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Abstract 

Post-disaster reconnaissance of areas affected by recent earthquakes in Japan 

and New Zealand has documented extensive damage to buildings with shallow 

foundations resulting from liquefaction-induced settlement. Current practices in 

predicting degree of liquefaction-induced settlement are based on semi-empirical 

relationships for free-field conditions and do not consider external loadings from 

structures. However, field observations have noted that liquefaction settlement 

from buildings can be considerably greater than the semi-empirical estimations.  

The controlling mechanisms of liquefaction settlement under load are not well 

understood and are currently being investigated by researchers within the Geo-

seismic community. Our research is based on a series of 1-g shake table 

experiments using a transparent soil box to reproduce liquefaction-induced 

building settlements. Settlements were evaluated using a scaled model of a 

building foundation representative of a lightly loaded single to double story 

building. Experimental testing included use of manually induced shaking, 

implementation of an eccentric-mass shaker and use of a biaxial large scale 

shake table. Comprehensive parametric study was carried out to establish the 

effects of several parameters on free-field and building settlements such as 

building width, relative density, ground motion duration and thickness of 

liquefiable layer. Experiments included use of accelerometers, pore water 

pressure sensors and linear variable differential transformers (LVDT) to monitor 

behavior in both free-field and model building footprints during induction of 
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liquefaction. A comprehensive parametric study was conducted evaluating the 

influence of key parameters. Results of this study suggest the following on 

liquefaction settlement behavior. Increases in foundation width showed 

decreases in settlement. Increases in relative density of soil also showed 

decreases in settlement. Increases in ground motion duration lead to increases in 

settlement. Increases in thickness of liquefiable layer lead to increases in 

settlement. Free-field settlement was predicted using two common methods in 

practice and compared with the settlements measured directly in our 

experiments. These predictions are shown to be lower than measurements 

observed for building foundations and also slightly over-predict settlements 

observed in the free-field. Results of these studies are also compared with 

previous centrifuge, shake table and field observations normalized for width of 

foundation and thickness of liquefiable layer and are generally in good 

agreement. Lastly, a brief discussion is presented suggesting the use of helical 

piles as a mitigation strategy in reducing the building settlements of structures 

founded over liquefiable soils. 

The width of the soil container used in experimentation restricted use of larger 

model foundation diameters. Current model diameters used in experimentation 

suggest that prototype foundations are more typical of isolated piers and footings 

rather than mat foundations when considering laws of similitude. Additionally, soil 

model grain size characteristics are representative of a coarse sand to fine 

grained gravel. 
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Chapter 1 Introduction 

1.1 General Introduction 

Recent earthquakes in New Zealand and Japan have documented extensive 

settlement and damage to buildings and residential structures resulting from the 

effects of liquefaction. Depending on the type of foundation, settlement can 

translate damage to the superstructure of the building. The Canterbury 

Earthquake Sequence (2010-2011) saw as many as 20,000 residential homes 

damaged from poor ground conditions that were susceptible to liquefaction 

(Henderson 2013). Almost half of those structures were deemed a total loss. The 

Great Tohoku Earthquake of 2011 produced similar effects to structures. Field 

reconnaissance of the areas affected by these earthquakes noted several 

observations in regards to performance of foundation types and degree of 

settlement. In Christchurch, certain foundation types performed better in terms of 

damage not translating to the superstructure, while other foundation types settled 

and resulted in large differential displacements and damage to the building 

superstructure.  

Until recently, liquefaction-induced settlement has been estimated for free-field 

conditions, meaning a liquefiable area not subject to the influence of external 

loadings such as buildings. Methods to develop these estimates provide a 

general range of probable settlement in liquefaction susceptible soils. Estimates 

have been proposed by Tokimatsu and Seed (1987), Ishihara and Yoshimine 
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(1992). However, it has always been understood that structures founded over 

liquefiable soils will typically show greater settlement than predicted using the 

free-field settlement estimates. Current standards of practice in estimating 

probable liquefaction-induced settlements are solely based on volumetric strains. 

These volumetric strains are a result of dissipation of excess pore water 

pressures and assume that the majority of settlement occurs in post-liquefaction. 

Numerous experimental studies have been conducted in an effort to improve the 

methods that predict liquefaction-induced building settlement. These studies 

included centrifuge and 1-g shake table tests to monitor behavior of settlement 

during development of soil liquefaction. Additionally, previous research has 

focused on isolating the mechanisms controlling the settlement to gain further 

insights on the behavior and relationships of governing liquefaction settlement. 

Field observations of building foundation settlement and research have illustrated 

that liquefaction settlement tends to decrease with increasing foundation width. 

However, further research is needed to better isolate and define other factors 

that influence and contribute to the settlement of such structures within 

liquefiable soils. 

1.2 Problem Description 

Current practices used to predict liquefaction-induced building settlement are 

based on semi-empirical relationships in the free-field. The controlling 

mechanisms of liquefaction-induced building settlement are not well understood. 

Research focused on identifying the controlling mechanisms and influence of 
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parameters such as foundation width, relative density of soil, thickness of 

liquefiable layer and ground motion duration on liquefaction settlement will 

provide additional insight on this issue. Improved understandings and better 

insights on liquefaction-induced building settlement will ultimately lead to better 

design procedures and mitigations for foundations residing over liquefaction 

susceptible soils. Additionally, these insights will also lead to improved semi-

empirical methods in predicting liquefaction settlements. 

1.3 Scope 

A comprehensive parametric study was conducted to evaluate liquefaction-

induced settlement for a series of model structures founded over liquefiable soils. 

However, before commencement of any experimentation, a thorough review of 

previous research and literature concerning the effects of liquefaction-induced 

settlement was conducted and used as a guide to narrow our experimental focus. 

Review of these previous studies allowed us to identify parameters that were well 

understood as well as parameters that could benefit from additional research. 

Our literature review also included field reconnaissance reports of previous 

earthquakes that documented extensively the effects of liquefaction on 

structures. Review of previous research and field observations assisted in 

refining our experimental models to draw focus to specific fundamental 

parameters contributing to liquefaction such as ground accelerations and excess 

pore water pressures.  
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Each model structure was representative of a typical one-to-two story building. 

The models consisted of circular “rigid shallow” foundations of various diameters, 

each applying a similar contact pressure on the soil model. The study also 

evaluated the efficacy of helical piles as a mitigation strategy for underpinning of 

these foundations in liquefiable soils. In total, 56 experiments were conducted on 

a scaled model with liquefiable soil conditions. Liquefaction was induced using a 

1-g shaking table for each experiment. The experiments were carried out in four 

phases. Phase 1, the initial phase, was used mainly to gain an understanding of 

how best to construct each model and implement instrumentation. Phase 2, 

continued to refine and calibrate the models, however it included pressure 

sensors to measure pore water pressure and one linear variable differential 

transformer (LVDT) to observe settlement for our model buildings. Phase 3 

testing was more of the production phase. In Phase 3, the model included all 

instrumentation and model buildings. These results were used to conduct the 

majority of our parametric study. Phase 4 tested our soil model on a large scale 

shake table equipped with hydraulic actuators. In addition, it also used a realistic 

input motion for the 1979 El Centro Earthquake. Results of Phases 2 through 4 

were compared to previous experimental studies and field observations that have 

focused on defining the relationship between width of foundations and magnitude 

of settlement during instances of liquefaction. 
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Chapter 2 Literature Review 

Although devastating and oftentimes tragic, earthquake events provide the 

opportunity for observation of both the mechanisms of earthquake induced 

failures as well as the performance of structures and their various types of 

foundations. Often these observations lead practitioners to new insights on soil 

structure interactions, soil mechanics and new designs or mitigation strategies 

towards preventing future catastrophes. Commonly, these insights are observed 

and then evaluated through means of experimental studies, where researchers 

draw inferences based on the outcomes of those experiments with the ultimate 

goal of deriving new understandings and building upon the standards of practice 

in engineering design.  

 

The following sections will explore in detail some of the more recent field 

observations of past earthquake events that are providing greater insight into the 

controlling mechanisms of liquefaction and their subsequent damage. These 

observations, coupled with recent experiments into the behavior of structures 

founded on liquefiable soils are intent on furthering the understanding of the 

behavior and improving the standards of practice used in designing structures in 

such environments. 

 

2.1 Observations from Past Earthquakes 

Recent large magnitude earthquakes have caused significant damage both in 

Japan and New Zealand. These earthquakes were centered near large 
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population centers with structures and appurtenances ranging from lightly loaded 

to larger multi-story buildings. Immediately after each event, researchers 

mobilized to document the damage and effects resulting from these catastrophic 

events. Both the March 11, 2011 M9.0 earthquake centered off the northeastern 

coast of Japan and the 2010-2011 Canterbury earthquake sequence centered off 

the New Zealand coast near Christchurch were equally devastating. 

Unfortunately, these events also provided the opportunity for observations on the 

performance of many foundation types subjected to these events. 

 

March 11, 2011 Tohoku Earthquake 

The March 11th event in Japan was centered approximately 200 miles northeast 

of Tokyo Bay. The magnitude 9.0 earthquake was responsible for generating a 

catastrophic tsunami that inundated the coastlines. The long duration event was 

also responsible for causing severe liquefaction. In fact, the areas of highest 

liquefaction-induced damage within the Tokyo Bay and surrounding areas were 

identified as those constructed over reclaimed soils (Ashford et al. 2011, Yasuda 

et al. 2012). According to Yasuda 2012, a great deal of land has been reclaimed 

in the Tokyo Bay area since the seventeenth century. More recently in the 

1960’s, Tokyo began dredging marine sediments from the bay and reclaiming 

them to accommodate growth in industry and increase land for residential 

property. Figure 2-1 presents a typical schematic of the dredging operation that 

was employed for land reclamation. In the figure it can be clearly seen that the 

dredged marine sediments were re-deposited below the sea level (ground water 



 7 

table). As a result, the soils were largely loose, unconsolidated and saturated 

based on the nature of their deposition. Yasuda also noted that historically, land 

reclamation had occurred in the original estuaries along the Tokyo Bay region.   

 

Composition of the dredged fill soils from Tokyo Bay were characterized as being 

mostly a sandy soil, however it was also noted that at times the fill material did 

contain a higher fines content. Subsurface characterization of the Tokyo Bay 

area after the March 11th event identified that the reclaimed soils in the Urayasu 

District were as much as 6-9 meters in thickness below the groundwater table 

and contained SPT N-values ranging from 2-8 blows (Yasuda et al. 2012). It was 

further identified that although the fill soils with higher fines contents should have 

been less susceptible to liquefaction, the long duration of the seismic event was 

likely a contributing factor. 

 

 
Figure 2-1: Typical Schematic of Dredging Operations for Reclaimed Soils (Yasuda et al. 2012) 

 

According to Yasuda et al. 2012, as many as 27,000 structures within the Tohoku 

and Kanto regions of Japan were damaged as a result of liquefaction. 
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Performance of these structures varied considerably based on their foundation 

type and whether ground improvement methods had been implemented. Ashford 

et al. 2011 observed that many light residential and commercial structures 

experienced a large degree of settlement and tilting. These structures were 

typically founded on a rigid mat foundation with deep grade beams and also 

noted that damage usually did not translate to the super structure despite the 

large degree of tilting and settlement. Figure 2-2 presents the typical damage 

incurred as a result of liquefaction-induced settlement. The figure shows two 

buildings with an adjacent sidewalk. It is apparent that one building has 

experienced minimal settlement and the other has experienced significant 

settlement and appears to be tilting. The building that experienced the large 

degree of settlement is founded on a mat-type foundation while the other is 

supported by a pile foundation system. Liquefaction-induced damages were also 

observed to have impacted buried utilities and lifelines as well as levee structures 

and many other appurtenances of infrastructure.  
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Figure 2-2: Liquefaction-Induced Building Settlement in Uraysu, Japan (Ashford et al. 2011 and 

Bray 2016) 

 

During the field reconnaissance after the March 11th event both Yasuda et al. 

2012, and Ashord et al. 2011 observed foundations that had previously employed 

ground improvement methods. Ground improvement methods have been 

employed within the Tokyo Bay region as a liquefaction countermeasure since 

the 1980’s. These methods consist of vibratory sand compaction piles SCP), 

non-vibratory SCP, gravel drains and lattice-type deep mixing (Yasuda et al. 

2012). Reconnaissance of the areas that implemented ground improvement 

methods typically showed good performance and minimal damage (Ashford et al. 

2011, Yasuda et al. 2012). 
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2010-2011 Canterbury Earthquake Sequence 

The Canterbury earthquake sequence also provided good grounds to observe 

the performance of structures and foundations subjected to the effects of 

liquefaction-induced settlement. Between September 2010 through December 

2011, New Zealand was affected by a series of strong motions that triggered 

localized to widespread, minor to severe liquefaction in the Canterbury region 

(Bray et al. 2015, Henderson 2013, van Ballegooy et al. 2014). Reconnaissance 

of the affected areas identified that the Central Business District (CBD) of 

downtown Christchurch experienced the most significant damage resulting from 

liquefaction. Furthermore, it was observed that liquefaction-induced damage 

produced varying effects on buildings with different structural and foundation 

systems (Bray et al. 2015). Four types of foundations were identified on lightly 

loaded structures in the heavily affected area, (1) concrete perimeter with short 

piers, (2) concrete slab on grade, (3) RibRaft slabs and (4) driven pile 

foundations (Henderson 2013). Figure 2-3 presents an aerial view of 

Christchurch region and the corresponding ground surface observations of 

liquefaction-induced damage resulting from the February 22nd, 2011 event. The 

areas of highest liquefaction damage can be seen within and around the 

channels and flood plains of the Avon River. Subsurface conditions throughout 

the CBD and Christchurch can be characterized as having highly variable, 

alternating deposits of sands and gravels with overbank deposits of silty soils 

(Bray et al., 2015). The water table throughout the area is relatively shallow, 1-3 

meters below the ground surface (Bray et al. 2015).  
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Approximately 20,000 homes were identified to have experienced some degree 

of damage and approximately 7,000 of those homes were deemed uninhabitable 

due to the severity of the damage incurred (Henderson 2013). Reconnaissance 

teams performed detailed inspections of these homes and areas subjected to the 

effects of liquefaction. These detailed inspections focused on level of 

subsidence, degree of tilting and any noticeable damage incurred to the 

foundation and superstructure (Henderson 2013). 

 

 
Figure 2-3: Severity of Liquefaction-Induced Damage within Christchurch after February 22, 2011 

Event. (Henderson 2013) 

 

In addition, these inspections led to the development of a qualitative system of 

seven groupings that defined the severity of damage to foundations and 

structures, ultimately defining a “red zone”, where reconstruction of damaged 

structures was no longer feasible. These groupings also included three “technical 

land categories” to assist in repair and reconstruction; where each category is 
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based on severity and potential for future liquefaction-induced damage effecting 

performance of foundations (van Ballegooy 2014). In the case of van Ballegooy 

et al. 2014, the field reconnaissance was conducted to assist in insurance 

compensation purposes given the scale of homes effected by liquefaction-

induced damage. Figure 2-4 presents the liquefaction-induced damage resulting 

from the February 22, 2011 event. Considerable amounts of sediment ejecta can 

be seen in addition to the water inundation of homes resulting from liquefaction. 

 

 
Figure 2-4: Liquefaction-Induced Damage Christchurch (van Ballegooy 2014) 
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2.2 Prior Experimental Studies 

Liu and Dobry (1997) 

Liu and Dobry (1997) conducted 8 centrifugal tests that investigated the seismic 

response of shallow foundations on liquefiable soil. Two series of experiments 

were conducted that evaluated the settlement of shallow foundations subjected 

to soil liquefaction; Series C focused on varying the depth of compaction of soil 

beneath the model foundation while Series G investigated the effects of soil 

permeability on seismic response. Series C utilized vibrocompaction methods to 

vary the depth of compaction for five model tests (C0 through C4). Test C0 

served as a base model for the case of zero compaction. Series G focused on 

effects of different cohesionless grain sizes by employing a glycol solution in the 

centrifuge to model permeability of a finer grained soil. Three tests were 

performed for Series G (G0, G55 and G85). Each suffix for Series G represents 

the percentage of glycol present in solution for the centrifuge model. Series C 

testing was completed using a model footing, representative of a shallow 

foundation that induced a prototype dimensions and contact pressure of 

approximately 4.56 m and 100 kPa respectively. Series G testing was completed 

using a model footing, representative of a shallow foundation that induced a 

prototype dimensions and contact pressure of approximately 2.85 m and 122 kPa 

respectively. Liu and Dobry (1997) concluded in Series C that as the compaction 

depth increased, so did the acceleration of the building footing during shaking. 

With increased compaction and footing acceleration, the settlement of the 

building decreased as well. Series G showed that with decreasing grain size, or 
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decreasing permeability, the dissipation of excess pore water pressure 

increases. Series G also suggest that with decreasing soil permeability in sands, 

post-liquefaction settlement is likely to increase. The data for each series were 

validated by comparing the results to the bounds presented in Figure 2-5. Figure 

2-5 presents two plots, the first plot is the data set from two historic earthquakes 

(1964 Niigata and 1990 Luzon) where liquefaction-induced settlement was 

prevalent. Each event allowed researchers to document first-hand the degree of 

settlement for varying widths of foundations. The data resulted in the two 

bounded curves and is commonly used today to compare liquefaction-induced 

settlement data. The curves suggest based on observations that settlement is 

proportional to the foundation width. The second plot in Figure 2-5 presents the 

results of both the Series C and G experiments.  Series C data clearly shows that 

with increasing compaction of soils and reduction in thickness of liquefiable layer, 

the settlement is decreased. Series G shows that results without ground 

improvement fall within the bounds of previous observations.  
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Figure 2-5: Normalized Settlement versus Normalized Building Width for Centrifuge Testing (Liu 

and Dobry 1997) 

 

Dashti et al. (2010a) 

Current state of practice in estimating liquefaction-induced settlement is to use 

procedures that evaluate postliquefaction settlement in the free-field 

environment. However, recent earthquakes have shown that seismically induced 

settlement for buildings on shallow foundations can be considerably larger. 

Dashti et al. (2010a) have identified the need to identify the key mechanisms 

involved in liquefaction-induced building settlement.  A series of centrifuge 

experiments evaluating model buildings on shallow foundations seated over a 

layered liquefiable stratum were performed to identify those key mechanisms. 

Each test included three model foundations A, B and C. Model foundation A 

represented a two-story structure, Model B represented a two-story structure with 

wider footprint and Model C represented a four-story structure. Contact 

pressures for Models A, B and C ranged from 80, 80 and 130 kPa respectively. 
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Dashti et al. (2010a) indicated through the results of the centrifuge testing that 

building settlement is not directly proportional to the thickness of the liquefiable 

layer. Additionally, the results show that the majority of settlement occurs during 

strong shaking with minimal settlement occurring as a result of postliquefaction 

excess pore water pressure dissipation. Past investigations of the relationship 

between building settlement and liquefaction have identified other important 

factors such as intensity of shaking, relative density of soils, thickness of 

liquefiable deposits and contact pressure of the structure in question. Commonly, 

these parameters, excepting contact pressure, are used in the 1D free-field 

liquefaction settlement procedures proposed by Tokimatsu and Seed (1987); 

Ishihara and Yoshimine (1992). Dashti et al. (2010a), however, point out that 

these procedures ignore the partial drainage that occurs during strong shaking 

and important deviatoric strain mechanisms. It was observed during testing that 

partial drainage existed both horizontally and vertically away from each model 

building in response to the increased pore pressures, while each model footing 

generated a soil-structure cyclic response in both inertial forces and pore water 

pressure. Bray et al. (2014) also noted that settlement of the building occurred 

linearly with duration of shaking and dramatically decreased upon cessation of 

shaking. Significant settlements were also observed in the free-field during 

shaking suggesting partial drainage. Lastly, Dashti et al. (2010a) concluded that 

for each scenario in centrifuge testing, static and dynamic deviatoric-induced 

movements in combination with sedimentation and localized volumetric strains 

due to partial drainage during earthquake shaking were responsible for most of 
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settlements measured in the experiments. Similar inferences can be assumed for 

the case of free-field settlement excluding the influence of static and deviatoric-

induced movements. In Figure 2-6, Dashti et al. (2010a) expand on the previous 

results from the Liu and Dobry case study in an attempt to validate their data. 

Normalized results in this plot do not show good agreement with the Lui and 

Dobry centrifuge tests. It should be noted that the contact pressure for the Dashti 

experiments were quite large, on the order of 80 and 130kPa which is not 

characteristic of a shallow lightly loaded foundation. 

 

 
Figure 2-6: Normalized Foundation Settlements of Dashti Centrifuge Experiments (Dashti et al. 

2010a) 
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Dashti et al. (2010b) 

Dashti et al. (2010b) further elaborates on their previously published research. 

The author further iterates that estimating postliquefaction settlement in the free-

field is not an appropriate measure to evaluate settlement of buildings founded 

over liquefiable soils. Dashti et al. (2010a) performed centrifuge experiments to 

identify controlling mechanisms governing seismically-induced settlement of 

buildings with rigid mat foundations over thin layers of liquefiable soils. To further 

understand the controlling mechanisms of settlement, specific mitigation 

techniques were employed on each model in an attempt to isolate selective 

parameters. Dashti et al. (2010b) observed that denser liquefiable soils lead to 

increased stiffness and thus decrease likelihood of bearing failure. However, an 

increase in relative density of liquefiable soil, also leads to an increase in 

demand on the structure, thus promoting ratcheting of the soil-structure. 

Ratcheting can be described as an accumulation of strain during each cycle 

during strong ground motion. Results of these experiments have revealed that 

the initiation, rate and amount of liquefaction-induced building settlement follow 

the rate of ground shaking intensity. The shaking intensity rate (SIR) can be 

measured as the slope of the arias intensity at its strongest time of shaking. 

Dashti et al. (2010b) surmise that the SIR along with other key parameters may 

be useful in developing a framework for estimating liquefaction-induced building 

settlement. Specific mitigation strategies were implemented in each model to 

reduce influence of certain key parameters while isolating others. Latex water 

barriers were installed on some model perimeters to reduce horizontal flow of 
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water while more rigid structural walls were used to reduce effects of shear-

induced deformations and volumetric strains. Each subsurface remediation 

reduced overall settlement of the model building. 

 

 
Figure 2-7: Comparison of Settlement Rate to Shaking Intensity Rate with Increasing Relative 

Density (Dashti et al. 2010b) 

Bray and Dashti (2014) 

Liquefaction-induced ground displacement has contributed greatly to differential 

movements of buildings founded in liquefiable soils during earthquakes. 

Settlement based damage has been observed in buildings that experience 

punching, tilting and lateral sliding as a result of bearing failure. Bray and Dashti 

(2014) have observed in previous centrifuge experiments that much of the 

building movement occurs during earthquake strong shaking. Bray and Dashti 
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(2014) further clarify that shear-induced movements resulting from shaking-

induced ratcheting of the buildings into the softened soil and volumetric-induced 

movements due to localized drainage in response to high transient hydraulic 

gradients during shaking are important effects that are not captured in most 

design procedures. More specifically, importance of each mechanism are 

dependent upon earthquake motions, the liquefiable soil and structure. These 

mechanisms are further dependent upon the shaking intensity rate (SIR) of the 

ground motion. Sediment ejecta, resulting from dissipation of excess pore water 

pressure, tended to have more of an influence on building settlement when 

founded over shallow thin deposits of liquefiable material. Bray and Dashti (2014) 

have identified that the dominant mechanisms for many cases of liquefaction-

induced settlement are, sediment ejecta, foundation ratcheting, bearing failure 

due to soil strength loss and localized volumetric strains resulting from transient 

hydraulic gradients. Building settlement was also observed to increase 

significantly after Ru  1 with minor contributions in consolidation-induced 

volumetric strain after shaking had ceased. Lastly, Bray and Dashti (2014) 

reassert that current engineering practices use an empirical based solution to 

estimate liquefaction-induced settlement for free-field conditions. The empirical 

approach does not take into consideration other dominant key parameters that 

contribute to liquefaction settlement of structures during seismic loading events. 

Although a simplified approach currently does not exist, Bray and Dashti (2014) 

provide recommendations to help guide the engineer in performance-based 

engineering assessment. Bray and Dashti (2014) recommend performing a well-
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calibrated, nonlinear, effective stress, dynamic analysis to provide further insight 

into the problem and has been implemented with reasonably well results using 

the UBCSAND model within FLAC-2D. Figure 2-8 presents the Liquefaction-

induced displacement mechanisms typically of a structure during seismic events. 

These movements contribute to development of deviatoric and volumetric strains.  

 

 
Figure 2-8: Liquefaction-Induced Displacement Mechanisms (Bray and Dashti 2014) 

 

Rasouli et al. (2015) 

Liquefaction-induced settlement of lightly loaded structures, such as residential 

properties, in liquefaction prone areas is very common. To date, cost-effective 

solutions in mitigation of these settlements is not very prevalent. Rasouli et al. 

(2015) performed a series of 1-g shake table experiments that investigated the 
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performance of sheetpile walls as a potential mitigation strategy in reducing 

settlements experienced from the effects of liquefaction. It was believed that by 

restricting the lateral displacement of liquefiable soils during earthquake events, 

the overall settlement of structures founded within the perimeter of those 

sheetpile walls could be reduced.  

 

The study focused specifically on four scenarios of evaluation; (1) Baseline (no 

mitigation employed), (2) Full embedment of sheetpiles in a non-liquefiable 

bearing layer, (3) Staggered embedment of sheetpiles into non-liquefiable 

bearing layer and (4) Half-length embedment of sheetpiles terminating in 

liquefiable soils. In addition, evaluations were conducted that compared degree 

of settlement resulting from different depths of ground water table (shallow vs. 

deep). Rasouli et al. observed that in all cases that lower groundwater table, or 

non-liquefiable surface layer, the ultimate settlement is reduced. Sheetpiles with 

non-liquefiable surficial layers tend to increase the fixity of the sheetpile system 

and protect the foundation against settlement (Rasouli et al. 2015).  

Continuous sheetpiles were observed to delay the generation of excess pore 

water pressure ultimately offsetting the initiation of liquefaction-induced 

settlement. Rasouli et al. (2015) surmised that this is beneficial for cases of 

weaker shaking. Cases of staggered embedment of sheetpile systems into 

bearing stratum also showed a delay in generation of excess pore water 

pressure. However, the staggered approach did not restrict lateral movement of 

liquefiable soil and in some cases was observed to increase the degree of 
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settlement. Cases of half-length embedment of sheetpile walls into the 

subsurface showed no reduction in liquefaction-induced settlement. Lastly, 

Rasouli et al. (2015) touch on the subject of post-liquefaction settlement in 

structures. It was observed during some evaluations that thin pockets of water 

developed within the liquefiable stratum beneath the foundation as a result of the 

large excess pore water pressures. As the pressures dissipated after cessation 

of shaking the settlement of the model structure continued.  

 

2.3 Current Practices in Estimating Liquefaction Induced Free-Field 

Settlements 

According to Kramer (1996) the tendency of sands to densify when subjected to 

earthquake loading is well documented. The process of densification, or 

settlement, frequently causes distress to structures and foundations. However, 

reasonably approximate estimations of this settlement have proven to be 

complex. Several semi-empirical methods have been developed to evaluate 

settlement of sands subjected to earthquake loadings (Tokimatsu and Seed 

1987; Ishihara and Yoshimine 1992). These semi-empirical methods are derived 

largely from theory in liquefaction susceptibility based on the relationship 

between cyclic stress and cyclic resistance ratios. Theory and practice of 

evaluating liquefaction resistance has more recently been discussed by leading 

practitioners, providing new recommendations and updates to current standards 

of practice (Youd et al. 2001; Idriss and Boulanger 2004). 
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Tokimatsu and Seed (1987) 

Tokimatsu and Seed propose a simplified approach in evaluating settlement of 

saturated and unsaturated sands subjected to earthquake loading. This simplified 

method of analysis considers the cyclic stress ratio and maximum shear strain to 

be the primary controlling factors of liquefaction-induced settlement for saturated 

sands. Additionally, the relative density of the soil or standard penetration value 

(N-value) along with earthquake magnitude also contribute to the degree of 

settlement. Tokimatsu and Seed present observed settlements at 6 sites and 

compare those observations with the predictions using their simplified approach. 

Results of these observations compare well with the predictive chart presented in 

Figure 2-9. Tokimatsu and Seed noted that, under static conditions, this 

predictive analysis can pose error on the order of 25-50%. They further point out 

that this method becomes less reliable when considering more complex soil 

conditions associated with earthquake loadings. Use of this method can be 

considered a first case approximation in evaluating settlement of saturated sands 

based on volumetric deformations. 

 

The following equations (2.1 through 2.4) are used when evaluating the 

settlement for clean saturated sands in conjunction with Figure 2-9. Figure 2.9 is 

an empirical chart that relates the cyclic stress ratio and corrected standard blow 

counts to a corresponding volumetric strain. 
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Cyclic Shear Stress                     

𝜏𝑐𝑦𝑐 = 0.65 ∗ (
𝑎𝑚𝑎𝑥

𝑔
) ∗ 𝜎𝑜 ∗ 𝑟𝑑      (2.1) 

amax = Maximum horizontal acceleration at the ground surface 

σo = Total overburden stress at target depth 

rd = Stress reduction factor 

 

Cyclic Shear Stress Ratio            

𝐶𝑆𝑅 =
𝜏𝑐𝑦𝑐

𝜎𝑜′
                              (2.2) 

σo’ = Effective overburden stress at target depth 

 

SPT N-Value – Normalized to an effective overburden pressure of 1 tsf and effective drill rod 

energy equal to 60%. 

(𝑁1)60 = 𝐶𝐸𝑅 ∗ 𝐶𝑁 ∗ 𝑁                 (2.3) 

CER = Correction factor for drill rod energy during SPT. 

CN = Correction factor for effective overburden pressure.  

 

Free-Field Settlement 

∆𝐻 =  𝜀𝑣 (%) ∗ 𝐻                            (2.4) 

εv = Volumetric Strain (%) 

H = Thickness of Liquefiable Layer 
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Figure 2-9: Volumetric Strain for Clean Saturated Sands (Tokimatsu and Seed, 1987) 

 

Ishihara and Yoshimine (1992) 

Ishihara and Yoshimine (1992) evaluated laboratory data on sands tested using 

a simple shear apparatus. The results of this evaluation were used to generate a 

series of curves defining volumetric strains resulting from the dissipation of pore 

water pressures. Ishihara and Yoshimine (1992) further correlated these 

volumetric strains to the relative density of sand and factor of safety against 

liquefaction. Similar to the original methodology presented by Tokimatsu and 

Seed (1987), Ishihara and Yoshimine (1992) augmented the methodology to 

include the factor of safety. According to Ishihara and Yoshimine (1992), the 

factor of safety considered using the maximum shear strain is a key parameter in 
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identifying changes in volumetric strain. These volumetric strains and their 

corresponding relationships with relative density can be used to estimate the 

probable liquefaction induced settlement for a given site by integrating the 

volume changes for each subsurface layer. Ishihara and Yoshimine (1992) used 

the proposed methodology to compare estimated liquefaction induced settlement 

for sites damaged during the 1964 Niigata earthquake. They conclude that the 

methodology enables an approximate estimate of liquefaction-induced 

settlements resulting from postliquefaction volumetric strains. 

 

The following equations (2.5 through 2.10) are used when evaluating the 

settlement for clean saturated sands in conjunction with Figure 2-10.  

 

Cyclic Shear Stress                     

𝜏𝑐𝑦𝑐 = 0.65 ∗ (
𝑎𝑚𝑎𝑥

𝑔
) ∗ 𝜎𝑜 ∗ 𝑟𝑑                    (2.5) 

amax = Maximum horizontal acceleration at the ground surface 

σo = Total overburden stress at target depth 

rd = Stress reduction factor 

 

Cyclic Shear Stress Ratio            

𝐶𝑆𝑅 =
𝜏𝑐𝑦𝑐

𝜎𝑜′
                                        (2.6) 

σo’ = Effective overburden stress at target depth 
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Cyclic Shear Stress Ratio (Liquefaction) 

𝐶𝑆𝑅𝐿 = 𝐶𝑆𝑅𝑀7.5 (𝑀𝐶𝐹)                    (2.7) 

CSRM7.5 – CSR from equation 2.6, representative of a M7.5 event. 

MCF – Magnitude Correction Factor = 1.0  

 

Factor of Safety (Liquefaction) 

𝐹𝑆𝐿 =
𝜏𝑐𝑦𝑐,𝐿

𝜏𝑐𝑦𝑐
                                       (2.8) 

 𝜏𝑐𝑦𝑐, 𝐿 = CSRL* σo’ 

 

SPT N-Value – Normalized to an effective overburden pressure of 1 tsf and effective drill rod 

energy equal to 60%. 

(𝑁1)60 = 𝐶𝐸𝑅 ∗ 𝐶𝑁 ∗ 𝑁                                 (2.9) 

CER = Correction factor for drill rod energy during SPT. 

CN = Correction factor for effective overburden pressure.  

 

Free-Field Settlement 

∆𝐻 =  𝜀𝑣 (%) ∗ 𝐻                                         (2.10) 

εv = Volumetric Strain (%) 

H = Thickness of Liquefiable Layer 

 

Figure 2-10 is an empirical chart based on similar correlations to Tokimatsu and 

Seed. However, Figure 2-10 uses the cyclic stress ratio to estimate the factor of 

safety against liquefaction and relates it to the corrected standard blow count, 
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relative density of soil or tip stress using (CPT) to derive an estimate volumetric 

strain. 

 
Figure 2-10: Volumetric Strain as a Function of Factor of Safety (Ishihara and Yoshimine, 1992) 

 

Youd et al. 2001 

Standard practice for evaluating liquefaction resistance of soils has commonly 

employed a “simplified approach” originally investigated and proposed by Seed 

and Idriss (1971). Youd and Seed stated that the largely empirical method has 

not undergone any general peer review nor updates to the procedure. A 

sponsored workshop was conducted in 1996 by the National Center for 

Earthquake Engineering Research (NCEER) to discuss developments and 
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implement improvements to the simplified approach. Recommendations were 

developed for the following topics. (a) criteria based on standard penetration 

tests, (b) criteria based on cone penetration tests, (c) criteria based on shear 

wave velocity measurements, (d) use of the becker penetration test for gravelly 

soil, (e) magnitude scaling factors, (f) correction factors for overburden pressures 

and sloping ground, (g) input values for earthquake magnitude and peak 

acceleration.  

 

The workshop participants proposed the following equations for determining the 

mean stress reduction factor when evaluating the cyclic stress ratio (CSR). The 

following equations (2.11 and 2.12) are recommended for noncritical and routine 

practice.  

 

Stress Reduction Factors 

𝑟𝑑 = 1.0 − 0.00765𝑧 (𝑓𝑜𝑟 ≤  9.15𝑚)                                (2.11) 

 

𝑟𝑑 = 1.174 − 0.0267𝑧 (𝑓𝑜𝑟  9.15𝑚 < 𝑧 ≤ 23𝑚)                (2.12) 

 z = depth below ground surface in meters. 

 

In regards to the CSR, the workshop also proposed an updated plot for clean 

sands for a Magnitude 7.5 earthquake. The following plot presented in Figure 2-

11, recommended limiting the low end of the CSR at 0.05 for lower values of 

(N1)60. Additionally, they also provide recommendations to updating the 



 31 

estimation of (N1)60 through a series of corrections that account for hammer 

energy ratio, borehole diameter, rod length and sampler corrections. Most 

importantly there is also a correction factor for overburden stress. The following 

equation presents the proposed correction factors. 

 

 
Figure 2-11: SPT Clean-Sand Base Curve for Evaluating Cyclic Stress Ratio (Youd et al., 2001) 
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SPT N-Value – Normalized to an effective overburden pressure of 1 tsf and effective drill rod 

energy equal to 60%. 

(N1)60 = 𝑁𝑚 ∗ 𝐶𝑁 ∗ 𝐶𝐸 ∗ 𝐶𝐵 ∗ 𝐶𝑅 ∗ 𝐶𝑆                       (2.13) 

NM = Measured standard penetration resistance 

CN = Correction factor to normalize NM to common reference overburden stress. 

CE = Correction factor for hammer energy ratio. 

CB = Correction factor for borehole diameter 

CR = Correction factor for rod length 

CS = Correction for SPT samplers with or without liners 

 

The magnitude scaling factor is also an important factor when evaluating the 

liquefaction resistance of soils. The simplified methods and recommendations 

discussed in Youd et al. 2001 were intended to put qualitative measures for an 

earthquake representative of a M7.5 event. The recommended revised 

Magnitude Scaling Factors based on the moment magnitude are presented in 

Figure 2-12. 
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Figure 2-12: Recommended Magnitude Scaling Factors (MSF) (Youd et al., 2001) 

 

2.4 Shake Table Testing Model Similitude 

According to Kramer (1996), shake table testing has been used in geotechnical 

research for quite some time. Shake table testing allows for the model to be 

viewed from many perspectives during testing and can be constructed for many 

different sizes. Depending on the facilities available, shake tables can be so large 

that they allow for testing of soils and structures in prototype “actual” scale. 

However, this is not very common and therefore testing usually requires 

evaluations be completed on a scaled model with soil conditions at much lower 

in-situ stress levels. As a result, correction procedures have been developed to 

aid in the interpretation of shaking table test results (Kramer 1996). These 

correction procedures applied are known as the law of similitude.  
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The laws of similitude govern the scaling of specific parameters for a model 

whose corresponding dynamic behavior the model is trying to reproduce 

(Towhata 2008). The law provides basic scaling factors that consider geometry, 

stresses and strains for both soils and structures as well as dynamic behavior. Iai 

(1989) developed a theoretical consideration for similitude for shaking table tests 

of saturated soil-structure-fluid systems in the 1-g gravitational field. This theory 

was based on the basic equations that govern the equilibrium and the mass 

balance of soil skeleton, pore water and structures. Table 2-1 presents the 

scaling factors considered in our experimental evaluation using a 1-g shake 

table. Similitude for 1-g shake table tests assumed the special case as presented 

in Iai (1989) where the scaling factor for density of testing medium was assumed 

to be equal to 1. This is a reasonable assumption for soils.  
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Table 2-1: Similitude for 1-g Shake Table Tests (Adapted from Iai, 1989) 

Parameter Item Scaling Factors 

x Length λ 

ρ Density of Saturated Soil 1* 

ε Strain of Soil λ 0.5 

t Time λ 0.75 

σ Total and Effective Stress λ 

p Pore-Water Pressure λ 

ü Acceleration of Soil or Structure 1 

EI Flexural Rigidity λ 3.5 

EA Longitudinal Rigidity λ 1.5 

 

Lastly, consideration is being given towards the density of the soils utilized in 

shake table testing. Table 2-1 assumes that the density of the soil has a scale 

factor equal to one, meaning that the model and prototype densities are equal. 

However, discussion has arisen if testing would be more accurate to prototype 

conditions by considering the shape of the stress-strain curve and dilatancy in 

model tests under low-effective stresses rather than assuming equal soil density 

(Towhata 2008). The brittleness index is a quantitative measure of the difference 

between peak and residual shear stress in relation to the peak shear stress. 

Research has identified through ring shear testing that confining stress plays an 

important role when choosing an appropriate relative density between prototype 

and model scales. The following Figure 2-13 presents the results of an 

experimental study that evaluated strength softening of soils. According to 
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Towhata (2008) the results of the study concluded that strength softening is a 

result of pore water pressure and soil dilatancy. Towhata further defines that soil 

dilatancy is influenced by both stress and density. Therefore consideration 

should be given when using 1-g shake table models of a scaled size because the 

stresses will not be representative. 

 

 
Figure 2-13: Combination of Relative Density and Effective Stress Level (Towhata, 2008) 
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Chapter 3 Test Procedures and Materials 

3.1 Soil Container 

Each experiment utilized a transparent soil box fitting the dimensions of 6.7 feet x 

2.1 feet x 2.7 feet (length - width - height). The box was constructed of 1-inch 

thick lexan and reinforced along the corners by a rigid steel frame. Two valves 

were installed near the base of the box, allowing for saturation of the soil medium 

prior to testing. The inside base of the soil box contained 1-inch thick spacers 

and a perforated 0.25-inch thick acrylic sheet. The perforated acrylic sheet 

assisted in allowing the soil medium to be drained upon completion of each test. 

The inside of the soil container was fit with thin sheets of plexiglass. A grid 

pattern was marked on each plexiglass sheet with the dimensions of 5 by 10-cm 

and was used to make observations in settlement of the surface and placement 

of instrumentation. Lastly, the inside ends of the soil container were fit with 3-inch 

thick high density foam pads to reduce boundary effects during experimentation. 

Figures 3-1 presents the soil tank with corresponding dimensions utilized for 

experimental evaluations.  
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Figure 3-1: Soil Tank Dimensions 

Figure 3-2 presented below shows our soil model consisting of two 1-foot thick 

layers of sand (non-liquefiable and liquefiable). 

 

 
Figure 3-2: Soil Tank used in Experimental Evaluations 

 

6.7 ft

2
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3.2 Shake Table Fabrication 

A simple constructed shake table was utilized to perform the majority of our 

experimental evaluations. The table consisted of two 2-inch thick pieces of 

plywood separated by three equally spaced vertical support members (VSM) 

constructed of steel. The outer VSM were 1/16-inch in thickness and the center 

VSM was 1/8-inch thickness. The table was designed to seat the soil container 

with input motion being induced by displacing the top half of the table in relation 

to the bottom half of the table. The table was designed for approximately 1-inch 

of displacement and produce a frequency of 5-6 Hz. Configuration of the shake 

table and fabrication are presented in the following Figures 3-3 and 3-4. Figure 3-

3 presents the bottom half of the shake table and VSM used to support the top 

half of the table.   
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Figure 3-3: Fabrication of Shake Table 

 

 

Figure 3-4: Construction of top half of Shake Table 
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3.3 Shake Table Evaluations 

Throughout the course of our research, three separate methods of shaking were 

employed to apply input-motions to the soil container. The first method utilized a 

simple 1-g manual shaking table. The second method, in an attempt to induce 

more consistent input motions, incorporated an eccentric-mass shaker to the 

shake table. The third method was performed using the facilities at the 

Earthquake Engineering Laboratory located at the University of Nevada, Reno.  

 

3.3.1 Manual Shaking 

Displacement or input shaking motion was implemented by inducing a horizontal 

force on the soil container for a specified duration. Repeatability of generating 

identical input acceleration characteristics between experiments presented 

challenges when applying shaking through means of manual shaking.   

 

3.3.2 Eccentric Mass Shaker 

In an effort to produce more consistent input motions for the experimental 

evaluations, an eccentric-mass shaker was installed on the shake table. An 

eccentric-mass shaker consists of a series of counter-rotating weights that are 

able to induce motions ranging from purely horizontal direction to purely vertical 

direction. The University of Nevada, Department of Civil and Environmental 

Engineering purchased the eccentric-mass shaker from ANCO in 1991. It is a 

Model # MK-12.2-49 and produces a maximum eccentricity of 49 lb-in over a 

range of 0 – 40 Hz. The mass shaker is capable of producing a maximum 
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allowable force of 8,000 lbs. Figure 3-5 presents the inner workings of the 

eccentric-mass shaker. The counter rotating weights and shafts are protected by 

a thick aluminum housing and have been adjusted to induce a purely horizontal 

force.  

 

 
Figure 3-5: ANCO Eccentric-Mass Shaker 

 

The intent in utilizing the eccentric-mass shaker was to produce more consistent 

input motions and thus reliable experimental results. Upon implementation, it was 

noted that the mass shaker was unable to induce liquefaction in the soil container 

at full capacity (2 feet of soil as presented in Figure 3-1). Therefore, the soil 

model was reduced by half to be able to induce liquefaction. As a result the soil 

model consisted of two 0.5 foot thick liquefiable and non-liquefiable layers.   
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3.3.3 Earthquake Engineering Laboratory (EEL) 

The University of Nevada, Reno is home to one the largest full scale earthquake 

simulation laboratories in the world. The new building was opened in the summer 

of 2014 and includes a 10,000 square foot facility that hosts three-biaxial shake 

tables and one 6-degree-of-freedom-shake table 

(http://www.unr.edu/cceer/facilities-and-equipment/earthquake-laboratory). One 

experimental evaluation was completed using one of the biaxial shake tables 

located in the EEL and is presented in Figure 3-6. Each biaxial table has the 

dimensions of 14 feet x 14.5 feet and is capable of displacing a 50-ton payload to 

a peak acceleration of 1g. Each table is operated by a series of hydraulic 

actuators with operating frequencies ranging from 0 – 50 Hz.  

 

 
Figure 3-6: Biaxial Shake Table with Soil Container Located in EEL. 
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3.4 Liquefaction Testing Medium 

The experimental evaluation utilized a fine to medium grained, poorly graded 

sand as our testing medium (D50 ≈ 0.32mm, Cu ≈ 1.75, Cc ≈ 1.04, emin ≈ 0.73, 

emax ≈ 1.01). The locally sourced material, Sierra Silica #60 Mesh, was 

purchased from Basalite located in Sparks, Nevada. Figure 3-7 presents the dry 

material ready for placement in the soil container. Figure 3-8 presents the 

average grain size characteristics of Sierra Silica #60Mesh. 

 

 
Figure 3-7: Sierra Silica #60 Mesh in Storage Container 
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Figure 3-8: Average Grain-Size Distribution of Sierra Silica #60 Mesh 

3.5 Construction of Liquefaction Evaluation Model 

Each test was prepared by first constructing a moisture conditioned non-

liquefiable layer. The non-liquefiable layer was conditioned to 5% moisture and 

then compacted in lifts within the base of the transparent soil box to a uniform 

thickness of 1.0 foot as presented in Figure 3-9.  
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Figure 3-9: Preparation of Non-Liquefiable Layer 

 

Saturation of the non-liquefiable layer was then completed through use of a 

spigot located at the base of the soil box. Water was slowly introduced into the 

box, thus saturating the soil from the bottom up. Saturation continued until a 

sufficient height of standing water resided over the non-liquefiable layer, typically 

0.5 feet or half the model liquefiable stratum thickness. The liquefiable layer was 
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then constructed by means of dry pluviation. The sand was poured over a fine 

mesh screen situated over the transparent box assisting in uniform deposition 

and complete saturation of the liquefiable layer through the standing water. The 

phreatic surface, in each test, was located at the surface of the liquefiable layer. 

Figure 3-10 presents the soil model with the dense layer constructed and 

saturation completed and prior to construction of the liquefiable layer by means 

of pluviation through water. 

 

 
Figure 3-10: Soil Tank with Prepared Saturated Dense Layer Prior to Placement of Liquefiable 

Layer. 

 

3.6 Instrumentation 

Each experiment utilized a combination of instrumentation to assess behavior in 

ground acceleration, generation of excess pore water pressures and settlement 

behavior of model buildings. Table 3-1 summarizes the type, model number and 

quantity of instrumentation used during the final configuration of the experimental 

evaluations. Input and model accelerations were measured using a single-axis 
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accelerometer capable of accelerations of up to 4g. Porewater pressure was 

measured using a pressure sensor cell modified to withstand submersed 

conditions. The pressure cell was housed in a plastic cylinder and waterproofed 

using a clear silicon glue. As an additional precaution, each sensor was then 

inserted into a thin membrane finger-cot. Displacement of model structures 

during testing was measured using a LVDT and is capable of measuring 

displacements up to approximately 4 inches. Figures 3-11 through 3-13 present 

the instrumentation used in the experimental evaluations and summarized in 

Table 3-1. 

 

Table 3-1: Instrumentation used in Experimental Evaluation 

Instrument Type Make Model No. Quantity 
Accelerometers Memsic CXL04GP1 6 

LVDT Novotechnik TR-0100 3 

Pressure Cells Baystar Electrument BH19MM 4 

 

 

 
Figure 3-11: Memsic Accelerometers used in Experimental Evaluations. 
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Figure 3-12: Pressure Sensor Cells used in Experimental Evaluations. 

 

 
Figure 3-13: Typical LVDT used in Experimental Evaluations. 

 

The following schematic presented in Figure 3-14 shows the orientation of each 

instrument for each experimental configuration. The schematic includes two 
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distinct soil layers differentiated by relative density and two model footings on 

either end with the free-field condition located at the center. 

 

 
Figure 3-14: Schematic of Soil Profile and Instrumentation Layout 

 

3.6 Foundation Models 

3.6.1 Model Rigid Shallow Foundations 

The model structures used in each experiment consisted of circular concrete 

footings of an equivalent approximate contact pressure of 12.5 psf. Model 

contact pressures were based on the average loading combinations (dead and 

live load) for a single family residence of approximately 125psf (Perko, 2009). 

Further discussion on scale of the model contact pressure was discussed in 

chapter 2 under similitude and further in Chapter 4. These footings represented 

the model buildings for two scenarios (1) unsupported rigid mat foundation (2) 

rigid mat foundation supported on helical piles. Figure 3-15 presents the range in 

foundation model sizes utilized in the experiments. Foundation model sizes 

included in the experimental evaluations were 3, 4.5, 6, 8 and 10-inch in 

diameter. The models supported by helical piles are aligned along the bottom 

1.0 ft
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portion of the figure. To maintain consistent measurement of building settlement, 

each model was marked to note north, east, south and west corners. In addition, 

one model was embedded with steel spacers which allowed each model to be 

supported on helical piles which are discussed in the following section. One 

accelerometer was secured to each footing in addition to a frictionless plate used 

to accommodate the needle on the displacement transducer.  

 

 
Figure 3-15: Foundation Models Utilized in the Experiments 

 

3.6.2 Model Helical Pile Foundations 

Some experiments evaluated settlement of model structures founded on helical 

piles. Helical piles consist of a slender shaft and contain a helix at the tip. These 

piles are advanced into the ground by application of torque to a target depth, 

usually a more competent bearing layer. Figure 3-16 presents the model helical 

piles used in our experiments. Each helix was constructed using a 3-dimensional 

(3D) printer located at the University of Nevada, De La Mare Library. Use of a 3D 

printer ensured fabrication of true helices. These helices were secured to a solid 
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aluminum shaft using a heavy grade clear epoxy capable of withstanding 

saturated conditions. Each helical pier was advanced to target depth into the 

model subsurface using a drill set to a nominal torque setting. The model footing 

with steel sleeves could then be placed over the aluminum shafts. Small rubber 

O-rings were placed over each shaft and used to secure the model structure to 

each shaft. Each helical pile was 22 inches in length to accommodate different 

bearing depths based on liquefiable layer thickness and was equipped with a 

single 1.2-inch diameter helix at the tip. 

 

 
Figure 3-16: Model Helical Pile Foundations Utilized in the Experiments 
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3.6.3 Model Similitude 

Our model was configured using the similitude laws defined by Iai (1989) and 

presented in Chapter 2. Each experiment assumed a scaled factor of similitude 

equal to 10. Our scaled model factors are presented below in Table 3-2. 

 

Table 3-2: Similitude Laws for 1-g Shake Table Tests (λ = 10, scaling ratio in this study) 

Variable Model Prototype 

Length x 1
𝜆 ⁄  1 

Density of Soil/Water  ρ 1 1 

Strain of Soil ε 1
𝜆 0.5⁄  1 

Time t 1
𝜆 0.75⁄  1 

Total and Effective 

Stress 

σ 

σ’ 

1
𝜆⁄  1 

Pore-Water pressure p 1
𝜆⁄  1 

Acceleration ü 1 1 

Flexural Rigidity EI 1
𝜆 3.5⁄  1 

Longitudinal Rigidity  EA 1
𝜆 1.5⁄  1 

 

Table 3-3 presents the similitude for material properties used to construct the 

helical piles and implemented in the experimental evaluations. Solid aluminum 

rods were chosen in lieu of aluminum tubing to more closely match flexural and 

longitudinal rigidity in similitude.  



 54 

Table 3-3: Material Properties of Helical Pile Foundation 

Material Aluminum 

Height (in) 22 

Diameter (in) 0.375 

E (ksi) 10,000 

I (in4) 0.00097 

 

Material properties for the helices on each helical pile are not presented. Specific 

material properties of the plastic used to print each 3D helix were not known and 

thus similitude could not be determined.  

 

3.6.4 Model Static Bearing Capacity 

Bearing capacity was determined for our benchmark model foundation. The 

benchmark foundation was 6-inches in diameter. Our calculation used the 

following equation 3.1 suggested by Meyerhof in determination of the general 

bearing capacity (Das 2015).  

𝑞u = 𝑐′(𝑁𝑐)𝐹𝑐𝑠(𝐹𝑐𝑑)𝐹𝑐𝑖 + 𝑞(𝑁𝑞)𝐹𝑞𝑠(𝐹𝑞𝑑)𝐹𝑞𝑖 + (
1

2
) 𝛾(𝐵)𝑁𝛾(𝐹𝛾𝑠)𝐹𝛾𝑑(𝐹𝛾𝑖)                                  

(3.1) 

 c’ = cohesion 

 q’ = effective stress at the level of the bottom of the foundation 

 γ = unit weight of soil 

 B = width of foundation (or diameter for a circular foundation) 

 Fcs, Fqs, Fγs = foundation shape factors  

Fcd, Fqd, Fγd = foundation depth factors 

Fci, Fqi, Fγi = foundation inclination factors 

Nc, Nq, Nγ = bearing capacity factors 
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Our calculation assumed the footing was founded directly on the ground surface 

with no depth of embedment. It also assumed that the water table was located at 

the surface. An angle of internal friction for the cohesionless sand in our model 

was assumed to be 30 degrees.  

 

The ultimate static bearing capacity of our benchmark model was determined to 

be approximately 180 psf. A factor of safety of 3 was used to determine an 

allowable bearing capacity. The allowable bearing capacity is 60 psf, which is 

greater than our model footing contact pressure. 

 

3.7 Experimental Testing Input Motions 

In addition to all instrumentation, all testing was documented by means of 

photographs and video. Initial and final conditions of each test included photos in 

profile and plan view as well as video in profile and plan view. 

 

3.7.1 Manual Shaking 

Experimental evaluations #1 through 9 and #30 through 52 were conducted 

using input motions generated by means of manual shaking. Each experiment 

completed using methods of manual shaking had a predominant frequency that 

ranged between 3-4 Hz. 
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3.7.2 Eccentric Mass Shaker 

Experimental evaluations #10 through 29 were conducted using input motions 

generated by the eccentric mass shaker. Each experiment completed using the 

eccentric-mass shaker had a predominant frequency that ranged between 4-5 

Hz. 

3.7.3 Earthquake Engineering Laboratory (EEL) 

Experimental evaluation #53 was conducted using input motions generated by 

the biaxial shake table located in the EEL. The biaxial shake table utilized a 

historic earthquake record, commonly used in seismic testing and evaluations. 

We used the El Centro 1979 record and scaled it to 0.25g. It is important to note 

that because we only performed one test on the biaxial shake table, we were not 

able to calibrate the table to achieve a perfectly scale input motion. As a result 

our input motion was slightly larger. 
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Chapter 4 Experimental Program 

4.1 Model Configuration and Preparation 

Our initial model configuration was derived from a project located in South Lake 

Tahoe, Nevada (Figure 4-1). Project specific information was provided by the 

local foundation design company VersaGrade (a subsidiary of RamJack) and is 

located in Sparks, Nevada. The Landing Resort and Spa (formerly the Edge 

Resort and Spa) was undergoing facility upgrades and facility improvements to 

existing structures. These upgrades consisted of construction of a new one-to-

two story resort administration building and an additional two story maintenance 

building. In the project geotechnical report, completed by HEM Consulting, LLC., 

liquefaction susceptible soils were identified within the project footprint. 

Subsurface investigations noted considerable clean deposits of loose coarse 

grained sand with a relatively shallow water table (approximately 2.5ft below 

ground surface). Using the boring logs and subsurface conditions encountered, 

we created a generalized geologic profile. The profile was used to identify a 

probable “worst case condition” of liquefaction susceptibility consisting of a loose, 

saturated ten-foot thick deposit of coarse sands. As a result, our model 

configuration adopted a basic profile consisting of similar conditions, however for 

simplicity the water table was located at the ground surface. For simplicity we 

assumed a ten-foot thick liquefiable layer over an equal non-liquefiable layer. 

Figure 4-2 presents the configuration of our soil model used for 1-g shake table 

testing. The model utilized a scaled factor of 10 for our experiments. Each 

experiment was constructed and prepared as described in Chapter 3. 
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Figure 4-1: Location of “The Landing Resort” Adjacent to Beach in South Lake Tahoe, NV 

(Google Earth, 2016). 

 

 
Figure 4-2: Profile View of Soil Model Configuration for 1-g Shake Table Testing 
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Figure 4-3: Plan View of Soil Model Configuration for 1-g Shake Table Testing 

 

4.2 Phase 1 - Initial Testing and Model Calibration 

Initial testing and model calibration consisted first of determining the properties of 

the Sierra Silica #60 Mesh and selecting relative densities that were 

representative of loose and dense sands for our liquefiable and non-liquefiable 

soils. Typically, liquefaction susceptibility increases as the relative density 

decreases in granular (cohesionless) soils.  

 

For our liquefiable soil, we chose a target relative density of 35% and for our non-

liquefiable soil we chose a target relative density of 70%. Table 4-1 presents the 

general variation of relative density compared to denseness of soils. Based on 

Table 4-1, our liquefiable layer ranged from loose to medium and our non-

liquefiable layer was considered dense.  
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Table 4-1: Denseness of Granular Soil (Das 2015) 

Relative Density, Dr (%) Description 

0-15 Very Loose 

15-35 Loose 

35-65 Medium 

65-85 Dense 

85-100 Very Dense 

 

Relative Density  

𝐷𝑟 (%) =  
𝑒𝑚𝑎𝑥−𝑒

𝑒𝑚𝑎𝑥−𝑒𝑚𝑖𝑛
               (4.1) 

 

Dry Unit Weight 

𝛾𝑑 =  
𝐺𝑠∗𝛾𝑤

1+𝑒
                                            (4.2) 

 

Saturated Unit Weight 

𝛾𝑠𝑎𝑡 =  
(𝐺𝑠+𝑒)∗𝛾𝑤

1+𝑒
                       (4.3) 

 

Equation 4-1 was used to determine the approximate void ratio of our testing 

medium for each target relative density of 35% and 70%. For our calculations we 

utilized the emax and emin presented in Chapter 3. Each corresponding void ratio 

could then be used to determine the dry unit weight of each model layer within 

the configuration (equation 4.2). Equation 4.3 was utilized when calculating the 
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effective stress parameters to use for estimation of pore pressure ratios (Ru) 

equation 4.4.  

 

Pore Pressure Ratio 

Ru =  
𝝈′(𝒆𝒙𝒄𝒆𝒔𝒔_𝒑𝒘𝒑)

𝝈′
                    (4.4) 

Table 4-2 presents the estimated void ratio, relative density, saturated and dry 

unit weights of sand utilized to construct the model layers.  

 

Table 4-2: Soil Model Properties 

Relative Density 

(Dr) 

Void Ratio 

(e) 

γsat   

(pcf) 

γd   

(pcf) 

25% 0.940 115.47 85.24 

35% 0.912 116.25 86.58 

45% 0.884 117.05 87.77 

55% 0.856 117.87 89.09 

70% 0.814 119.16 91.16 

Note: Relative Densities and subsequent void ratios based on emax = 1.01 and emin = 0.73. 

 

Our initial model evaluations #1 through 9, were conducted to develop 

experimental methods that were both consistent and repeatable. Each model 

evaluation consisted of a one-foot thick non-liquefiable layer overlain by a one-

foot thick liquefiable layer. Only accelerometers were utilized during the first 

series of tests. The first series of tests included rough model buildings and 

excluded the use of helical piles. Figure 4-4 is a typical representation of our 



 62 

series of calibration models (Tests 1 through 9). The figure includes a model 

building (background) and free-field area (forefront), each equipped with an 

accelerometer. 

 

The initial phase of our testing posed three significant challenges to overcome. 

The first became evident during the saturation portion of constructing the 

liquefiable layer. As water inundated the soil tank, the water began to creep 

between the lexan walls and rub sheets creating a large void of water between 

the rub sheet and lexan wall. When shaking commenced, the void collapsed, 

thus generating the large cracks in the soil surface as seen in Figure 4-4. This 

issue was remedied by placing multiple rows of clear double sided tape in 

between the lexan walls and rub sheets. The second issue observed were large 

deformations generated on either side of the soil tank. These deformations were 

a result of boundary effects generated by the direction of excitation and lack of 

damping at either end of the tank. These effects can also be seen in Figure 4-4. 

The boundary effects were reduced by placing 3-inch thick high density foam 

pads along the entire space of the soil tank at each end (Figure 4-5). Lastly, the 

gridlines observed on the soil tank in profile were intended to use as guides in 

creating a visual representation of the soil profile as it deformed during seismic 

induced liquefaction. Numerous attempts were made to create those grids within 

the soil profile using a colored sand of the same gradation. It was nearly 

impossible to place the colored sand below the water table in a clean orderly 

fashion thus matching the existing gridlines or baselines. All attempts to locate a 
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matching colored sand or produce a colored sand of equal gradation fell short of 

the goal. Attempts at implementing colored sand delineators are presented in 

Figure 4-6. As a result, only the surface of the model was noted, before and after 

testing, depicting degree of settlement using dry erase markers.  

 

 
Figure 4-4: Phase 1 Boundary Effect Model Deformations 
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Figure 4-5: High Density Foam for Boundary Effect Reduction 

 

 
Figure 4-6: Phase 1 Typical Soil Tank Profile with Colored Sand Delineators 
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Figures 4-7 through 4-8 present the typical measured soil model accelerations 

and liquefaction-induced settlement for Phase 1 testing. Each experiment 

included accelerometers at the base of the model, center of each layer 

(liquefiable and non-liquefiable) as well as the surface (model building and free-

field.) Each record is labeled according to their respective soil model depth. 
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Figure 4-7: Test #9 – Soil Model Accelerations 

 

The hand measured surficial settlements are presented below in Figure 4-8. 

Each experiment included manual measurement of the settlement using a fixed 

reference point to the surface of the soil model. Measurements were made using 
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a grid pattern across the plan of the soil model before model excitation and post-

liquefaction.  

 

 
Figure 4-8: Test #9 – Observed Soil Model Settlement (Manually Measured) 
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Table 4-3 is a summary of the Phase 1 testing and includes basic model 

information regarding configuration parameters of each model. Appendix A 

presents plots of measured data for all experiments. A more comprehensive 

summary Table of all experiments is presented in Appendix B. 

 
Table 4-3: Summary of Phase 1 Experimental Program 
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# (m/d/yr) (g) (Dr) (ft) (ft) No. No. No. 

1 8/12/15 0.23 35 1/1 0.75 -- -- -- 

2 8/20/15 0.22 35 1/1 0.75 -- -- -- 

3 8/25/15 0.44 35 1/1 -- -- -- -- 

4 9/4/15 0.03 35 1/1 -- -- -- -- 

5 9/18/15 0.36 35 1/1 0.5 4 -- -- 

6 9/25/15 0.40 35 1/1 0.5 5 -- -- 

7 10/2/15 0.44 35 1/1 0.5 5 -- -- 

8 10/7/15 0.38 35 1/1 0.5 5 -- -- 

9 10/30/15 0.36 35 1/1 0.75 5 -- -- 

 
 

4.3 Phase 2 - Eccentric Mass Vibrator Testing 

Eccentric Mass Vibrator Testing was utilized in an effort to produce consistent 

repeatable results. However, limitations in the peak horizontal force the shaker 

could induce prevented us from conducting experiments using thicker 1 foot 

liquefiable and non-liquefiable layers. As a result, we decreased the thickness of 

the model layers to 0.5 foot in thickness. Testing included the use of model 

buildings more representative of a 1-2 story home and began to incorporate the 
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use of a pressure sensor to monitor behavior of pore water pressure. Helical 

piles were not utilized during this series of testing. Figures 4-9 and 4-10 presents 

a typical model profile of our evaluations that utilized an eccentric mass shaker. 

Note the high density foam pads on each end of the soil tank to reduce boundary 

effects. All testing was performed using layers that were 0.5-feet in thickness. 

Locations of buried instrumentation are marked on the face of the soil tank and 

are denoted using the symbol “x” while horizontal lines symbolize both the non-

liquefiable and liquefiable layers. Figure 4-9 shows a similar model configuration 

to Phase 1 with one model structure and accelerometer to monitor behavior in 

the free-field. Note the strings across the top portion of the soil tank in Figure 4-

10. These strings were used in every model configuration and served as the grid 

pattern for manual measurement of liquefaction-induced settlement.  

 

Figure 4-11 presents the measured soil model accelerations and includes the 

pore pressure ratio at the center of the liquefiable layer in the free-field 

environment. Figure 4-12 presents the results of the hand measured liquefaction-

induced settlements for both free-field and model building foundation. Figure 4-

13 presents the estimated spectral accelerations determined from filtered data 

using the Seismic analysis software Seismosignal. Tests 10 through 29 were 

performed using an eccentric-mass shaker and a summary of each configuration 

is presented in Table 4-4. 
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Figure 4-9: Test #24 Prior to Shaking 

 

 
Figure 4-10: Test #24 prior to Shaking 
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Figure 4-11: Test #27 – Soil Model Accelerations and Pore Pressure Ratio. 
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Figure 4-12: Test #27 – Observed Soil Model Settlement (Manually Measured) 
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Figure 4-13: Test #27 – Estimated Spectral Accelerations 
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Table 4-4: Summary of Phase 2 Experimental Program 

T
e
s
t 

D
a
te

 

B
a
s
e
 P

G
A

 

R
e
la

tiv
e
 D

e
n

s
ity

 

o
f L

iq
u

e
fia

b
le

 

L
a
y
e
r

H
L

       /       H
D

 

F
o

u
n

d
a
tio

n
 

D
ia

m
e
te

r 

A
c
c
e
le

ro
m

e
te

rs
 

P
re

s
s
u

re
 S

e
n

s
o

rs
 

L
V

D
T

 

# (m/d/yr) (g) (Dr) (ft) (ft) No. No. No. 

10 11/6/15 0.31 35 1 / 1 0.5 5 -- -- 

11 11/13/15 0.30 35 0.5 / 0.5 0.5 5 -- -- 

12 11/20/15 0.33 35 0.5 / 0.5 0.5 5 -- -- 

13 12/1/15 0.30 35 0.5 / 0.5 0.5 5 1 -- 

14 12/8/15 0.20 35 0.5 / 0.5 0.5 5 1 -- 

15 12/11/15 0.16 35 0.5 / 0.5 0.5 5 -- -- 

16 12/15/15 0.17 35 0.5 / 0.5 0.5 5 -- -- 

17 12/18/15 0.17 35 0.5 / 0.5 0.5 5 -- -- 

18 1/5/16 0.39 35 0.5 / 0.5 0.5 5 -- -- 

19 1/8/16 0.37 35 0.5 / 0.5 0.5 5 -- -- 

19.1 1/22/16 0.36 35 0.5 / 0.5 0.5 5 -- -- 

19.2 2/5/16 0.34 35 0.5 / 0.5 0.5 5 1 -- 

20 1/12/16 0.36 35 0.5 / 0.5 0.5 5 -- -- 

21 1/14/16 0.37 35 0.5 / 0.5 0.5 5 -- -- 

22 1/20/16 0.34 35 0.5 / 0.5 0.67 5 -- -- 

22 2/12/16 0.34 35 0.5 / 0.5 0.67 5 1 -- 

23 2/19/16 0.33 35 0.5 / 0.5 0.83 5 1 -- 

24 2/26/16 0.34 35 0.5 / 0.5 1 5 1 -- 

25 3/1/16 0.33 35 0.5 / 0.5 0.25 5 1 -- 

26 3/9/16 0.37 35 0.5 / 0.5 0.375 5 1 -- 

27 3/16/16 0.49 35 0.75 / 
0.25 

0.25 
5 1 -- 

28 3/18/16 0.44 35 0.75 / 
0.25 

0.375 
5 1 -- 

29 3/24/16 0.5 35 0.75 / 
0.25 

0.5 
5 1 -- 

4.4 Phase 3 - Manual Shaking Testing Results 

Because of the limitations of the eccentric-mass shaker, testing reverted back to 

using the manual shaking method. This series of testing incorporated the final 
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suite of instrumentation that included the use of 6-accelerometers, 4-pressure 

sensor cells and 3-LVDT’s as defined in the previous Chapter in Table 3-1. In 

addition, this series of testing utilized two model buildings; one unsupported rigid 

shallow foundation and one rigid shallow foundation supported on three-helical 

piles. Each model foundation was approximately equal in contact pressure. Tests 

#30 to 47 were performed using the helical pile and unsupported foundation 

configuration. Once it was established that helical piles provided a significant 

reduction in liquefaction-induced settlement, the use of helical piles was 

discontinued. The remaining Tests #47 through 52 were completed using 

unsupported model foundations of varying diameter. These tests were completed 

to better establish the relationship that foundation width has on degree of 

settlement. Figure 4-14 shows the final configuration of foundation models and 

instrumentation prior to testing for Phase 3. Figures 4-15 and 4-16 show the 

typical settlement observed during liquefaction evaluations. Figure 4-17 presents 

the soil model accelerations for Phase 3 experiments. Phase 3 include 

accelerometers on each model building foundation including the free-field 

environment. Figure 4-18 presents the pore pressure ratios located at the center 

of the non-liquefiable layer, and center of liquefiable layer located beneath each 

model building foundation and free-field environment. Figure 4-19 presents the 

estimate spectral accelerations and recorded model building settlement from 

LVDT’s. Figure 4-20 presents the manually measured settlements. Table 4-5 

provides a summary of all Phase 3 experiments.  
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Figure 4-14: Test #43 Prior to Shaking 

             
                                  (a)                                                                 (b) 

Figure 4-15: Test #52 Depiction of Settlement Resulting from Liquefaction (a) before and (b) after 
shaking. 
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(a) 

 
(b) 

Figure 4-16: Test #52 Plan View of Settlement Resulting from Liquefaction for both Model 
Foundations (a) before and (b) after shaking. 
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Figure 4-17: Test #38 – Soil Model Accelerations 
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Figure 4-18: Test #38 – Observed Pore Pressure Ratios 
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Figure 4-19: Test #38 – Estimated Model Spectra and Measured LVDT. 
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Figure 4-20: Test #38 – Observed Soil Model Settlement (Manually Measured) 
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Table 4-5: Summary of Phase 3 Experimental Program 
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# (m/d/yr) (g) (Dr) (ft) (ft) No. No. No. 

30 4/1/16 0.3 35 1 / 1 0.25 5 1 -- 

31 4/20/16 - 35 1 / 1 0.5 6 1 -- 

32 5/12/16 0.33 35 1 / 1 0.5 6 1 -- 

33 6/15/16 0.18 35 1 / 1 0.5 6 1 -- 

34 6/22/16 0.26 35 1 / 1 0.5 6 1 1 

35 7/1/16 0.14 35 1 / 1 0.5 6 4 3 

36 7/15/16 0.25 35 1 / 1 0.5 6 4 3 

37 7/22/16 0.2 35 1 / 1 0.5 6 4 3 

38 7/27/16 0.26 35 1 / 1 0.5 6 4 3 

39 8/4/16 0.29 35 1 / 1 0.75 6 4 3 

40 8/9/16 0.279 35 1 / 1 0.25 6 4 3 

41 8/17/16 0.335 35 1 / 1 0.36 6 4 3 

42 8/27/16 0.276 35 1 / 1 0.67 6 4 3 

43 9/9/16 0.259 35 1 / 1 0.83 6 4 3 

44 9/16/16 0.234 25 1 / 1 0.5 6 4 3 

45 9/19/16 0.298 45 1 / 1 0.5 6 4 3 

46 9/23/16 0.318 55 1 / 1 0.5 6 4 3 

47 9/26/16 0.356 35 1.25 / 
0.75 

0.5 
6 4 3 

48 9/30/16 0.306 35 1.5 / 
0.5 

0.5 / 0.83 
6 4 3 

49 10/5/16 0.393 35 1.67 / 
0.33 

0.5 / 0.83 
6 4 3 

50 10/14/16 0.248 35 1 / 1 0.5 / 0.83 6 4 3 

51 10/21/16 0.254 35 1 / 1 0.5 / 0.83 6 4 3 

52 10/24/16 0.205 35 1 / 1 0.5 / 0.83 6 4 3 

 

4.5 Phase 4 - EEL Validation (El Centro Input Record) 

The final experiment was conducted on the biaxial shake table located in the 

EEL. Special care was taken to protect the large hydraulic actuators on the 
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shake table from sand particulates by draping plastic sheeting over the areas 

where the actuators were exposed. The soil tank was lifted to the table surface 

and secured using dunnage that was anchored to the table surface. All 

instrumentation was channeled using the data acquisition system provided by the 

EEL. The model and placement of instrumentation was constructed using the 

same configuration as Tests #47 through 52. The EEL equipped the soil tank 

with GoPro cameras located at each condition representing foundations and free-

field environment. An additional camera was placed at a distance away from the 

shake table to record performance of all the foundations in profile during 

excitation. Figure 4-21 presents Test #53 on the biaxial shake table prior to 

excitation. Figure 4-22 is a plan view of test #53 showing model building 

foundations situated on top of the liquefiable layer before testing. 

Figure 4-21: Test #53 Positioned on Biaxial Shaking Table 



84 

Figure 4-22: Test #53 Prior to Shaking 

Figures 4-23 through 4-26 present the typical measured and observed recording 

similar to those presented for Phase 3 testing. Because of the characteristics of 

the input motion, including the ground motion duration, settlement was 

considerably greater than those observed during Phase 3 evaluations. 

Settlements recorded using the LVDT’s do not present an accurate record of 

settlement. Settlement was so great during model excitation that the model 

building foundations settled beyond the limits of the LVDT’s. In addition, at the 

beginning of ground motion input, the LVDT pin lost contact with the platform 

used to monitor free-field settlement and subsequently provided an exaggerated 

degree of settlement as shown in Figure 4-25. A summary of the model 

configuration is presented in Table 4-6. 
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Figure 4-23: Test #53 – Soil Model Accelerations 
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Figure 4-24: Test #53 – Observed Pore Pressure Ratios 
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Figure 4-25: Test #53 – Estimated Model Spectra and Measured LVDT. 
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Figure 4-26: Test #53 – Observed Soil Model Settlement (Manually Measured) 
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Table 4-6: Summary of Phase 4 Experimental Program 
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# (m/d/yr) (g) (Dr) (ft) (ft) No. No. No. 

53 10/31/16 0.33 35 1 / 
1 

0.5 / 0.83 6 4 3 

4.6 Semi-Empirical Estimation of Liquefaction-Induced Settlement 

As discussed in Chapter 2, semi-empirical methods are often used to evaluate 

the settlement of saturated clean sands in the free-field environment. There are 

currently no methods that exist to provide an accurate estimation of liquefaction-

induced building settlement. Each experiment in Phases 3 and 4 recorded the 

settlement of each model structure and free-field environment using LVDT’s. In 

addition, to the LVDT’s manual measurements were also recorded to document 

degree of settlement. These measurements were conducted by recording the 

initial height of the model surface from a known reference point and also 

immediately after testing. Figure 4-27 depicts the methods used to manually 

measure the settlement of the model surface for each test in Phases 3 and 4. 

Using the semi-empirical methods discussed in Chapter 2 (Tokimatsu and Seed; 

Ishihara and Yoshimine), estimations of the theoretical settlement were 

calculated and compared to the actual values measured using the LVDT’s. 
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Figure 4-28 presents a comparison of semi-empirical liquefaction settlement 

estimates with the average measured settlement in the free-field.  
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Figure 4-27: Typical Measurement of Settlement upon Completion of Shake Table Testing 
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Figure 4-28: Comparison of Semi-Empirical Estimates of Liquefaction Settlement to Average 

Measured Settlement for Free-Field. 

 

A comparison of our results of hand measured settlement values versus the 

LVDT measurements for free-field conditions are presented in Figure 4-29. 

Recorded values observed using the LVDT show that the hand measured values 

are not in agreeance with the LVDT readings. During experimentation, it was 

noted that the LVDT influenced the values because of the spring loaded pin that 

measured the subsequent deformation. 
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Figure 4-29: Comparison of Semi-Empirical Estimates of Liquefaction Settlement to Average 

Measured Settlement for Free-Field. 

 

4.7 Results and Findings from Parametric Study 

The results presented in the following section represent data from benchmark 

evaluations during our testing. Our series of evaluations considered a range of 

foundation diameters as well as variations in shaking duration, relative density 

and thickness of the liquefiable stratum.   
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4.7.2 Influence of Relative Density 

Figures 4-30 and 4-31 present the measured benchmark settlements for both the 

Free-Field and 6-inch diameter Foundation condition over a range of increasing 

relative density of the liquefiable soil layer. Each scenario clearly shows that as 

relative density increases, the measured settlement for a nominal 12-inch thick 

liquefiable layer decreases. The settlement in the free-field appears more 

gradual, while the settlement for the benchmark foundation decreases at a 

greater rate.   

 

 
Figure 4-30: Comparison of Relative Density of Liquefiable Soil and Measured Settlement in 

Free-Field. 
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Figure 4-31: Comparison of Relative Density of Liquefiable Soil and Measured Settlement for 6-

inch Diameter Foundation. 

 

4.7.3 Influence of Foundation Diameter 

Figure 4-32 presents the measured settlements over a range of building 

foundation diameters. For these benchmark evaluations, the relative density was 

maintained constant at 35% with a liquefiable layer thickness of 12-inches. The 
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figure suggests that liquefaction-induced settlement decreases with increasing 

foundation diameter. Dashti et al. (2010a, 2010b) have previously stated that a 

linear relationship between observed settlement and foundation diameter does 

not exist, suggesting that there are greater factors influencing the behavior of the 

settlement. Our results do suggest a linear relationship in settlement behavior in 

regards to foundation width as well as normalized widths and liquefiable layer 

thicknesses.   
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Figure 4-32: Comparison of Foundation Diameter and Measured Settlement. 

 

4.7.4 Influence of Ground Motion Duration 

Figures 4-33 and 4-34 present the measured settlement compared to shaking 

duration. For these benchmark evaluations, the relative density was maintained 

constant at 35% with a liquefiable layer thickness of 12-inches. The shaking 

duration was varied between 2, 4, 6 and 8 seconds. The values plotted represent 

the significant duration of shaking for each evaluation. The significant duration 
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was estimated using the duration of strong motion for the base acceleration data 

for the time interval at which 5% and 95% of the recorded strong motion (Kramer, 

1996) It is apparent that liquefaction-induced settlement increases with 

increasing shaking duration for both cases in the free-field and building 

foundation. Building settlement is observed to increase at a greater rate.  

 

 
Figure 4-33: Comparison of Ground Motion Duration and Measured Settlement in Free-Field. 
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Figure 4-34: Comparison of Ground Motion Duration and Measured Settlement for 6-inch Building 

Foundation. 

 

4.7.5 Influence of Thickness of Liquefiable Layer 

Figures 4-35 and 4-36 present measured settlement in comparison to thickness 

of liquefiable layer. For these benchmark evaluations, the relative density was 

maintained constant at 35% and the liquefiable layer thickness was varied from 
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12-inches to 18-inches. Observed settlements are plotted for each case 

representing free-field, 6-inch and 10-inch building foundations. Most notable, it 

is observed that settlement increases with increases thickness of liquefiable 

layer. Also, it can be seen that increasing foundation diameters show reduced 

settlements and increase at roughly the same rate with increasing liquefiable 

layer thickness. 

 

 
Figure 4-35: Comparison of Liquefiable Layer Thickness and Measured Settlement for Free-Field. 
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Figure 4-36: Comparison of Liquefiable Layer Thickness and Measured Settlement for 6-inch and 

10-inch Building Foundation. 

4.7.6 Normalized Settlement 

Figures 4-37 and 4-38 present our results in comparison to previous studies of 

liquefaction-induced settlement for shallow foundations. The plot provides a 

normalized comparison of foundation settlement in regards to building width. This 
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plot was previously presented in Dashti et al. (2010b) and Bray and Dashti 

(2014) and has been updated to include the results of our experiments. The 

updated plot is comprised of a series of field observations, centrifuge and shake 

table studies. The upper and lower bound plots are also based on previous field 

observations as described in Chapter 2. Liu/Dobry, Hausler, and Dashti plots are 

based on results from centrifuge testing while the Yoshimi results are based on 

shake table testing. Results show a similar scatter of data for normalized 

foundation settlements based on overall sources provided in the plot. It should be 

noted however, that the Liu/Dobry and Dashti data represent points for 

foundations of considerable contact pressure (approximately 2000 psf). Our data 

represented points for foundations with contact pressures closer to 125 psf and 

are more representative of a lightly loaded 1-to-2 story structure. In addition, the 

plot also shows that for our evaluations comprising the use of helical piles, a 

dramatic reduction in settlement is observed. 
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Figure 4-37: Comparison of Unsupported Foundations with Previous Research (Adapted from 

Dashti et al. 2010b) 
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Figure 4-38: Comparison of Helical Pile Supported Foundations with Previous Research (Adapted 

from Dashti et al. 2010b) 

 

4.7.7 Comparison of Hand Measurements versus LVDT  

Settlements for our experiments were plotted comparing free-field with building 

settlement using both hand measured values and LVDT. Figure 4-39(a) presents 

the comparison of those results. Hand measured values comparing free-field to 

building settlements suggest that buildings experience settlement on order 
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approximately 4.6 times greater than in the free-field. Measured values for LVDT 

show an increase in settlement on the order of 1.6 times greater. Measured 

values using the LVDT show a greater range in free-field values, suggesting that 

the LVDT had considerable influence on the degree of free-field settlement 

measured using LVDT’s. Figure 4-39(b) presents a proposed correction factor 

that could be applied to the results of the LVDT. The figure presents the hand 

measured free-field settlement values in relation to the ratio of the free-field 

measurements of hand and LVDT measurements. It was our observation that the 

spring within the lever pin of the LVDT exaggerated the settlement measured in 

the free-field. By applying the average of the ratio presented in Figure 4-39(b) to 

the LVDT values, the exaggeration effect of the spring should be accounted for 

and thus removed. We estimated an average ratio of approximately 0.33.  
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                               (a) 

 

 
                               (b) 

Figure 4-39: (a) Comparison of Free-Field and Building Settlement for Hand Measured and 
LVDT. (b) Average Proposed Correction Factor for LVDT Measurements in Free-Field. 
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To further investigate the influence of LVDT’s on measured Free-Field 

settlement, a comparison of measured free-field values and building footprint 

values were individually plotted using the hand measured and LVDT results. 

Figure 4-40 is a comparison of hand measured and LVDT values for the free-

field. Figure 4-41 is a comparison of hand measured and LVDT values for the 

building footprint. It is clearly observed in Figure 4-41, that hand measured and 

LVDT values for the building footprint have an excellent correlation, suggesting 

consistency in the measured values. However, Figure 4-40 does not show that 

strong of a correlation. In the free-field case the implementation of the LVDT 

influenced our results, because of the downward force created by the spring 

loaded pin. At the moment of liquefaction when the soil lost its strength, the 

spring loaded pin tended to push the base plate further into the soil.   
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Figure 4-40: Comparison of Hand Measured Values vs LVDT for Free-Field 



 109 

 
Figure 4-41: Comparison of Hand Measured Values vs LVDT for Building Footprint 

 

4.7.8 Limitations in Scaled Model  

Our experiments had certain limitations in regards to model scale. The soil used 

in each experiment was determined through laboratory testing to be a fine to 

medium grained, poorly graded sand. The sand had a D50 equal to approximately 

0.3mm. D50 represents the corresponding particle size at 50% passing. When 

considering similitude for our model soil type and applying a similitude factor of 
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10, the D50 grain size in prototype becomes roughly 3mm in particle diameter. 

This suggest that our soil grain size characteristics in prototype are more 

representative of a coarse grained sand and possible fine grained gravel.  

 

The dimensions of the soil container used to construct our soil model was limited 

in lateral extents with dimensions of only 2.1 feet in width. This restricted our 

experiments in using larger foundation models which would be more 

representative of a mat foundation. Considering similitude for the dimensions of 

the model foundations we used, our prototype mat foundation diameters would 

be more representative of isolated piers and footings. Prototype foundations 

dimensions based on our model diameters range from 2.5 ft to 8.3 ft. 

 

Limitations were also present in regards to the influence of the footing over the 

depth of the layers within the soil model. Consideration was given to ensure that 

model diameters chosen, had a zone of influence that terminated within the soil 

model. The zone of influence was determined using Schmertmann’s method 

assuming a circular foundation with L/B ratio equal to 1. The maximum zone of 

influence was calculated by multiplying the diameter of the footing by 2. 
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Chapter 5 Conclusions and Recommendations 

Field observations based on post-earthquake reconnaissance of structures 

founded over liquefiable soils has provided a trove of data on their performance. 

Major seismic events in both New Zealand and Japan have shown the high 

severity and large scale of damage resulting from liquefaction-induced 

settlement. The Canterbury Earthquake Sequence of 2010-2011 damaged as 

many as 20,000 homes resulting in enormous recovery costs. In order to limit the 

scale of damage generated by these events, new understandings and insights on 

the performance of these foundations would provide considerable benefit and 

possibly a reduction in costs to mitigate existing structures and to implement new 

design guidelines for future structures in areas susceptible to the effects of 

liquefaction.  

 

Current standards of practice are used to estimate settlement of saturated 

liquefiable soils in the free-field environment. However, these procedures have 

not been able to account for settlement of structures founded over these soils. As 

a result, estimation of liquefaction-induced settlement can be considered a large 

approximation with sizeable uncertainty. In addition, these procedures assume 

settlement to occur as a result of volumetric strain in post-liquefaction pore-

pressure dissipation. Recent centrifugal testing conducted to evaluate 

liquefaction-induced settlement has identified that very little settlement occurs in 

the post-liquefaction state and rather the majority of building and free-field 

settlements occur during strong ground motion events. Researchers have also 
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identified other key parameters that influence the settlement of these structures. 

Dashti et al.(2010a and 2010b), surmise based on results of their centrifugal 

testing that deviatoric strains resulting from ratcheting of building foundations and 

the shaking intensity rate of the strong ground motion may be a large contributing 

factor to settlement.  

 

5.1 Summary of Findings 

A comprehensive parametric study was conducted to evaluate liquefaction-

induced settlement over a range of parameters. These parameters included the 

following 

a. Relative Density of Liquefiable Layer 

b. Foundation Diameter 

c. Ground Motion Duration 

d. Thickness of Liquefiable Layer 

 

The study was conducted using a simple 1-g shaking table to induce strong 

ground motions. The experimental evaluations utilized accelerometers to monitor 

excitation of each soil layer and model structure, pore-pressure sensors to 

monitor increases in pore-water pressure within each soil layer and beneath each 

foundation and LVDT’s to monitor subsequent settlement of both model 

structures and free-field environment.   
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Generally, we observed that in each experiment, settlement of the model building 

was greater than the free-field environment. In conjunction with previous field 

reconnaissance observations and research of foundations subjected to 

liquefaction, current procedures used to predict liquefaction settlement are 

inadequate.  

 

Influence of Relative Density 

Results of benchmark testing were able to identify that liquefaction-induced 

settlement decreases with increasing soil relative density. It can be also be 

inferred that building settlement decreases at a greater rate with increasing soil 

relative density. 

 

Influence of Foundation Diameter 

Results have shown that liquefaction-induced settlement decreases with 

increasing foundation diameter. An approximate 45% reduction in settlement was 

observed between a 7.62cm foundation versus a 25.4cm foundation. 

 

Influence of Ground Motion Duration 

Results have also shown that longer ground motion durations tend to increase 

liquefaction-induced settlement. The increase in settlement is likely a result of 

increasing excess pore-water pressures with longer ground motion durations. It 

was observed during experimentation that the model foundations tilted and 

swayed when subjected to strong motions. This tilting and swaying can be 
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interpreted as ratcheting of the soil-structure. This effect was likely responsible 

for the increase in settlement.   

Influence of Thickness of Liquefiable Layer 

Results of benchmark testing have shown that liquefaction-induced settlement 

increases with increasing liquefiable layer thickness in both the free-field 

environment and for model structures.  

 

Normalized Foundation Settlement 

Results of Phase 2 through 4 experimental evaluations were normalized in 

relation to the thickness of liquefiable layer. These results are compared to a 

previous research comprised of field observations, centrifuge and 1-g shake 

table evaluations. Overall, our data fit the curves bounded by upper and lower 

bound Niigata event and also show general agreement with Liu/Dobry, Hausler 

and a few of the points included by Dashti. Tests 19 through 24 can be seen 

extending beyond the upper bound of the Niigata event. It is believed that these 

points are outliers based on the soil model configuration of those experimental 

evaluations. Test 19 through 24 were performed using a half-scale soil model 

configuration of 15.24cm in thickness for both the liquefiable and non-liquefiable 

layers. The foundation diameters ranged from 15.24 to 25.4cm and subsequently 

created a strain influence factor that extended beyond the soil profile of the 

model. As a result, the settlements were exaggerated in those cases. It is likely 

that a similar situation existed for Dashti 2010a.  
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Our results for cases that implemented helical piles as an underpinning mitigation 

for rigid shallow foundations were also normalized and plotted in comparison to 

previous the research. The helical piles show a tight cluster and obvious 

reduction in liquefaction-induced settlement. 

 

Lastly, the grain size distribution presented limitations within our model when 

considering the laws of similitude. Based on similitude laws, our soil model was 

more representative of a coarse grained sand to fine gravel in prototype.  

The soil container dimensions also presented limitations when considering the 

width of the model mat foundation.   

 

5.2 Recommendations for Future Research 

To continue to improve on our existing experiments and build upon past research 

we recommend additional experiments. Benchmark testing allowed us to 

establish a general relationship on settlement of liquefiable soils over influence of 

parameters such as relative density, foundation diameter, strong motion duration 

and thickness of liquefiable deposit. To better define the relationship it is 

important to conduct additional benchmark testing using the same parameters. 

Doing so would provide confidence in the parametric relationships through 

repeatability.  

 

Our soil model assumed continuous horizontal liquefiable stratums. Future 

testing should include spatial variability of liquefiable soil layer on settlement.  
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Due to time constraints in physical modelling, our parametric study was not able 

to consider the influence of inertial forces on liquefaction-induced settlement. We 

recommend conducting experiments that vary the weight of a benchmark model 

foundation diameter to draw inferences on settlement behavior.  

Field reconnaissance and experimental studies have identified that for liquefiable 

soils that contain a non-liquefiable crust, the initiation of liquefaction is oftentimes 

delayed, resulting in reduced settlements. Future experiments should evaluate 

liquefaction settlement with soil models that include a crust of non-liquefiable soil, 

exhibiting cohesion. Additionally, experiments should evaluate the degree of 

settlement of with variation in the water table.  

Lastly, future experimental studies should include testing on a larger or full-scale 

shake table using models in prototype or closer to prototype scale.  
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Appendix A – Experimental Results 
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Appendix B – Testing Summary Table 
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Appendix C – Laboratory Notes and Measurements 
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