed settlements are 80-140 mm for the southern 
part of the building and 30-70 mm for the northern part of the 
building. Using the proposed simplified procedure, the shear-
induced liquefaction building settlements are 40 to 110 mm with 
a median estimate of 70 mm for the southern part of the building, 
and 30 to 80 mm with a median estimate of 50 mm for the 
northern part of the building. The estimates for the settlements in 
the southern part are in the lower range of the observed 
settlements possibly due to the presence of a thick gravel layer 
below the foundation (Zupan 2014).  
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 Table 3. Summary of case histories, input parameters, and estimated shear-induced liquefaction building settlements. 

Case Building EQ1 B Q Sa1 CAVdp HL2(m) LBS2 

   (m) (kPa) (g) (g-s) CPT1 CPT2 CPT1  CPT2

13 FTG7 C 29 100 0.9 1.0 12.0 13.0 71 82

23 FTG7 D 29 100 0.3 0.9 3.5 4.5 51 65

33 FTG7 J 29 100 0.5 0.6 4.0 5.0 50 61

4 FTG4 C 15 60 0.9 1.0 10.0 10.0 62 51

5 CTUC C 206 706 0.9 1.0 5.0 6.0 57 10

6 CTUC D 206 706 0.3 0.9 3.0 1.0 47 2

7 CTUC J 206 706 0.5 0.6 4.0 1.5 47 1

8 CTH C 47 150 0.9 1.0 10.0 6.0 52 30

9 CTH D 47 150 0.3 0.9 5.0 3.0 40 20

10 CTH J 47 150 0.5 0.6 5.0 3.0 39 20

11 PWC C 38 210 0.9 1.0 6.0 4.0 14 11

12 PWC D 38 210 0.3 0.9 2.0 1.0 8 5

13 PWC J 38 210 0.5 0.6 2.0 1.0 6 4

14 SA C 1.5 80 0.9 1.0 7.0 0.5 35 10

15 SA D 1.5 80 0.3 0.9 3.0 0.25 12 2

16 SA J 1.5 80 0.5 0.6 3.5 0.3 10 2

17 C2 K 20 80 0.5 1.6 5.0 - 68 -

18 C3 K 20 80 0.5 1.6 1.5 - 15 -

19 F1 K 8 75 0.7 1.7 13.0 - 90 -
 

Case FS Observed Ds (mm)4,5 Estimated Ds -CPT1(mm) Estimated Ds -CPT2(mm)

  D1 D2 D16 D84 D16 D84

15 1.1 150 170-210 100 270 120 310

25 - - 0   30   80   40   120

35 - - 30-40 30 70 30 90

4 1.5 - 110-150 70 190 60 160

5 0.9 100-200 60 1106 2906 406 1206

6 - - - 506 1406 106 206

7 - - - 406 1206 106 206

8 0.8 50-210 40-140 70 180 40 120

9 - 0-20 0-20 30 70 20 50

10 - 10-30 20-40 20 60 10 40

11 1.1 80-140 30-70 40 110 30 80

12 - 0-10 0-10 10 30 10 20

13 - 0-20 0-20 10 20 0 10

14 0.6 100-180 50-100 80 220 10 40

15 - - - 20 50 2 6 

16 - - - 20 40 3 6 

17 0.7 175 - 90 250 - - 

18 1.7 0 - 20 70 - - 

19 0.6 450 - 220 600 - - 
Notes: 

1. C= Christchurch M 6.2 EQ, D= Darfield M 7.1 EQ, J= June M 6.0 EQ, and K= Kocaeli M 7.5 EQ. 

2. CPT data from Zupan (2014) and Bray et al. (2004) used for estimation of HL and LBS. For FTG7: CPT1=Z1B3, CPT2=Z1B4. For FTG4: CPT1=Z1-3, 

CPT2=Z1-8. For CTUC: CPT1=Z4-5, CPT2=Z4-7. For CTH: CPT1=Z5-11, CPT2=Z5-8. For PWC: CPT1=Z2-21, CPT2=Z2-19. For SA: CPT1=Z8-6, 

CPT2=Z8-14. For C2: CPT1=CPTC4. For C3: CPT1=CPTC1. For F1: CPT1=CPTF1. 

3. Two additional CPTs were considered for FTG7 building, with CPT data from Zupan (2014). CPT3=Z1-B1 in the NW corner and CPT4=Z1-B2 in the NE corner. 

HL ~12m for CPT3 and CPT4 for the C event, HL ~3.5m for CPT3 and CPT4 for the D event, HL ~4.0m for CPT3 and CPT4 for the J event. For CPT3, LBS is 

64, 50, and 47 for the C, D, and J events, respectively. For CPT4, LBS is 76, 45, and 43 for the C, D, and J events, respectively. 

4. Estimates of shear-induced settlement are available for FTG7, FTG4, CTUC, CTH, and PWC. Shear-induced settlements estimated for SA, C1, C2, and F1. For 

FTG7 from Luque and Bray (2017); for FTG4 from Bray et al. (2014); for CTUC from Luque and Bray (2017); for CTH from Luque (2017); and for PWC from 

Luque (2017). Data from Bray et al. (2014) used for SA, and data from Bray et al. (2004) used for C2, C3, and F1. 

5. Observed shear-induced settlements from Luque and Bray (2017) for FTG7 building at CPT3 are from 90 to 130 mm for C event, 0 mm for D event and from 10 

to 20 mm for J event. Estimated shear-induced settlements at CPT3 are from 90 to 240 mm for C event, from 30 to 80 mm for D event and from 30 to 70 mm for 

J event. At CPT4, shear-induced estimated settlements are from 110 to 290 mm for C event, from 30 to 80 mm for D event, and from 20 to 60 mm for J event. 

6. The individual footings of CTUC are not tied together well; settlements were estimated as the average of: 1) B=20 m, Q=70 kPa, and 2) B=1 m, Q=200 kPa.  

- 112 -



  Honours Lectures / Discours Honoraire 

 For the Darfield event, the median estimates of the shear-
induced liquefaction settlements of the PWC building are 
approximately 20 mm and 10 mm for the southern and northern 
parts of the building, respectively. The observed shear-induced 
settlements are in the range of 0 to 10 mm. For the June event, 
the median estimated shear-induced building settlements are 10 
mm for both parts of the building. The observed shear-induced 
building settlements are in the range of 0 to 20 mm. In terms of 
total settlements from LiDAR data, the estimated settlements are 
160-350 mm for the southern part of the building and 130-300 
mm for the northern part of the building (Luque 2017). Using the 
proposed simplified procedure for shear-induced settlements, the 
Zhang et al. (2002) procedure for volumetric-induced settlements, 
and the sediment ejecta and lateral spreading settlement 
estimations from Luque (2017), the estimated total settlements in 
this study are 140 to 340 mm and 140 to 300 mm for the southern 
and northern parts of the building, respectively. 

The SA Building was located about 200 m northwest of the 
Avon River and was a two-story RC frame structure with 
concrete infilled walls, interior timber framed walls, and exterior 
strip footings. Details of the soil conditions, building, and its 
performance during the Canterbury earthquake sequence are 
described in Zupan (2014) and Bray et al. (2014). According to 
Bray et al. (2014), the building settled approximately 250 mm at 
its southeast corner and approximately 100–200 mm at its 
northwest corner largely due to shear-induced punching and 
ejecta-induced mechanisms. In the southern part of the building 
(CPT1, Table 3), the estimated shear-induced settlement for the 
Canterbury earthquake sequence is about 120-310 mm with a 
median estimate of 190 mm; whereas, for the northern part of the 
building (CPT2, Table 3), the estimated shear-induced building 
settlement is 15-50 mm. The volumetric-induced settlements for 
the Canterbury earthquake sequence are estimated by Bray et al. 
(2014) as 170 mm and 10 mm for the southern and northern parts 
of the building, respectively.  

There was sediment ejecta observed around the SA building 
perimeter during the Darfield, Christchurch, and June events, 
with considerable more ejecta found after the Christchurch event. 
Hence, it is likely the sediment ejecta mechanism is also 
important for this case history. This is consistent with the 
existence of a shallow liquefiable layer directly beneath the 
building foundation. Considering this mechanism, a sediment 
ejecta-induced settlement of 70 to 150 mm is estimated for the 
southern part of the building based on similar cases in 
Christchurch (Luque and Bray 2017). For the northern part of the 
building, the estimate is 30 to 90 mm. Considering all 
mechanisms, the total estimated settlements are 360 to 630 mm 
and 55 to 150 mm for the southern and northern parts of the 
building, respectively. Given the uncertainties in this case history, 
the estimations are considered reasonable. 

Buildings C2 and C3 are located in Adapazari, Turkey (Bray 
et al. 2004). The height, width, and length of these regular 
structures are approximately 13.7 m, 19.5 m, and 20.1 m, 
respectively. The structural design and construction of these 
buildings are similar, but they have different soil conditions 
below their foundations. Details of the soil conditions, buildings, 
and their performance during the 1999 Kocaeli earthquake are 
provided in Bray et al. (2004) and Sancio (2003). The observed 
settlements for these buildings are reported as 350 mm for 
Building C2 and negligible for C3. For Building C2, the median 
estimate of shear-induced settlement is 150 mm with a range 
from 90 to 250 mm. A significant part of the observed building 
settlement was due to sediment ejecta surrounding the edges of 
the building (i.e., about 50%). Accordingly, the observed shear-
induced settlement is estimated to be about 175 mm (i.e., about 
half of the observed punching building settlement), which is 
consistent with that estimated. For Building C3, the estimated 
shear-induced settlement has a median value of 40 mm with a 
range of 20 to 70 mm. Thus, in this case, the shear-induced 

building settlement is overestimated slightly, but as the estimated 
building settlement is relatively minor, the comparison is judged 
to be reasonable.      

Building F1 is a 4-story, reinforced concrete apartment 
building located in Adapazari (Bray et al. 2004). The foundation 
of this structure consists of a 400-mm thick RC mat strengthened 
with 1.20-m deep grade beams. Details of the soil conditions, 
building, and its performance during the Kocaeli earthquake are 
provided in Bray et al. (2004) and Sancio (2003). The observed 
building punching settlement, which was due to primarily shear-
induced and ejecta-induced settlement mechanisms, is reported 
to be 900 mm. The median estimate of shear-induced building 
settlement is 370 mm with a range of 220 to 600 mm. Given the 
presence of liquefiable soils directly beneath the foundation and 
the large amount of sediment ejecta observed at the site, it is 
estimated that about half of the measured settlement was due to 
sediment ejecta and half due to shear-induced settlement. Thus, 
the median estimate of 370 mm compares well to the observed 
settlement estimate of about 450 mm.  

10 ILLUSTRATIVE EXAMPLE 

The simplified liquefaction-induced building settlement 
procedure presented in Section 8 of this paper is applied to an 
example case to illustrate its use. The building selected to 
illustrate the procedure is the FTG7 building, which was 
considered as one of the field case histories described in the 
previous section. The liquefaction-induced building settlement is 
assessed for the Christchurch earthquake. Figure 16 shows the 
plan view of the building and Section A-A’ with the soil profile 
under the building. Liquefaction-induced settlements are 
estimated for the SW corner of the building (from CPT Z1-B3 
shown in Figure 16) and for the SE corner of the building (from 
CPT Z1-B4 shown in Figure 16).  
 
 

 
 

 
Figure 16. Plan view (top) and Section A-A’ (bottom) of the FTG7 
building (Zupan 2014). 
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 The groundwater depth was estimated to be 2.0 m for the 
Christchurch event. As described in Luque and Bray (2017), 
there is a 1-1.5-m thick fill at the ground surface, which is 
underlain by a shallow sandy silt/silty sand (SM/ML) layer with 
variable fines content (FC) and soil behavior type index (Ic) 
generally between 2.2–2.4, which extends down to a depth of 7–
8.5 m. Below this layer, a medium dense sand (SP/SM, Ic ≈ 1.8 
and 2.1) is found, which extends down to a depth of around 14-
16.5 m. The loose SM/ML layer below the groundwater table and 
soil units in the SP/SM layer are likely to liquefy when strongly 
shaken. Below the medium dense sand, very dense sand (SP) is 
encountered. The CPT typically reaches refusal in this unit. The 
estimated depth for the dense Riccarton Gravel unit is 22 m based 
on a soil boring near the SE corner of the FTG7 building. A 1-2-
m thick clayey silt (ML/MH) layer with some organics overlies 
the Riccarton Gravel. 

PGA and Sa1 are estimated from an appropriate GMPE. The 
NGA-West2 GMPEs are appropriate for shallow crustal 
earthquake events such as the Christchurch earthquake. Excel 
files with the implementation of these GMPE can be downloaded 
from:  http://peer.berkeley.edu/ngawest/nga_models.html. 
CAVdp is estimated from the Campbell and Bozorgnia (2011) 
GMPE, which has a similar set of input parameters as the NGA-
West2 GMPEs. With the earthquake parameters (e.g., rupture 
distance, magnitude, and fault type) and site conditions (e.g., 
VS30) appropriate for this site and the Christchurch event, median 
values of PGA, Sa1, and CAVdp are estimated. In this case, 
nearby ground motion recordings are available, so the values of 
PGA = 0.45 g, Sa1 = 0.90 g and CAVdp = 1.00 g-s from these 
recordings are used. The width of the foundation (B) is 29 m, 
corresponding to a stiff footing with stiff grade beams. The 
contact pressure (Q) is about 100 kPa (Luque and Bray 2017). 

Following the simplified procedure for estimating 
liquefaction-induced building settlement delineated in Section 8 
of this paper, these steps are carried out:  

1. The safety factor against liquefaction triggering (FSL) is 
calculated for the site conditions shown in Figure 16 using 
the CPT-based Boulanger and Idriss (2016) procedure. The 
colored soil layers have FSL values less than 1.0. The 
thicknesses of the liquefiable soil layers (HL) are estimated 
as the summation of the layers with safety factor against 
triggering lesser than 1.0. HL is estimated to be 
approximately 12 m for the SW corner and 13 m for the SE 
corner of the building. 

2. The post-liquefaction bearing capacity safety factor (FS) is 
calculated to be 1.1 using the Meyerhof and Hanna (1978) 
method with a post-liquefaction residual strength of the 
liquefied soil layer of 12 kPa (based on Idriss and Boulanger 
2008) and using an average shear strength of the non-
liquefied crust layer of 35 kPa. As the post-liquefaction 
bearing capacity FS is close to 1.0, significant liquefaction-
induced building settlement may occur. The calculation is 
continued to develop a rough estimate of the potential 
liquefaction-induced building settlement for this case.   

3. The LSN value at the SW corner is 41 and LPI is 34; 
whereas at the SE corner, LSN is 45 and LPI is 40. 
Considering the relatively high LSN and LPI values at the 
SW and SE corners of the building and considering the 
Ishihara (1985) ground failure design chart, ejecta are 
assumed to occur near both corners of the building. An 
average estimate of about 60 mm of sediment ejecta-
induced settlement (De) is assumed to occur with an 
estimated range of 40 mm to 80 mm, based on observations 
after case histories (i.e., Bray et al. 2014, and Luque and 
Bray 2017). 

4. The 1D post-liquefaction volumetric-induced building 
settlement (Dv) of the soil profile is estimated using the 
Zhang et al. (2002) procedure. Dv is estimated to be 170-

310 mm for the SE corner and 150-290 mm for the SW 
corner of the building. 

5. LBS is estimated from Equation 7 using the Zhang et al. 
(2004) procedure with the FSL values for each layer 
estimated previously. The “clean sand” equivalent relative 
density is estimated from a combination of three 
correlations presented in Idriss and Boulanger (2008), 
Kulhawy and Mayne (1990), and Jamilkowski et al. (2001) 
with 0.4, 0.3 and 0.3 weights, respectively. LBS is estimated 
as 71 and 82 for the SW and SE corners of the building, 
respectively. The shear-induced building settlement (Ds) 
due to liquefaction is estimated using Equation 9 with these 
input parameters for the SW corner calculation: Sa= 0.90 g, 
CAVdp= 1.0 g-s, B= 29 m, Q= 100 kPa, HL= 12 m, and 
LBS= 71, and for the SE corner calculation: Sa= 0.90 g, 
CAVdp= 1.0 g-s, B= 29 m, Q= 100 kPa, HL= 13 m, and 
LBS= 82. The estimated shear-induced building settlements 
(Ds) are 100-270 mm with a median estimate of 160 mm for 
the SW corner and 120-310 mm with a median estimate of 
190 mm for the NE corner. 

6. The median estimate of the total liquefaction-induced 
building settlement (Dt) of the SW building corner is: 
 
Dt = De + Dv + Ds = 60 mm + 220 mm + 160 mm = 440 
mm, with Dt ranging from 290 mm to 640 mm. 
 
The median estimate of the total liquefaction-induced 
building settlement (Dt) of the SE building corner is: 
 
Dt = De + Dv + Ds = 60 mm + 240 mm + 190 mm = 490 
mm, with Dt ranging from 330 mm to 700 mm.  
 

7. Considering the results of the analyses presented above, the 
estimated total liquefaction-induced building settlements of 
the SW and SE corners of the FTG7 building as a result of 
the 2011 Christchurch earthquake are 290-640 mm and 330-
700 mm, respectively. The estimated median differential 
settlement across the southern edge of the building is 50 mm 
(i.e., 490 mm – 440 mm). A survey of the ground floor of 
the FTG7 building measured about 30 mm of differential 
settlement across its southern edge (Zupan 2014; Luque and 
Bray 2017). The estimated total building settlements are 
also consistent with those observed (e.g., the total 
liquefaction-induced settlement at the SE corner was judged 
to be 380-600 mm; Luque and Bray 2017). Thus, the 
simplified procedure for estimating liquefaction-induced 
building settlement provides estimated values of settlement 
that are consistent with the observed seismic performance 
of the FTG7 building.   

11 CONCLUSIONS  

A simplified procedure for estimating liquefaction-induced 
building settlement is proposed. It is based on the results of well 
over a thousand nonlinear dynamic SSI effective stress analyses 
using the program FLAC with the robust PM4Sand model. It has 
been validated using centrifuge experiments, the results of SSI 
analyses by other researchers, and nineteen field case histories.  

The results of the large number of nonlinear dynamic analyses 
performed in this study exhibited important trends that 
highlighted the importance of several parameters. The 
standardized cumulative absolute velocity and 5%-damped one-
second spectral acceleration were found to capture optimally key 
ground motion characteristics. Arias intensity was also a useful 
ground motion parameter, but the GMPEs used to estimate it 
have higher aleatory variability than the standardized cumulative 
absolute velocity parameter.  
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 The relative density and thickness of the liquefiable layer were 
important soil profile parameters. The influence of the soil 
conditions could largely be captured by a new liquefaction-
induced building settlement index parameter referred to as LBS. 
This parameter is based on the work of Ishihara and Yoshimine 
(1992) as presented in the Zhang et al. (2004) CPT-based lateral 
spreading procedure that focuses on earthquake-induced shear 
strain. LBS can be calculated readily using the Zhang et al. (2004) 
equations that estimate the maximum shear strain induced 
cyclically as a function of the relative density of the liquefiable 
layer and its safety factor against liquefaction triggering. Lastly, 
building contact pressure and width are important structural 
properties to consider.  

Regression analyses of the analytical results were used to 
develop the form of the equation and its coefficients, as well as 
widely accepted foundation engineering and earthquake 
engineering concepts. The proposed simplified method was 
applied to several field case histories and shown to provide 
estimates of settlement consistent with those observed. It also 
captured well the results of centrifuge experiments and provided 
estimates of building settlement consistent with those calculated 
by Karimi and Dashti (2017) who performed comprehensive SSI 
analyses with a different set of computational program, soil 
constitutive model, and suite of earthquake ground motions. 

The state-of-the practice still largely involves estimating 
building settlement using empirical procedures developed to 
calculate post-liquefaction 1D reconsolidation settlement in the 
free-field away from buildings. These free-field analyses cannot 
possibly capture shear-induced deformations in the soil beneath 
shallow foundations. The primary mechanisms of liquefaction-
induced settlement of structures are ejecta-induced, shear-
induced, and volumetric-induced ground deformation. The 
results of the nonlinear dynamic SSI effective stress analyses 
were used to develop Equation 9 to capture the shear-induced 
building settlement mechanism. There are methods already 
available to capture the volumetric-induced settlement 
mechanism (e.g., Zhang et al. 2002). It is recognized that a 
continuum-based method cannot capture the loss of ground due 
to the development of sediment ejecta (i.e., the first mechanism). 
Hence, case histories and judgment should be used to evaluate 
the settlement potential from the ejecta-induced building 
settlement mechanism.  

The proposed simplified procedure provides a rational 
approach for estimating liquefaction-induced building settlement. 
The estimated values are consistent with those calculated using 
more advanced analyses for general conditions. However, the 
proposed procedure is a simplification of an inherently complex 
phenomenon. The proposed procedure is based on the results of 
SSI analyses performed for a particular suite of earthquake 
ground motions (i.e., shallow crustal earthquakes) and a limited 
set of building and ground conditions, which do not have highly 
variable soil conditions nor highly irregular building 
configurations. Thus, care is warranted in its use, especially for 
cases not considered in the SSI analyses presented in this paper. 
Further research and calibrations are warranted. Moreover, the 
use of the proposed simplified procedure should be 
complemented with the results of project-specific nonlinear 
dynamic SSI effective stress analyses on critical projects.  
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