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ABSTRACT 

Tied-back retaining walls frequently fail during earthquakes. Such failures 

are usually characterized by large displacements of the retaining wall and sub

sidence of the backfill. Often these failures result in extensive damage to the 

tied-back wall systems and to adjoining structures and lifeline facilities. Whereas 

the seismic behavior of gravity retaining walls has been investigated in detail and 

procedures are now available for the seismic design of gravity retaining walls, 

very little analytical or experimental work has been reported on the behavior of 

tied-back retaining walls when they are subjected to seismic loads. 

In this research, a limit equilibrium method is used to analyze the seis

mic behavior of tied-back retaining walls. The analytical approach is calibrated 

against results from shake table tests on aluminium walls retaining a dry cohe

sionless soil. The shake table experiments were performed at the State University 

of New York at Buffalo seismic simulator facility. 

The analytical and the experimental studies indicate the tremendous influ

ence of anchorage systems on the performance of tied-back retaining walls during 

earthquakes. Based on the results of these studies, a procedure is proposed for 

the design of tied-back retaining walls in seismically active regions. The main 

thrust of the proposed seismic design procedure is in improving the anchorage 

capacity of tied-back retaining walls. 
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CHAPTER 1 

INTRODUCTION 

1.1 INTRODUCION TO EARTH RETAINING STRUCTURES 

Retaining walls are, perhaps, the most common of all geotechnical struc

tures. These structures, constructed for the purpose of supporting a vertical 01' 

a nearly vertical earth bank, are extensively used in highway cuts, bridge abut

ments and waterfront structures such as in port and harbor facilities. Indeed, 

they are used wherever a need arises to restrain soil from moving laterally. In 

this dissertation, the seismic behavior of a particular type of retaining wall is 

examined. 

Retaining walls may be broadly classified, based on their mechanism of 

achieving stability, into two categories: (1) gravity retaining walls and (2) flexible 

retaining walls or sheet-pile walls. The gravi ty retaining wall depends upon the 

resistive friction mobilized at its base to counteract the lateral thrust delivered by 

the soil. Other retaining structures such as counterfort walls and cantilever walls 

derive their lateral stability in a similar manner. In a flexible retaining wall, the 

mechanism of resisting the lateral thrust of the soil is by embedment into the soil, 

as in a cantilever sheet-pile wall, or by embedment into the soil and anchorage 
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near the top, such as in a tied-back wall. A gravity retaining wall and a tied

back retaining wall with simplified configurations of various geostatic stresses are 

shown in Fig.l.l. 

Lateral stresses delivered by the soil to the various components of an earth 

retaining structure are termed 'earth pressures'. The earth pressure imposed 

by the soil when it is in a state of incipient failure due to the relaxation of 

in-situ lateral stress, such as behind a gravity retaining wall, is termed 'active' 

earth pressure (Fig.!.I). The maximum lateral stress that can be sustained by 

a soil depends upon its shear strength parameters and the overburden stress. 

This maximum stress, termed 'passive earth pressure', corresponds to a state of 

incipient failure, such as in front of the toe of a tied-back wall (Fig.l.l). The active 

and the passive earth pressures, the two extremes of the lateral stresses that can 

develop in a soil, are attained only at incipient failure. The first rigorous analysis 

for the determination of the lateral thrust delivered by the soil was conducted 

by Coulomb (1776) for the limiting case of incipient failure. Coulomb considered 

the soil behind a retaining wall to be a rigid 'wedge' at failure and solved for 

the resultant lateral force using equilibrium conditions. Coulomb's lateral earth 

pressure theory is popularly used in current procedures for the static design of 

earth retaining structures. 

During an earthquake, the behavior of retaining walls becomes a very com

plex soil-structure interaction problem involving a high degree of indeterminacy, 

plastic strains and large deformations. Even though the seismic behavior of earth 

retaining structures is not fully understood, design approaches based on allow

able displacements are now available for gravity walls (llichards and Elms, 1979, 

Whitman and Liao, 1985). Such approaches are not available for tied-back walls, 

partly as a result of their more complex stability mechanisms and partly because 
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tied-back retaining wall. The earth pressures shown are for a cohe

sionless soil. 
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of the lack of analytical and experimental work on which a seismic design can be 

based. 

1.2 STATEMENT OF PROBLEM 

Tied-back retaining walls frequently fail during moderate to strong seis

mic events, especially when the horizontal component of the ground acceleration 

exceeds 0.15 g - 0.2 g. Such failures often result in considerable damage to 

the retaining wall as well as to adjoining structures and lifeline facilities. Sev

eral such failures have been documented (Werner et. aI, 1982, Kitajima et. aI, 

1979) and over 60% of the reported failures involved permanent damage to the 

retaining wall system. Though studies on the seismic behavior of earth retaining 

structures have been extensively reported in the literature, most of the reported 

investigations pertain to the seismic behavior of gravity retaining walls. Often the 

investigators use the dynamic earth pressure theory proposed by Okabe (1026) 

and Mononobe et. al (1929). The dynamic earth pressure theory of Olmbe (1926) 

and Mononobe et. al (1929) has been criticized by some as being unconserva

tive. However, several published experimental studies confirm the validity of this 

theory, especially at incipient failure. 

In this research, I use the dynamic earth pressure theory of Okabe (1926) 

and Mononobe et. al (1929) to study earthquake induced failures of tied-back 

walls. The main thrust is towards developing a procedure for the seismic design of 

tied-back walls. The importance of this research stems from the fact that heavy 

economic losses occur when tied-back retaining walls fail during earthquakes. 

These losses can be minimized if suitable procedures are available for the seismic 

design of these structures. 



18 

1.3 OBJECTIVES OF THIS RESEARCH 

The main objectives of this research are: 

(1) to obtain an insight into the behavior of tied-back retaining walls 

when they are subjected to seismic loads; 

(2) to check the validity of the dynamic earth pressure theory proposed 

by Okabe (1926) and Mononobe et. al (1929) when it is applied to 

tied-back walls; 

(3) to analyze the mechanism of failure of a tied-back retaining during 

an earthquake and 

(4) to propose a design procedure that can be adopted for the seismic 

design of tied-back retaining walls. 

1.4 SCOPE OF DISSERTATION 

The objectives outlined are attained through analytical and experimental 

studies. In the analytical approach, I consider a tied-back retaining wall system 

with a dry, cohesionless soil and consider dynamic equilibrium at the limiting case 

of incipient failure. I assume the retaining wall to be a rigid body that connects 

the active and the passive zones. The adjective 'flexible' is commonly employed 

by the civil engineering community when referring to tied-back walls. This is 

because the structural design of these retaining structures are governed by the 
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bending stresses caused by the lateral earth pressures. Nevertheless, the earth 

pressure analyses are carried out by considering the wall to be rigid. 

In order to calibrate the analytic approach, I conducted shake table tests 

on prototype tied-back walls fabricated out of machine grade aluminium. In these 

shake table tests, which were performed at the State University of New York at 

Buffalo seismic simulator facility, I used a dry sand and conducted three sets of 

seismic tests. In two of the sets, the test walls were designed to fail by rotating 

about a hinge at the top. In the third set, the test wall was equipped with a plate 

anchor system that was designed as per conventional static design procedures. 

In this dissertation I will discuss these tests in detail and compare the results to 

those obtained from the analytical study. 

Based on the analytical and the experimental study of th':! seismic behavior 

of tied-back walls, I propose a design procedure for the seismic design of tied-back 

walls. 

1.5 ORGANIZATION OF DISSERTATION 

The introduction and background presented in this chapter provides an 

overall view of the contents of this dissertation. I begin Chapter 2 with a. brief 

outline of the various procedures adopted for the design of tied-back wa.lls. I will 

then present various instances in which tied-back walls have failed during seismic 

events. This is to illustrate the inability of statically designed tied-back walls to 

withstand earthquakes and to bring out the importance of this research. After 

this, I present a review of various reported analytical and experimental efforts 
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that have been directed towards the study and understanding of the dynamic 

earth pressures and the seismic behavior of retaining walls. 

Chapter 3 deals with the analytical methodology adopted in this research. I 

begin Chapter 3 with a discussion of the Mononobe-Okabe dynamic earth pressure 

theory. This theory is then applied to the special problem of a tied-back wall, 

retaining a dry cohesion less fill, that is subjected to a seismic event. 

Chapters 4 and 5 deal with the experimental program of this research. In 

Chapter 4, I present a description of the various components of the experimen

tal set-up, including their design and fabrication. Chapter 5 is devoted to the 

presentation, interpretation and discussion of the results of the shake table tests. 

These results, which are used to calibrate the analytical methodology developed 

in Chapter 3, also throw light on the actual seismic behavior of tied-back walls. 

In Chapter 6, I present a procedure for the seismic design of tied-back 

retaining walls. This seismic design procedure is based on the analytical method 

described in Chapter 3 and its experimental calibration and verification presented 

in Chapters 4 and 5. Also included in Chapter 6 is an illustrative design example 

in which the proposed seismic design procedure is compared with some commonly 

adopted static procedures for the design of tied-back walls. 

I present the main conclusions of my research in Chapter 7. I also dis

cuss the improvements and additions that can be made in order to further the 

understanding of the seismic behavior of tied-back walls. 
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CHAPTER 2: 

LITERATURE REVIEW 

2.1 INTRODUCTION 

The seismic limit behavior of the active and passive wedges in a retaining 

wall system was first analyzed by Okabe (1926) and by Mononobe et. al (1929). 

Their analysis is often cited in the literature as the Mononobe-Okabe analysis. 

Since Okabe (1926) and Mononobe et. al (1929) published their analysis, much 

work has been done in an attempt to understand the overall seismic behavior 

of gravity retaining walls. Richards and Elms (1979), for example, presented a 

rational design approach for gravity retaining walls subjected to seismic loading. 

In their approach, Rkhards and Elms (1979) included the inertial effects of the 

mass of the wall and used the simple Newmru,k's (1965) 'sliding block' model to 

calculate incremental movements of the wall during seismic shaldng. More refined 

sliding block models for gravity retaining walls have been investigated by Zan'abi 

(1979) and Whitman and Liao (1985). Experimental studies by some investigators 

(Aitken et. al, 1982; Jacobson, 1980) seem to indicate that the simple Newmark's 

(1965) sliding block model is sufficient for gravity retaining walls. In comparison 

to gravity retaining walls, very little analytical or experimental work has been 

reported on the seismic behavior of tied-back retaining walls. 
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In this chapter I will briefly discuss the procedures that are commonly 

adopted for the static design of tied-back walls. I will then present instances 

of tied-back wall failures, during seismic events, that illustrate the inadequacy 

of existing design procedures. I will follow these with a discussion of the vari

ous analytical and experimental investigations pertaining to the seismic behavior 

of retaining structures, both gravity walls and tied-back walls, that have been 

reported in the literature. 

2.2 STATIC DESIGN OF TIED-BACK WALLS 

In this section, I will discuss the salient features and underlying assump

tions that are common to the several methods that are currently in practice for 

the static design of tied-back retaining walls. Most of the conventional methods 

do not consider the interaction between the ;;heet-pile and the soil. The distinc

tion amongst these methods lies mainly in the flexural design of the sheet-piles. 

The earth pressures, however, are usually taken as ]{A and ]{p, the static active 

and the static passive earth pressure coefficients obtained from Coulomb's lateral 

earth pressure theory. As a result, even though the sheet-piles are flexible, and 

are designed to withstand bending moments, they are essentially treated as rigid 

in the analysis, since Coulomb's lateral earth pressure theory is derived for a rigid 

wall. 

All conventional methods of designing tied-back walls consider 'failure' as 

the initiation of rotation of the sheet-pile about the anchor. The design variables, 

such as the embedment of the sheet-piles within the soil, are obtained by con

sidering moment equilibrium of the active and the passive lateral earth pressures 

about the anchor location. Factors of safety against rotation about the anchor are 
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usually incorporated either (i) by decreasing the (resistive) passive earth pressure 

by a factor (usually 2.0), thereby obtaining a larger depth of embedment through 

the moment equilibrium analysis, or (ii) by arriving at the embedment via mo

ment equilibrium and increasing the computed embedment by 20% to 40%. The 

anchorage is designed to provide the necessary horizontal reaction that is required 

to justify the 'rotation about the anchor' analysis. The required anchor reaction 

is obtained from horizontal force equilibrium. 

2.3 SOME EARTHQUAKE INDUCED TIED-BACK VvALL FAILURES 

Werner et. al (1982), Kitajima et. al (1979) and Seed et. al (1970) have 

studied and compiled several earthquake induced failures of retaining structures. 

Several of the reported cases involve tied-back wall failures. Here, I will discuss 

a few of the reported tied-back wall failures. 

Chile Earthquake (1960) Chile experienced a senes of about 13 earthquakes 

during the period May-June 1960. Most of these earthquakes were of magnitude 

6.0 or greater. During these seismic events, several retaining structures, including 

gravity walls and tied-back walls, failed at the port city Puerto Montt. The tied

back wall failures were characterized by outward movements and rotations of the 

sheet piles and extensive anchor failure, including tensile failure of the tie rods. 

Nii~ata Earthquake, .Japan (1964) Niigata, Japan, experienced an earthquake 

of magnitude 7.5 on June 16, 1964. During this earthquake, extensive damages 

due to soil liquefaction were reported. The failures of several retaining structures 

were also ascribed to possible liquefaction of the soil. However, the examina

tion of some specific cases indicates that at least some of the reported failures of 



24 

tied-back walls during the Niigata earthquake may have been due to earthquake 

induced inertial forces due to the soil, that impose additional loads on the anchor

age system, rather than liquefaction. For example, sheet piles at Yamanoshita 

Revetment were damaged extensively during the earthquake. The damages were 

predominantly due to excessive outward movements of the sheet piles and due to 

the settlement of the backfill. The failure was attributed to possible liquefaction, 

though no conclusive evidence was presented in the case history. In compari

son, sheet piles in an adjacent facility, the Yamanoshita Wharf, suffered very 

little damage during that seismic event. A comparison of the designs of the two 

tied-back retaining structures, at Yamanoshita Revetment and at YamrulOshita 

Wharf, reveals that the safety factor incorporated in the design of the anchorage 

in the tied-back walls at Yamanoshita Revetment was substrultially lower than 

that used in the anchor design in the Yamanoshita Revetment tied-back walls. 

Tied-back walls that were situated on the banks of the Tsusen river also 

suffered damage during the Niigata earthquake of 1964. A comparitive study 

of the tied-back walls on either banks also yields valuable clues regarding the 

importance of a sound anchorage system in impeding seismic failures of tied

back walls. On one bank, the tied-back walls tilted about 2 m outwards and 

suffered heavy damages. The tied-back walls on the opposite bank suffered very 

little damage, even though the sub-soil conditions in both the banks were nearly 

identical. It is reported that in the tied-back walls that failed, the anchors were 

situated very close to the sheet piles. It is possible that the anchors may have 

been swept up in the active failure wedge and rendered ineffective. 

Tocachi-Oki Earthquake, Japan (1968) On May 16, 1968, an earthquake of 

magnitude 7.8 affected the coastal region of Tohoku and damaged several re

taining structures in the ports of Hachinohe, Aomori, Hakodate and Muroran. 
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Almost all the tied-back walls in these regions failed during this earthquake. The 

failures, which were characterized predominantly by outward displacements and 

rotations of the tied-back walls, were attributed to insufficient anchor resistance. 

Interestingly, neither insufficient embedment nor lack of flexural resistance of the 

sheet piles were cited as reasons for the failure of these tied-back walls. 

Two more earthquakes in Japan, the Nemuro-Hanto-Oki earthquake (June 

17, 1973, magnitude 7.4) and the Miyagi-Ken-Oki earthquake (June 12, 1978, 

magnitude 7.4), have brought about the failure of several tied-back retaining 

walls. These failures were also characterized by outward movements of the sheet 

piles, excessive settlements of the backfill and anchor failures. In some cases, 

excessive outward displacements of the sheet piles were documented whereas very 

little anchor movements were observed. Such cases were probably due to yielding 

or breakage of the anchor ties during the earthquake. 

Even though liquefaction of the soil was cited as the probable reason for 

some earthquake induced failures of tied-back walls, earthquake induced iner

tial forces have played a major role in bringing about failure. This is strongly 

supported by evidence of anchor failures, especially the breakage of anchor ties, 

during the seismic events. Some important points that arise out of this study 

of the reported literature on earthquake induced failures of tied-back walls are: 

(1) The anchor is a vital component in a tied-back wall. Thus, a seismic design 

should involve a rational design of the anchorage system. (2) Not many of the 

reports indicate bending failures of the sheet piles. Therefore, flexural resistance 

of the sheet piles during seismic shaking does not seem to be a major concern. 

(3) In almost all the reported cases, embedment of the tied-back wall was not 

critical; perhaps anchor failure preceeded failure due to inadequate embedment. 
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2.4 REVIEW OF ANALYTICAL STUDIES 

The study of dynamic earth pressures and their effects upon retaining 

structures is a very complex problem. In order to make the problem tractable, 

several simplifying assumptions are necessary. In this section I will discuss the 

various attempts that have been made to further the understanding of dynamic 

earth pressures and of the seismic behavior of retaining structures. I will highlight 

the salient points of such attempts and their underlying assumptions. Complete 

details of the analyses may be found in the indicated references. 

Perhaps the earliest efforts for determining dynamic lateral earth pres

sures were made by Okabe (1926) and Mononobe et. al (1929). Their analysis, 

an extension of the classical Coulomb's earth pressure theory, is a pseudo-static 

analysis in which the dynamic forces due to seismic loading are incorporated as 

equivalent static loads. The dynamic active and passive lateral thrusts are de

rived by considering the dynamic equilibrium of the failure wedges at incipient 

failure. The details of the Mononobe-Okabe dynamic earth pressure theory will 

be discussed in Chapter 3, Section 3.2. 

Okabe (1926) and Mononobe et. al (1929) assumed the dynamic lateral 

thrusts to have a triangular stress distribution, such as in static lateral earth 

pressures. As a result of this assumption, the active and the passive dynamic 

earth pressure resultants are considered to act at the one-third point from the base 

of the wall. The Mononobe-Okabe analysis is applicable only at incipient failure, 

since the earth pressures are obtained via limit equilibrium. Scott (1973) and 

Wood (1973) have attempted elastic solutions in order to determine the seismically 

induced dynamic lateral stresses that arise prior to failure. The conclusion of these 

reported elastic analyses is that the Mononobe-Okabe earth pressure theory may 
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be unconservative, since the dynamic active thrusts can be much larger if the wall 

doesn't yield sufficiently for an active condition to develop. The inherent weakness 

of such elastic analyses is the questionable assumption that the soil behaves as 

an elastic material. At failure, however, the assumptions ofthe Mononobe-Okabe 

analysis conforms very well with the behavior of retaining wall systems. Perhaps 

this is one of the reasons why the Mononobe-Okabe dynamic earth pressure theory 

has found tremendous acceptance and has stood the test of time. 

Richards and Elms (1979) re-examined the Mononobe-Okabe expression 

for the dynamic active earth pressure and its application for gravity retaining 

walls. These investigators considered the inertial effects of the mass of the wall in 

their analysis and demonstrated that, beyond a certain critical acceleration level, 

a gravity wall of infinite mass would be required to impede failure. Richards and 

Elms (1979) concluded that some limited displacement of gravity walls during 

earthquakes cannot be avoided and considered a displacement based seismic de

sign approach. In this approach, Richards and Elms (1979) applied Newmark's 

(1965) sliding block analysis to estimate the displacements that a gravity wall 

may undergo during a seismic event. In the Richards-Elms (1979) method, the 

wall and the active wedge are treated as a single rigid unit that moves away from 

the rest of the soil at and beyond a certain critical acceleration. This critical 

acceleration is evaluated, from dynamic equilibrium, as a function of the interface 

friction between the base of the wall and the soil. The wall is assumed to dis

place with a linearly increasing velocity whenever the acceleration of the ground 

exceeds this critical acceleration, until such time when the wall velocity and the 

velocity of the soil attain the same value. Beyond this point the wall and the 

soil are assumed to move together, with no relative displacement between them. 

This assumption yields cumulative relative displacements whenever the ground 
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acceleration exceeds the critical acceleration. The magnitudes of the relative dis

placements between the wall and the soil are evaluated using a simple graphical 

procedure. The Richards-Elms (1979) procedure for evaluating the displacement 

of a gravity wall during a seismic event is illustrated in Fig.2.1. 

Zarrabi (1979) argued that the llichards-Elms (1979) method of computing 

wall displacements does not satisfy kinematics, and proposed a 'two-block' sliding 

model. In his approach, Zarrabi (1979) considered the failed active wedge as 

a separate rigid body and considered kinematic compatibility of the wall and 

the active wedge during seismic loading. The Richards-Elms (1979) approach, 

however, has found much wider acceptance, perhaps owing to its simplicity. 

Nadim et. al (1983) reported the results of a finite element analysis of a 

gravity retaining wall system. In their finite element model, Nadim ct. al (1983) 

considered the wall and the soil as linear elastic materials. The interface be

tween the base of the wall and the soil and a predetermined failure plane backfill 

that separated the active wedge from the backfill were modeled using rigid-plastic 

contact elements. In the results reported by these investigators, the seismically 

induced dynamic forces on the wall are comparable to the Mononobe-Okabe dy

namic active lateral thrusts. 

Whitman and Liao (1985) adopted a probabilistic approach towards pre

dicting the displacements of a gravity wall during seismic loading. This approach 

was aimed at providing a basis for selecting safety factors in the seismic design of 

gravity walls. In their model, Whitman and Liao (1985) considered rundomness 

in the ground motion and uncertainities in the soil parameters while being within 

the compass of the Richards-Elms (1979) displacement based design philosophy. 
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Recent studies by Steedman and Zeng (1990, 1991), in which they consid

ered the soil medium to be elastic, and hence to have a finite shear wave velocity 

in the event of shaking, show remarkable agreement with the Mononobe-Okabe 

dynamic active forces. Their analysis, however, indicates that the point of ac

tion of the dynamic active increment depends upon the frequency of the seismic 

excitation. However, from their reported results, the variations do not seem to 

be very pronounced. It is not evident from their reports whether Steedman and 

Zeng (1990, 1991) studied dynamic passive behavior in the light of their pseudo

dynamic analysis. 

lai (1988, 1989) reports the results of a finite element analysis of a tied

back wall subjected to an earthquake event. In the finite element model, lai 

(1988, 1989) has developed and used an effective stress soil model and has in

cluded the detrimental effects of excess pore pressure build-up during seismic 

excitation. lai's results indicate liquefaction of the backfill as the main cause of 

failure. Even though lai's effective stress model throws light upon the dynamic 

behavior of certain saturated soils, this model has neither been calibrated against 

experimental results nor was compared with other published results. 

Gazetas (1990) presents an empirical design chart for the seismic design of 

tied-back walls. His design chart is based on case studies of earthquake induced 

failures of tied-back walls. In his contribution, Gazetas (1990) critically exam

ines the existing Japanese code of practice for the design of tied-back walls in 

seismically active regions and points out several deficiencies in that design code. 
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2.5 REVIEW OF EXPERIMENTAL STUDIES 

Several experimental studies on the seismic behavior of retaining walls have 

been reported in the literature; the earliest were those performed by Mononobe 

(1929) using aIm high model gravity wall. Almost all the subsequent reported 

experiments pertained to gravity retaining walls and in several of the reported 

experiments the test specimens were designed to fail in a predetermined mode. 

Many of the investigators have directed their efforts almost exclusively to the 

study of dynamic active earth pressure distributions (for example, Sheriff et. aI, 

1982, 1984, Yong, 1985 and Anderson et. aI, 1987). To my knowledge, prior to 

the experiments performed as part of this research, only two reported experiments 

involved tied-back retaining wall models (Kurata et. aI, 1965, Richards and Elms, 

1987). Very recently, Steedman et. al, (1990, 1991) reported dynamic tests 

(centrifuge tests) on a tied-hack wall model with silicone oil as pore fluid. 

2.5.1 SEISMIC TESTS ON GRAVITY RETAINING WALLS 

The reported seismic tests on gravity walls may be broadly classified into 

two categories: (1) experiments conducted for the purpose of observing failure 

surfaces and for measuring wall displacements and (2) experiments performed 

for the determination of dynamic active earth pressures associated with various 

boundary conditions. The tests performed by Ishii et. al (1960) and Lai (1979) 

are good examples of the former category while those conducted by Mononobe 

and Matsuo (1929) and Sherif et. al (1982) are examples of the latter. 
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Ishii et. al (1960) perlormed a series of shake table experiments on model 

gravity retaining walls and used dry sand as the backfill. The walls were 0.75 m 

tall and the ground motion input to the shake table had intensities ranging from 

0.1 g to 0.7 g and had a frequency 3.3 Hz. Based on their tests, Ishii et. al 

(1960) reported that the model walls progressively lurched outwards, away from 

the backfill, during the shaking. The magnitude of the measured lateral forces 

were reported to be in close agreement with the Mononobe-Okabe dynamic earth 

pressure theory. 

Lai (1979) used a gravity wall made of aluminium as his test specimen and 

conducted the tests on a shake table. He studied the effect of inertia due to the 

mass of the wall by adding steel weights to the aluminium wall. Observations re

ported by Lar (1979) include (i) failure in a translational mode in discrete outward 

lurches, (ii) formation of a failure wedge with very little shear distortions and (iii) 

varying wall accelerations during failure (contrary to the main assumption of the 

Richards-Elms (1979) sliding block model). 

Steedman (1984) conducted seismic tests, in a centrifuge, on aluminium 

walls. He also observed close agreement between measured dynamic lateral forces 

and the Mononobe-Okabe values, and observed that wall movements occured in 

a stepwise fashion. 

Most of the experiments discussed above addressed mainly the displace

ment behavior of gravity walls. In the experiments described below, the main 

objectives were the measurement and study of the dynamic active earth pressure. 

Mononobe and Matsuo (1929) were perhaps the first to report seismic tests 

on model gravity walls. In their series of experiments, Mononobe and Matsuo 

(1929) used aIm high wall that was hinged at its base and restrained at its top 
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by hydraulic gauges designed to record the lateral forces during shaking. This 

wall was housed in a test region that measured 1.2 m x 1.2 m x 2.75 m. The entire 

assembly was set on a shaking table and shaken at a frequency of approximately 

2.5 Hz. The lateral pressures measured were found to be consistent with the 

Mononobe-Okabe theory. In another series of tests conducted by Jacobsen (1939), 

similar agreement between the measured lateral forces and those predicted by the 

Mononobe-Okabe theory were reported. 

More recent experiments were performed by Sherif et. al (1982, 1984) on 

a gravity wall 1 m high that retained a dry sand with an angle of internal friction 

¢ equal to 41°. In their experiments, controlled wall movements were input while 

the backfill was subjected to seismic shaldngs. Results of these experiments were 

also in remarkable agreement with the Mononobe-Okabe dynamic earth pressures. 

Based on reported experiments, I mal(e the following observations : 

• Almost all the investigators who reported seismic experiments on 

gravity retaining walls have concluded that the active dynamic 

earth pressure resultants were very close to those determined by 

the Mononobe-Okabe dynamic earth pressure theory. 

• The point of application of the active dynamic earth pressure re

sultant on the wall is reported to be between O.4H to O.6H from 

the base of the wall, where 'H' is the height of the wall. Okabe 

(1926) and Mononobe et. al (1929), however, assumed the dynamic 

resultant to act at the same location as the static resultant, viz. 

kH from the base of the wall. This assumption of Okabe (1926) 

and Mononobe et. al (1929) has often been shown to be invalid by 
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the results of many of the reported seismic experiments on gravity 

walls. 

• Most ofthe seismic experiments that involved the study offailures of 

gravity walls indicated that the wall displacements during seismic 

loading were discrete outward lurches, away from the fill. This 

observation seems to be consistent, at least qualitatively, with the 

Richards-Elms (1979) sliding block model. 

• In many of the reported experiments on gravity retaining walls, 

the accelerations measured on the test walls during wall movements 

relative to the backfill movements have always shown variations 

with time. However, in the method suggested by Richm'ds and Elms 

(1979) for the calculation of the wall displacements during seismic 

loading, the wall accelerations are assumed to be constant whenever 

the wall moves relative to the backfill. Nevertheless, in many of the 

reported tests, the values of the displacements measured were in 

the neighborhood of those computed by the Richru-ds-Elms (1979) 

method. 

2.5.2 SEISMIC TESTS ON TIED-BACK WALLS 

When compared to the exhaustive studies conducted to examine the seis

mic behavior of gravity retaining walls, much effort has not been directed towards 

the study of the seismic behavior of tied-back walls. 
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Kurata et. al (1965) conducted shake table tests on 1 m high tied-back 

walls using dry sand as the backfill. These tests were conducted mainly to study 

the changes caused in the bending moments of the wall due to the seismic loading. 

From the measured bending moments, Kurata et. al (1965) back calculated the 

dynamic active earth pressures and found them to be reasonably close to those 

obtained through the Mononobe-Okabe dynamic earth pressure theory. These 

investigators did not address either the failure mechanisms involved or the effect 

of passive toe resistance on the seismic behavior of tied-back walls. 

Perhaps the first attempt to experimentally study the dynamic passive toe 

resistance of tied-back walls was made by llichards and Elms (1987). In their 

experiment,s, Richards and Elms (1987) used test walls that were hinged at the 

top, and induced dynamic passive failure. Air pressure jacks were used to simulate 

the seismic loading. These air pressure jacks provided the equivalent of dynamic 

active thrusts, at known locations, thereby making it possible to evaluate not 

only the passive resultants but also their positions during the tests, Richards and 

Elms (1987) concluded that: 

(i) the Mononobe-Okabe analysis is valid for the dynamic passive toe 

resistance of tied-back walls; 

(ii) densification occurs in the passive region during initial seismic load

ings and must be considered in the analysis and 

(iii) the location of the dynamic passive resultant may be below D /3 

from the base of the wall, where'D' is the depth of embedment. 

Even though the experiments performed by llichards and Elms (1987) 

provided valuable clues regarding the dynamic passive behavior, the experiments 
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were limited in that failure mechanisms were not examined. They applied the 

dynamic active thrusts in the form of known loads at predetermined locations 

and as such they were unable to study the interplay of the passive and the active 

wedges during seismic loading. The wall movements recorded in their experiments 

indicated a behavior similar to Newmark's (1965) sliding block model. This is not 

surprising since only the passive wedge controlled the behavior; the wall racheted 

outwards whenever the passive zone failed during the applied loading. 

2.6 SUMMARY 

Some earthquake induced failures of tied-back walls were examined in the 

beginning of this chapter. Most of these failures were due to inadequate anchor 

resistance during the seismic loadings. This observation indicates the importance 

of anchors in the seismic stability of tied-back walls. Development of a suitable 

design for anchorage systems, therefore, seems to be a rational approach to the 

seismic design of tied-back walls. 

A review of the various analytical and experimental works pertaining to 

dynamic earth pressures and seismic behavior of retaining walls were presented in 

the latter half of this chapter. Most of the reported studies confirm the validity 

of the Mononobe-Okabe dynamic earth pressure theory. 
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CHAPTER 3: 

ANALYSIS OF TIED-BACK WALLS 

3.1 THE LIMIT EQUILIBRIUM METHOD 

The limit equilibrium approach is a method of obtaining approximate solu

tions for collapse or failure loads. This approach is frequently used in geotechnical 

problems where stability is of interest. In this method, a failure surface - usually 

planar, circular, log spiral etc. - is assumed and equations of equilibrium at 

incipient failure are written. The most unstable position of the assumed failure 

surface is found by extremization or by any other suitable means. The limit equi

librium approach usually involves several assumptions and the solutions obtained 

are often close to an upper bound solution. 

3.2 MONONOBE-OKABE DYNAMIC EARTH PRESSURE THEORY 

In this section I will discuss the assumptions made by Okabe (1926) and 

Mononobe et. al (1929) in developing their dynamic earth pressure theory. The 

derivations of the Mononobe-Okabe theory will not be repeated and only a critical 

examination of the assumptions of this theory is presented. 



38 

The Mononobe-Okabe approach for the determination of the dynamic 

earth pressures, an extension of the classical Coulomb's static earth pressure solu

tion, is derived from limit equilibrium. The main assumptions in the Mononobe

Okabe approach are: 

(1) at the limiting case of incipient failure, the Coulomb failure criterion 

is attained along a continuous, straight failure plane that extends 

from the free surface to the toe of the retaining structure, thereby 

forming a failed 'wedge' of soil; 

(2) the inclination of this failure surface is that which produces the least 

force on the wall, in the case of the active wedge, and the maximum 

force on the wall, in the case of the passive wedge; 

(3) the failed soil wedge behaves as a rigid body, hence a pseudo-static 

analysis of the dynamic problem can be performed; 

(4) a known wall friction is fully mobilized along the intelface between 

the wall and the soil and 

(5) the analysis is two dimensional and conditions of plane strain apply. 

As in the classical Coulomb's static solution, the Mononobe-Okabe dy

namic earth pressure theory docs not provide any information regarding the dis

tribution of the lateral earth pressures along the depth of the retaining structure. 

Okabe (1926) and Mononobe et. al (1929) assumed the dynamic stresses to be 

linearly distributed and considered the total earth pressure resultants to act at 

1/3rd height from the toe of the retaining structure. 
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Of the above elmumerated assumptions of the Mononobe-Okabe analysis, 

assumptions (2) and (3) require special attention. Assumption (2) is made so 

that the lateral forces that are delivered by the soil may be evaluated byextrem

izing the expressions for these forces with respect to the inclination of the active 

and the passive wedges. In a dynamic treatment of this problem, this assump

tion dictates that the inclination of the failure wedges vary with variations in 

the ground acceleration. Assumption (3), in which the soil wedge is considered 

rigid, rules out any real 'dynamic' analysis of the problem. As a result of this 

assumption, the dynamic loads due to the accelerations imposed upon the failed 

wedges are converted into equivalent static loads that act through the centroid of 

the failed wedges. The directions of these equivalent static loads are opposite to 

that of the ground acceleration (D'Alembert's principle). The Mononobe-Okabe 

analysis does not yield any information regarding amplifications of the ground 

acceleration, since the the failed soil wedges are considered to be rigid. 

3.3 FAILURE OF A TIED-BACK WALL 

Retaining wall failures during seismic events are often characterized by 

outward movements of the wall. Such movements initially result in cracking and 

slumping of the soil behind the wall. If the accelerations causing these movements 

continue, then large settlements and eventual failure would occur. Some limited 

movement, however, is not always associated with severe damage nor can it be 

entirely avoided in an economic design during moderate to severe earthquakes. In 

the seismic design procedures suggested for gravity retaining walls, Richards and 

Elms (1979) recommended limiting the amount of outward translation in order 

to avoid total failure and to obtain an economic design. 
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Failure of gravity retaining walls due to outward translation has been stud

ied extensively by llichards and Elms (1979) and others (Whitman and Liao, 1980; 

Jacobson, 1980; Aitken, 1982; Zarrabi, 1979). Rotational modes of failure are not 

critical for the standard gravity retaining wall design. In the case of tied-back 

walls, a translational mode of failure is very unlikely and so the failure analyses 

associated with gravity retaining walls may not be entirely applicable. Tied-back 

walls are observed to fail in predominantly rotational modes of failure during 

earthquakes. This implies that the limiting condition is generally moment equi

librium. On the oiher hand, gravity retaining walls begin to translate when the 

resisting base shear developed due to friction reaches its limiting value and the 

system can no longer maintain horizontal force equilibrium. 

I will now discuss the various modes of failure that can occur in a tied

back wall system. I assume that the sheet piles of the tied-back wall are strong 

enough to sustain the seismic pressure increments without bursting, yielding or 

bending so that in the limiting condition the tied-back wall essentially acts as a 

rigid body connecting the the active and passive zones of the system. With this 

assumption, three fundamental behavioral modes are possible: (1) 'T' - Pure 

sliding or horizontal translation, as for gravity retaining walls, (2) 'RT' - Rotation 

about the anchor, and (3) 'RB' - Rotation about the bottom. The first mode, 

shown in Fig.3.1, is unlikely since, if so, there must be no net moment on the wall 

during failure. The second, shown in Fig.3.2 with geometrically compatible family 

of straight and parallel slip surfaces, corresponds to a design where the anchorage 

is far outside the active failure wedge and moves very slightly. The third, shown 

in Fig.3.3, is when the anchor system is swept up in the active zone or breaks and 

is ineffective. The field observations of failures (Werner et. aI, 1982, Kitajima et. 

aI, 1979) suggest that this latter mode of failure coupled with sliding dominates 

in a standard static design and that the actual seismic behavior 
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Fig. 3.1 - Translational or 'T' mode of failure of a tied-back wall during seis

mic excitation. 
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Fig. 3.3 - 'HE' mode of failure of a tied-back wall during seismic excitation. 

Failure is due to breakage of and total loss of the anchorage and 

occurs by rotation about the bottom region of the wall. ~ 
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Fig. 3.4 - 'RB-T-A' mode of failure of a tied-back wall during seismic excita

tion. Failure occurs as a combination of the T mode, HB mode and 

anchor failure. 

44 



45 

of tied-back walls not designed for seismic effects will displace in a combined mode, 

'RB-T-A', such as shown in Fig.3.4. In Figs. 3.1 - 3.4 the seismic displacements 

are shown to exaggerated scales. Amongst these modes of failure, the 'RT' mode 

is, perhaps, the least likely. Often, in statically designed tied-back walls, the other 

modes, especially 'RB', are triggered prior to the 'RT' mode during moderate to 

strong shaking. In terms of factors of safety, this implies that the 'RT' mode 

has the highest factor of safety amongst all the modes of failure. This makes the 

'RT' mode especially interesting, since the anchorage in a tied-back wall system 

can be designed such that 'RT' is triggered first. In such a design, the overall 

safety factor of the retaining wall system would be that associated with the 'RT' 

mode of failure. The 'RT' mode of failure is most probable when the anchorage 

is adequately designed, is capable of providing the necessary equilibrating force 

during the seismic loading and is well outside the active region of the backfill. 

In a tied-back wall system with such an anchor, failure by rotation about the 

anchor can occur during an earthquake when the seismically induced additional 

inertial forces cause the driving moment to exceed the limiting stabilizing moment 

provided by the passive resistance. 

3.4 ANALYSIS OF THE 'RT' MODE OF FAILURE 

In this section I will analyze the seismically in2uced 'RT' mode of failure 

of tied-back walls using limit equilibrium. In the analysis, I make the following 

assumptions with reference to Fig.3.5. 

1. Straight failure planes on the active and passive sides, 
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2. the wall is vertical and hinged at the anchor point '0', that is at a 

distance Ah from the top, so that the wall would rotate about this 

point in the event of failure, and 

3. the soil forming the backfill is dry and cohesionless. 

I now assume that the retaining wall is subjected to a seismic event with 

a horizontal acceleration component k"g and a vertical acceleration component 

kvg where k" and kv are the horizontal and vertical coefficients of accelerations 

respectively and 9 is the acceleration due to gravity. The directions of k" and kv 

as shown in Fig.3.5 are taken as positive. The net active lateral thrust acting on 

the wall is : 

(3.1) 

where /(AE, the dynamic coefficient of active earth pressure, is given by 

Okabe (1926) and Mononobe et. al (1929) as : 

where: 

2 

cos(}cos(oA+B) [1+ sin(tPA +oA)sin(tPA -B)] 
cos( OA + B) 

(3.2) 

() = arctan (1 ~t ), , is the unit weight of the soil, H A is the height of the 

active wedge, tPA is the angle of internal friction of the soil on the active side and 

OA is the angle of friction between wall and the soil on the active side. 
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Fig. 3.5 - A tied-back wall system at incipient failure. The failure surfaces are 

assumed to be straight. The anchor is assumed not to fail during the 

seismic loading and hence RT is the only possible mode of failure. 
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The corresponding expression for the net passive lateral (resistive) thrust 

on the wall is : 

(3.3) 

where J( PE, the dynamic coefficient of passive earth pressure is : 

2 

[ 
sine <pp + op) sine <PP - B)] 

cos B cos( 0 P + B) 1-
cos(op + B) 

(3.4) 

where: 

D is the depth of embedment, <pp is the angle of internal friction of the 

soil on the passive side and 0 p is the angle of friction between wall and the soil 

on the passive side. 

For a particular case of a soil with <p = 35°, kv = 0, 0 = OA = op = 0 

and 0 = OA = op = 20°, the Mononobe-Okabe expressions for the dynamic earth 

pressure coefficients result in the curves shown in Fig.3.6. Essentially, the seismic 

loading causes a decrease in the dynamic coefficient of passive earth pressure J( p E 

and an increase in the dynamic coefficient of active earth pressure J(AE. Whereas 

J(AE does not change appreciably with any increase in OA, J(PE is highly sensitive 

to op and increases significantly with increases in op. At a certain level of the 

acceleration ratio, tanB (= l~'k.)' J(AE and J(PE attain the same value and the 

soil fluidizes (Richards et. aI, 1990). The magnitude of the acceleration ratio 
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required for fluidization depends on the angle of internal friction of the soil; it is 

independent of the nature and geometry of the retaining wall system, and is the 

limiting value of the acceleration that can be sustained in that soil. By equating 

J(AE and J( P E (Equations (2) and (4)), this limiting acceleration ratio is obtained 

as tan (J = tan~. 

The static earth pressure coefficients are obtained through the Mononobe

Okabe dynamic earth pressure expressions by setting () = 0° in Equations (2) and 

(4). By doing so, J(AE reduces to the static coefficient of active earth pressure J(A 

and J( P E reduces to J( p, the static coefficient of passive earth pressure. The static 

earth pressures are assumed to have a triangular distribution and the resultants 

of these act at a distance of one-third height from the base of the soil wedges. 

Hence, the static active lateral earth pressure resultant, PA, acts at H A/3 from 

the bottom ofthe wall, and the static earth pressure resultant on the passive side, 

Pp, acts at D /3. 

The points of application of the additional dynamic components of the 

earth pressure resultants are controversial. Seed and V/hitman (1970) have shown, 

from tests on gravity walls, that the position of the additional dynamic component 

of the active earth pressure resultant moves up (towards the top) as earthquake 

effects become significant. A theoretical analysis done by ,;Vood (1973) for an 

assumed elastic soil indicated that the resultant of the dynamic active earth pres

sure acted at mid-height of the wall. In this analysis, I assume that the additional 

dynamic component of the active earth pressure resultant acts at H A/2. To my 

knowledge, neither a theoretical analysis nor experimental work has been reported 

in which the location of the additional dynamic component of the passive earth 

pressure resultant is established. 
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Fig. 3.7 - Earth pressure resul tants acting on a tied-back wall that is assumed 

as hinged at the anchor location. 
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The forces acting on the wall are shown in Fig.3.7. In this figure, PAE and 

P~E are the dynamic components of P AE and PPE respectively, and hence: 

(3.5) 

and 

Pp - PPE (3.6) 

The additional dynamic component of the passive lateral thrust, PpE' is 

considered to act at a distance lp from the bottom of the wall. The effects of 

assuming different values for lp are examined later in this chapter. 

By considering the free body diagram of the wall (Fig.3.7) and forcing 

rotation to occur about the anchor tie location '0', the overturning moment is 

given by : 

Mo (3.7) 

The restraining moment capacity is given by : 

Mn (3.8) 

The factor of safety of the system against failure by rotation about the 

anchor tie, defined as the ratio of the resisting moment capacity to the overturning 

moment, is: 



F 
Mn 
Mo 
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(3.9) 

The retaining wall system will begin to fail by rotating about the top when 

the value of F in Equation (9) reduces to,1.D. That value of the acceleration ratio 

(tan 0) that initiates failure is defined as the failure acceleration ratio tan 0·, which 

can be obtained by setting F = 1 in Equation (9), substituting the appropriate 

expressions for Mn and Mo and solving for tan O. It may be noted that, in 

a tied-back wall system, the reduction in the factor of safety during a seismic 

event is a direct consequence of the increase in the dynamic active earth pressure 

coefficient, J(AE, and the simultaneous decrease in the dynamic passive earth 

pressure coefficient, J(PE' 

3.4.1 LOCATION OF THE DYNAMIC PASSIVE INCREMENT 

During seismic loading, the location of the additional dynamic component 

of the lateral eru,th pressures are of interest. Experimental evidence and theoret

ical analysis by several investigators including \Vhitman and Liao (1985), \iVood 

(1973) etc. indicate that the active dynamic increment acts either at mid-height 

of the wall or slightly above. As experimental reports on the dynamic passive 

behavior are comparitively very scarce, there is no mention in the literature of 

lp, the distance from the base of the wall at which the dynamic passive incre

ment acts. The magnitude of II) will certainly be significant in the selection of 

appropriate sheet pile sections for a tied-back wall, since lp influences the bending 

moments developed along the depth of the sheet pile. In this research, however, 

the principal interest in Ip is its influence on the failure mode under study, vh~. 

the 'RT' mode. 
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In order to study the significance of lp in the 'RT' analysis, Equation (9) is 

solved for D/H = 1/2 and D/H = 1 (H = HA - D), for two different values of lp; 

lp = DI2 and lp = D13. The anchor tie is assumed to be connected to the wall 

at the top and hence A" is taken as zero. The solution is presented in Fig.3.8. 

It appears that there is no appreciable difference in tan fr- due to the assumed 

variations of lp. For a conservative estimate, I suggest that lp be taken as D 13. 

Fig.3.8 also shows how the factor of safety of a tied-back wall, designed for static 

loads only, reduces as a result of ground acceleration. For example, a tied-back 

wall supporting dry cohesionless soil (¢; = 35°, 0 = 0°) designed for a static factor 

of safety of 2 against rotation about the top under static loading conditions will 

fail when the acceleration ratio reaches a value of 0.33. 

3.5 INFLUENCE OF WALL FRICTION 

The influence of wall friction on the earth pressure coefficients has an 

important bearing in the analysis of tied-back retaining walls. Traditionally, the 

influence of wall friction is usually neglected in the design of tied-back walls. 

Whereas wall friction has little or no effect on the dynamic active earth pressure 

coefficient K AE, it has tremendous influence in the passive zone. As shown in 

Fig.3.6, J(PE is extremely sensitive to the angle of wall friction op and increases 

considerably with increases in op. As a consequence, an increase in op results 

in an increase in the factor of safety of the system. For example, a wall with an 

embedment depth ratio of D I H = 112 and ¢; p = 35°, and if 0 p is assumed to be 

equal to zero, then the failure acceleration ratio tan 0'" is 0.33. However, if the 

interface friction mobilized on the wall, op, is only 10°, the failure acceleration 

ratio increases to a value of 0.43, an increase by about 30 percent. Since OA 

has little effect on ](AE, variation in the factor of safety due to increase in OA 
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is insignificant. The curves plotted in Fig.3.9 illustrate the effect of passive wall 

friction on the factor of safety of tied-back walls. These curves, which are plots 

of factors of safety against tan (), are shown for various D /H ratios and for ~ P = 
0°, 10° and 20°. 

During seismic loading, an initial densification of the soil may occur, es

pecially in loose cohesionless soil, resulting in an increase in ¢. If ~ is assumed 

to be proportional to the angle of internal friction ¢, ~ P increases and hence the 

tied-back retaining wall system is, to a certain extent, self strengthening under 

seismic loads against rotation about the anchor. 

3.6 INFLUENCE OF THE DEPTH OF EMBEDMENT 

A tied-back retaining wall derives a large part of its stability from the 

passive resistance of the soil in front of the toe. Thus, the depth of embedment 

has a critical influence on the stability of a tied-back wall. In general an increase 

in the embedment depth ratio results in an increase in the factor of safety under 

static loads. This applies to the 'RT' analysis also, wherein the safety factor can 

be thought of as a function of the D /H ratio. Fig.3.10 shows a plot between tan (r 
and D/H ratios for various ¢, various ~P and for All = O. A small increase in the 

D /H ratio above the static condi tion (tan ()* = 0) increases the allowable tan ()* 

significantly. For example, for a failure acceleration ratio of 0.2, the limiting D IH 
ratio, for ¢ = 30° and ~P = 20°, is 0.35 (Fig.3.10). By increasing the D/H 

ratio by 10 percent (D /H =0.385), the failure acceleration ratio is increased to 

0.25, an increase of 25 percent. However, for very high values of D/H, the failure 

acceleration ratio tan 8* approaches tan ¢ when the magnitudes of J(AE and J(PE 

become equal. At this stage the soil cannot sustain any additional shear and any 
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further increase in the embedment depth ratio would not impede soil failure and 

the soil, theoretically, behaves as a viscous fluid (Richards et. aI, 1990). For 

example, if the backfill soil of a tied-back wall has <p = 30° and 8 p = 20°, then 

for D/H ratio greater than 1.0 (Fig.3.lO) very little seismic resistance is added 

for the assumed conditions. 
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CHAPTER 4: 

DESIGN AND INSTRUMENTATION OF THE EXPERIMENTS 

4.1 INTRODUCTION TO SEISMIC SIMULATORS 

Laboratory simulations of earthquake motions and earthquake loadings are 

often achieved using pressure jacks, on 'shake tables' and in centrifuges. Pressure 

jacks are frequently used in the dynamic testing of simplified models, where a 

specific aspect of the dynamic behavior is of interest. For example, air pressure 

jacks have been used successfully to induce dynamic passive failure (Richards et. 

aI, 1987). 

Shake table tests are more suited for large scale testing programs, especially 

if the study involves simulating a specific earthquake. In a shake table, the dy

namic loading, such as an earthquake excitation, is input to the model/structure 

under study in the form of a base motion. In test programs involving geotechnical 

investigations, the input motion is often provided at the base of a soil layer. In 

such instances, the shake table can be thought of as an underlying rock layer 

that is subjected to seismic excitations. Centrifuges are often used to test small 

scale models. Testing of small scale models usually involve similitude problems. 

Such problems, including proper scaling of gravity effects, can be appropriately 

handled in centrifuges. 
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4.1.1 SUNY AT BUFFALO SEISMIC SIMULATOR 

The State University of New York (SUNY) at Buffalo seismic simulator 

table is 3.66 m x 3.66 m x 0.38 m thick. Two independent programmable degrees 

of freedom, one in the horizontal and the other in the vertical direction, can be 

applied through six servo-hydraulic actuators. A view of the seismic simulator is 

shown in Fig.4.1. It is possible to control horizontal, vertical, pitch, roll and yaw 

movements. 

The shake table is capable of developing a maximum horizontal accelera

tion of 1.15 g. When the experimental program of this research was conducted, 

the shaking table was capable of supporting a test specimen weighing 20 met

ric tons and developing maximum horizontal and vertical velocities of 0.86 m/sec 

and 0.43 m/sec respectively. The corresponding maximum horizontal and vertical 

displacements are 0.3 m and 0.15 m respectively. The weight of the table is 7.5 

metric tons and it has a rigid construction which allows the servo-hydraulic ac

tuators to produce the programmed motions for frequencies ranging from 0.1 Hz 

to 30 Hz. 

The hydraulic systems are controlled by a closed loop servo mechanism 

monitored by analog servo controllers which minimize the combined error function 

calculated from the system's state variables. The input motions can be generated 

either by a function generator for producing sinusoidal motions over the frequency 

range 0.1 Hz - 30 Hz or through a programmable digital-analog converter. 



Reaction Moss 

Test Floor 

Fig 4.1 - SUNY at Buffalo seismic simulator. 
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4.2 EXPERIMENTAL SCHEME ADOPTED IN THIS RESEARCH 

The basic requirement for this experimental study was a test region that 

would contain the wall specimen and the soil. This test region must have transpar

ent sides that would facilitate viewing and photographic recording of the onset 

and development of failure surfaces and their associated phenomena. A large 

'sand box' was built to serve as the test region. This sand box was a rigid steel 

frame with transparent plexiglass sides and a wooden base. The aluminium walls 

used in this study were designed and machined to suit the fixity conditions and 

the D /H ratios to be specified in the various tests of this experimental program. 

In order to calibrate the RT mode of failure, I conducted two sets of RT 

tests - (1) Test RT1 and (2) Test RT2. A third set, Test ANC, was conducted 

for the purpose of studying the seismic behavior of a tied-back wall whose tie

backs and anchor are designed via static design procedures. In order to compare 

and evaluate Test ANC with respect to an RT test, the geometry of Test ANC, 

including its D /H ratio, were set to those of Test RT1. Thus, the wall specimen 

of Test RT1 was utilized for Test ANC and the levels of the active and the passive 

regions in Test ANC were the same as those in Test RTl. In Test RT1 and Test 

RT2, the wall was held at the top by pin supports while for Test ANC the wall was 

held back by two tie-rods that were connected to an anchor plate. The supporting 

pins of Test RT1 and Test RT2 and the tie-rods of Test ANC were instrumented 

and calibrated in order to continuously monitor and record the forces during the 

course of these experiments. 

In order to be consistent with the assumptions stated in the RT analysis of 

Chapter 2, the soil (Ottawa C-109 sand) within the test region must be placed as 

uniformly as possible, that is, at a constant void ratio. To approximately achieve 
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this, a sand spreader that pluviates sand from a variable height into the sand 

box was built and was successfully employed. The design details of the sand box, 

the test walls and the sand spreader and the details of the instrumentation are 

presented in the subsequent sections. 

4.3 FABRICATION OF THE SAND BOX 

The dimensions of the test region had to be sufficiently large so that bound

ary effects, if any, would be minimal. However, the dimensions of the shake table 

and other practical considerations imposed restrictions on the geometries of the 

sand box. Taking into account these factors, a test region of size 0.9 m x 0.9 m x 

3.66 m was considered appropriate for this experimental program. In the fabrica

tion of the frame of the sand box, the following design variables were considered: 

(i) the maximum seismic accelerations, (ii) the weight of the sand, (iii) the weight 

of the sand spreader and (iv) the allowable displacements of the frame of the 

sand box. One functional requirement of the design was that the sides of the 

sand box should have large viewing areas. A tough and abrasion resistant plex

iglass, "Lucite-SAR" (of thickness 0.5 inches), was found to be appropriate for 

this purpose. This material is as transparent as glass and is very workable. 

The plexiglass sides were supported by five two-dimensional frame units 

(FigA.2) that also provided the necessary rigidity to the sand box. These frame 

units were bolted down to a rigid steel base (a heavy frame that was part of a 

previous experiment). A 12.7 mm thick plywood sheet was used for the base of 

the sand box. The sand box had a size 0.9 m x 0.9 m x 5.2 Ill, in which the 

middle 3.67 m was the test region. The ends of the sand box were constructed of 

plywood and were braced with steel angle sections. Plywood walls, whose base 
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and sides were fixed to the frame of the sand box, were used at the ends of the 

test region. As a result, the sand box was divided into three sections : a middle 

test region (size 3.67 m x 0.9 m x 0.9 m) and two end sections (size 0.76 m x 

0.9. m x 0.9 m each) that were used as 'overflow' regions (FigA.3). 

The overflow regions of the sand box served two purposes. (1) I intended 

to use a mechanized sand spreader (section 4.6) that would travel with a constant 

velocity, on rails, along the test box, pluviating dry Ottawa C-109 sand within 

the test region. The travel distance of the sand spreader was extended so that 

it will stop and change directions when it is above one of the overflow regions. 

As a result, any disturbances in the pluviation of the sand, which would result 

in non-uniform void ratios, was confined to the overflow regions. (2) The results 

of shake table tests can be significantly influenced by the end conditions (Budhu 

et. aI, 1991). I tried to circumvent this problem by using the overflow regions as 

dampers. 

Two longitudinal steel I-beams were used to connect the frame units at the 

top (FigA.3). These I-beams, which provided the necessary longitudinal stiffening 

for the sand box, would later serve as guides for the sand spreader. Rails were 

installed on the top flanges of these I-beams and gear racks were aligned and 

fixed on the bottom sides of the top flanges. The rails and the gear racks form 

the guide mechanism for the sand spreader. A photograph of the completed sand 

box is shown in FigA.4. 
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Fig. 4.2 - Typical frame unit used in the fabrication of the sand box. 
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Fig. 4.3 - Elevation of the sand box. 
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Fig. 4.4 - The sand box atop the shake table. The test wall is seen at the 

mid-section of the sand box. 
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4.4 DESIGN AND FABRICATION OF TEST SPECIMENS 

The test specimens were aluminium walls with specially prepared appur

ten'ances such as hinges, tie rods and anchor plate. Two test walls, one (wall 'A') 

882 mm wide and 711 mm long and the other (wall 'B') 882 mm wide and 629 mm 

long were built out of 6.35 mm machine grade aluminium sheets. Wall 'A' was 

used in Test RT1 and Test ANC and wall 'B' was used in Test RT2. The widths 

of the walls were such that they were able to swing freely inside the test region 

without touching the plexiglass sides. Strips of felt were glued to the edges of the 

walls to prevent any leakage of sand from the active side to the pasive side. 

In both walls, a cylindrical stiffener was fitted at the top edge to prevent 

bending in the lateral direction. The two ends of this stiffener housed frictionless 

bearings that, in conjunction with supporting pins mounted on the frame of the 

sand box, acted as hinges. The supporting pins were machined out of steel and 

were rigidly connected to the frame of the sand box. To monitor and record the 

horizontal forces acting on the 'hinges' of the walls during the RT tests, strain 

gages were glued to the supporting pins and calibrated using dead loads so that 

these pins acted as load transducers (FigA.5). This 'hinge at the top' arrrulgement 

for the test walls was used in Test RTl and in Test RT2. 
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Fig. 4.5 - The supporting pins used in Test RTl and in Test RT2. 
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Fig. 4.6 - Test wall' A' with tie rods in Test ANC. 
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In Test ANC, a 0.13 m x 0.88 m steel plate was used as an anchor plate. 

Two 30 inch long thin steel rods of diameter 6.35 mm (FigA.6) were used as the 

tie-rods. These tie-rods were strain gaged and calibrated to monitor and record 

the anchor forces during the tests. In order to position the wall in Test ANC 

prior to placing the sand, the supporting pins of Test RT1 and RT2 were utilized. 

These pins held the wall while the anchor and the tie-rods were set' in place and 

the sand was pluviated. Once the sand was placed to the desired levels on the 

active and the passive sides, the supporting pins were removed and the anchor 

system provided the equilibrating force necessru'y to hold the wall in position. 
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4.5 INSTRUMENTATION OF THE TEST SET-UP 

In this experimental study of the seismic behavior of tied-back walls, I had 

to measure and record various quantities as functions of time. These quantities 

include the accelerations of the wall and- the soil, the wall displacements and the 

forces experienced by the supporting pins in Test RT1 and Test RT2 and by the 

tie-rods in Test ANC. The acceleration histories of the test walls were obtained 

using accelerometers that were attached at the center of the walls. Along the 

same level as the wall accelerometers, I installed accelerometers on the frame 

of the sand box and assumed that the acceleration histories recorded by these 

accelerometers would be sufficiently close to that of the soil. Linear variable 

displacement transducers (LVDT's) were used to measure the wall displacements. 

These LVDT's were mounted on a support that was rigidly connected to the frame 

of the sand box. As a result, the LVDT's measured the movements of the wall 

relative to its original position in the sand box. The various instrumentations on 

the test walls are shown in FigsA.7 and 4.8. The photograph in FigA.9 shows 

the test wall, the LVDT's and the frame that supports the LVDT's. A data 

acquisition system with a sampling rate of 0.01 sec, operating through a PDP-

11 computer, was used to measure and record the data from the accelerometers, 

LVDT's and the support pins and the tie-rods. 

In order to distinguish the measurements made at the various locations in 

the test set-up, I shall adopt the following abbreviation scheme: 

AFR - Acceleration of the frame 

ARW - Acceleration of the test wall 



74 

DRWU - Displacement of the test wall (Upper LVDT) 

DRWL - Displacement of the test wall (Lower LVDT) 

LC - Average force on the supporting pins 

TR - Average force in the tie-rods 

Since it is very difficult to measure the actual acceleration field in the soil, I 

assume the frame acceleration to be the soil acceleration. Hence, the accelerations 

recorded by AFR are are considered as the soil accelerations that are input to the 

tied-back wall system. In this dissertation, the accelerations recorded by AFR 

are identified as 'input accelerations'. 

4.6 THE SAND SPREADER: CONSTRUCTION AND OPERATION 

A mechanized sand spreader, with a wooden hopper for the sand, was 

employed to pluviate the sand within the test region. As the sand spreader was 

intended for pouring a uniform layer of the test sand (approximately uniform void 

ratio throughout the test region), it not only must move with a constant velocity 

along the length of the sand box, but also must maintain a constant height of 

fall for the sand for any given thin layer. In the following text, I will discuss the 

design, fabrication and the method of operation of this sand spreader. 

The base of the sand spreader was designed as a rigid steel frame, capable 

of supporting the hopper of the sand spreader and a 0.5 h.p. electric motor that 
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drove the sand spreader mechanism. This steel frame rested on steel wheels on 

one side and on cam followers on the other. The steel wheels would travel along a 

triangular steel rail and the cam followers along a flat steel rail. These rails were 

installed on the longitudinal I-beams of the sand box (Fig.4.3). I devised such 

an arrangement so that the wheels would not get 'locked' during its travel over 

the sand box. This design also ensured that the entire load of the sand spreader 

would be transferred to the sand box through the steel wheels and cam followers. 

The details of the sand spreader are shown in Fig.4.10. 

The driving mechanism of the sand spreader consisted of the 0.5 h.p. elec

tric motor mounted on the base frame of the sand spreader and a gear whcel 

arrangement. The torque from the motor was transmitted t,o the gear wheels 

through an adjustable clutch. The gear wheels, made of fiber glass, traveled 

along the gear racks installed underneath the top flanges of the longitudinal 1-

beams of the sand box. The gear ratio was chosen such that they provided a 

minimum velocity of 0.15 m/min and a maximum velocity of 0.45 m/min, de

pending on the speed setting of the motor. Once all the componcnts of the sand 

spreader were assembled over the sand box, these gear wheels were adjusted so 

that they would transmit only the horizontal motion and not take any vertical 

load. The soundness of this moving mechanism was tested by letting the sand 

spreader traverse back and forth the entire length of the sand box several times. 

The accurately aligned steel rails and wheels, along with the gear mechanism 

ensured a very smooth and controlled movement. 

The movement of the sand spreader was controlled using a master switch 

and two limit switches. These limit switches changed the direction of motion of 

the sand spreader whenever they were tripped. At either end of the sand box, 

over the overflow regions, small wooden blocks were fixed on to the rails. 
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Fig. 4.7 - Location of the various instrumentation on the test wall. 
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Fig. 4.8 - Photograph of the test wall with the instrumentation. 
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Fig. 4.9 - Photograph of the test wall showing the LVDT's with their support 

frame. 
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508 MM 

Fig. 4.10 - Details of the sand spreader. The entire weight of the sand spreader 

is transferred to the I-beams through the wheels. The gear wheels 

do not take any vertical load. 
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These wooden blocks engaged the limit switches to change the direction of motion 

of the sand spreader. Thus, the sand spreader was able to traverse the test region 

with a uniform velocity, enter the overflow region, stop and change direction and 

return over the test region until it came to the overflow region at the other end, 

where it changed direction again and repeat the same excursion. As a result of 

this arrangement, any non-uniformity in the pluviation of the sand caused by the 

stopping and changing directions was confined only to the overflow regions. 

The hopper (Fig.4.10) of the sand spreader was designed to hold approx

imately 0.42 cubic meter of sand and was constructed out of plywood and steel. 

In order to let the sand out of the hopper and into the sand box, a series of 

12.7 mm diameter holes were drilled at the bottom of the hopper. To open and 

close these holes, a simple sliding lock mechanism was designed and successfully 

employed. This hopper was supported along four steel columns that were welded 

on to the steel base of the sand spreader. Whenever the height of the hopper 

needed adjusting, the supports were released, the hopper was adjusted and the 

supports were set in place again. This height adjustment was periodically done 

so as to maintain a constant height of fall (of approximately 0.9 m) for the sand. 

4.7 TEST PREPARATION 

The test wall was placed at the mid-section of the test region and the 

supporting pins were set in position. The sand spreader was positioned on the 

rails atop the sand box and its gear wheels were aligned with the gear rack. 

The hopper was filled with sand, the sliding lock of the hopper was released 

and the sand spreader was set on its excursion along the rails. Photographs 
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showing the pluviation of the sand into the sand box are shown in FigsA.ll and 

4.12. Replenishment of the hopper was carried out by stopping the hopper over 

an overflow compartment and manually dumping the sand within the hopper. 

The photograph in FigA.13 illustrates this procedure. The hopper was elevated 

by three inches after approximately three inches of sand was deposited within the . . 

test region. This process of deposition continued until the depth of the deposit 

was approximately 0.28 m. Beyond this, the holes underneath the hopper were 

controlled so that the sand was pluviated only on the active region. The depth 

of the layer on the active side was about 0.81 m. These depths were maintained 

in all the three series of tests, Test RT1, Test RT2 and in Test ANC. 

In order to facilitate viewing and photographic recording of the failure 

and associated phenomena during the tests, I introduced vertical lines of red 

colored sand at regular intervals along the inside face of the plexiglass sides. To 

accomplish this, I inserted a thin steel pipe that had a beveled tip at the sand

plexiglass interface and filled it with the colored sand. The steel pipe was slowly 

removed while applying air pressure at the top of the pipe. The colored sand, 

which was forced out of the pipe due to the air pressure, formed a vertical line 

that was highly visible from outside the test region. I carried out this exercise in 

all the tests. 
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Fig. 4.11 - The sand spreader pluviating sand within the test box. 
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Fig. 4.12 - A detailed view of the pluviation of the sand. 
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Fig. 4.13 - Addition of sand into the hopper when the sand spreader is above 

one of the end compartments. 
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CHAPTER 5: 

EXPERIMENTAL STUDY: TESTS AND RESULTS 

5.1 INTRODUCTION 

The experimental set-up described in Chapter 3 was successfully used to 

conduct the three test series, Test RT1, Test RT2 and Test ANC. In this chapter 

I will present and discuss the results of these tests. I will follow the abbreviation 

scheme adopted in Chapter 3 to identify the measurements that were made at 

various locations during the tests. 

The configurations of the tied-back wall systems in Test RT1, Test RT2 

and Test ANC are presented in Figs.5.1, 5.2 and 5.3 respectively. In all the 

three series of tests, the working conditions and accuracy of the instruments were 

checked before each test began. A few acceleration pulses of 0.1 g at 3 Hz were 

imposed on the shake table to densify the sand. While the densification pulses 

were input, the test wall was securely held in place with wooden braces. The 

changes in the levels of sand on either sides of the wall were measured in order to 

assess the extent of the densification prior to the commencement the tests. 
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5.2 TEST RT1 

In Test RT1, the height of sand retruned, H, was 533 mm and the depth of 

embedment, D, was 178 mm inches (Fig.5.1). The D/H ratio for this test series 

was 0.33. After the initial densification pulses were imposed, the wooden braces 

(that prevented the wall from undergoing any movement during the densification 

pulses) were removed. 

The first 'shaking' was applied to the shake table in the form of a ramped 

sinusoidal displacement. For such an input, the shake table was calibrated to 

produce a periodic acceleration trace, of frequency 3 Hz, whose envelope increased 

up to 0.1 g and retarded back to zero. Subsequent inputs were applied such 

that the peak acceleration of the shake table was incremented in steps of 0.05 g. 

The shake table's acceleration history, however, may not be the same as that 

of the sand box due to various factors including amplification, damping and the 

tolerances in the calibration of the shake table. The accelerations of the frame of 

the sand box were measured by the accelerometer AFR. As per my assumption 

stated in Chapter 4, Section 4.5, these accelerations would be the soil accelerations 

and I shall address these as the 'input acceleration'. A typical input acceleration 

trace, with a peak acceleration 0.5 g, is shown in Fig.5.4. In all the tests, after 

the displacement was input to the shake table, the recorded input acceleration 

and the wall displacements were displayed on a computer terminal screen and 

recorded on magnetic tapes. 
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5.2.1 FAILURE ACCELERATION - TEST RT1 

In tests involving input accelerations up to and including a peak of 0.45 g, 

no net displacement of the test wall was recorded either by nRWL or by nRWU. 

In the subsequent test, when the input acceleration recorded a peak of 0.5 g, both 

nRWL and nRWU recorded displacements, indicating an outward movement of 

the test wall. In the next test, wherein the input acceleration peaked to 0.55 g, 

the records of nRWL and nRWU confirmed that outward wall movement had 

indeed occured. The input acceleration histories and the corresponding displace

ment histories of nRWL are presented in Fig.5.5 through Fig.5.7 for peak input 

accelerations 0.6 g, 0.7 g and 0.8 g respectively. In these traces, the direction of 

outward movement of the wall is taken as positive. Hence the accelerations in the 

negative direction represent positive k/tg. The displacement traces actually rep

resent the relative displacements, with respect to the soil, undergone by the wall 

during the shaking. In these figures, the points in time at which nRWL starts 

to show a net increase in displacement and the acceleration levels corresponding 

to these points in time are identified. These acceleration levels, at which nRvVL 

shows the start of an outward displacement of the wall, are almost identical and 

are in the neighborhood of 0.5 g. This observation seems to indicate that the 

behavior of the retaining wall system in Test RT1 can be analysed in the light of 

limit equilibrium, as the wall displacements occur only at and beyond the limiting 

acceleration level of 0.5 g. Since no vertical accelerations were imposed on the 

system, the acceleration ratio corresponding to this limiting acceleration is 0.5. 

Then, by definition (section 3.4), the failure acceleration ratio tan BRr for Test 

RTl, as determined from the experiments, is 0.5. 
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I will now apply the limit equilibrium approach developed in Chapter 2 to 

the retaining wall system of Te.st RTI and compare the failure acceleration ratio 

thus obtained with the experimental result. 

In Test RTl, the depth ofthe active wedge, HA, was 711 mm and the depth 

of the passive wedge, D, was 178 mm. Since the supporting pins were holding the 

test wall at the top, the depth of the anchor tie from the surface, All, is assumed 

as zero. During the tests, the approximate angles of internal friction on the active 

and the passive sides were ¢JA = 34° and ¢JP = 38° respectively (Appendix B). I 

will use these values of HA, D, cPA and ¢JP in the limit equilibrium analysis. The 

influence of passive wall friction on the seismic stability of a tied-back wall was 

demonstrated in Chapter 3, Section 3.5. As I was not successful in measuring the 

actual passive wall friction at the int.erface of the wall and the soil on the passive 

side, I shall consider three different values of passive wall friction: (1) op = 0°, 

(2) op = t¢JP = 19° and (3) op = ~¢JP = 25° in this calibrat.ion analysis. The 

wall friction on the active side is taken as zero in this analysis, since its effect on 

the stability of the tied-back wall is negligible. 

Substituting the aforementioned values for HA, D, cPA, ¢JP and op in Equa

tions 3.1 through 3.9 and solving for tanBnT, I obtain tanBnT = 0.12, 0.41 and 

0.49 for values of op = 0°,19° and 25° (Fig.5.8). When op is assumed as ~¢JP' 

the value of tan BRT obtained through the limit equilibrium approach agrees re

markably well with the value obtained in Test RTl. 
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5.3 TEST RT2 

Test RT2 was conducted in order to study the effect of the D /H ratio on 

the failure acceleration ratio tan B'RT' In order to isolate the effect of embedment, 

all the variables in Test RT2, except the value of D, had to be identical to those 

in Test RT1. The locations of the instrumentation were identical to those in Test 

RTl. The levels of sand on the passive and the active sides were maintained very 

closely to the levels in Test RTl. The test wall in Test RT2 was 57 mm shorter 

than the test wall that was used in Test RTl. As a result, the embedment depth 

of the test wall in Test RT2 was 120 mm (Fig.5.2), providing a D /H ratio of 0.23. 

As in the beginning of Test RTl, densification pulses of up to 0.1 g were 

input to the tied-back wall system while the test wall was rigidly held by wooden 

braces. After densification, the braces were removed and the data acquisition 

system was initialized. The shakings that were applied to the experimental set

up were identical in form to those applied in Test RTl. The first input motion 

had a peak acceleration 0.15 g. The peak accelerations were increment.ed by 

0.05 g in the subsequent inputs. Displacements were first recorded at DR'VL 

and at DRWU when the peak accelera.tion of the input trace was 0.35 g. During 

the subsequent shaking, the measurements recorded at DRWU and at DR'VL 

indicated considerable outward movements of the test wall. 
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5.3.1 FAILURE ACCELERATION - TEST RT2 

The failure acceleration ratio tan 8RT is found by determining the accel

eration at which the test wall begins to show a net outward displacement. To 

accomplish this, I will apply the same technique that was used in Test RT1 to 

determine the failure acceleration ratio. The input acceleration traces and the 

corresponding displacement traces recorded by nRWL are presented in Fig.5.9 

through Fig.5.11 for peak input accelerations 0.35 g, 0.5 g and 0.7 g. In these 

figures, it can be observed that the acceleration levels at which nRWL shows 

a net outward displacement are 0.3 g to 0.33 g. Since no vertical accelerations 

were applied to the system, the failure acceleration ratio, for Test RT2, is in the 

neighborhood of 0.3. 

I will now analyze Test RT2 in the light of the limit equilibrium approach 

developed in Chapter 2. In the analysis of Test RT1 (Section 5.2.1), the value of 

tan 8RT obtained was in excellent agreement with its experimental counterpart 

when op was taken to be ~1>P. I will use this value of op in analyzing Test RT2. 

The soil parameters are assumed to be the same as those in Test RT1. In Test 

RT2, HA = 654 mm and n = 120 mm. Using these values in the limit equilibrium 

analysis and solving for the failure acceleration ratio I obtained tan 8RT as 0.3 

(Fig.5.8). This value not only agrees very well with the experimental value of 

tan 8RT for Test RT2, but also establishes that the wall friction on the passive 

side, op, is around ~1>P. 
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5.4 FAILURE SURFACES IN TEST RT1 AND IN TEST RT2 

The vertical lines of colored sand at the sand-plexiglass interface provided 

considerable visual information regarding the formation of failure surfaces on the 

active and the passive sides. In this section I will describe the observations that 

were made during the tests and will discuss their implications. 

In both Test RT1 and in Test RT2, approximately planar failure surfaces 

were observed on the passive side. Although there was, perhaps, considerable wall 

friction on the passive side, no significant curvatures were noted in the failure 

surfaces. Richards and Elms (1987) also reported the formation of a straight 

failure surface when they studied dynamic passive behavior. Thus, the assumption 

of a straight failure surface on the passive side seems to be valid. 

On the active side, distinct slip surfaces were noted near the bottom of 

the test wall, in both Test RT1 and in Test RT2. However, near the top surface, 

instead of a distinct failure surface, a diffused zone was formed during the course 

of the tests. This may be attributed to the subsidence of the soil in the backfill 

as a result of the test wall's outward rotation. Theoretically, as per the limit 

equilibrium analysis, distinct failure surfaces would develop, simultaneously on 

the active and the passive sides, only when the input acceleration ratio is tan (JilT 

and is sustained at that level. In both Test RT1 and test RT2, it is possible that 

once failure had taken place along the most probable surface on the passive side, 

the wall started to displace and the passive wedge began sliding along that failure 

surface. 



103 

5.5 SUPPORT REACTIONS IN TEST RT1 AND IN TEST RT2 

The reactions at the supporting pins were continuously recorded during the 

dynamic excitations in Test RT1 and in Test RT2. The support reactions can be 

construed to be the anchor forces in an ideal situation where the anchor is outside 

the dynamic active wedge and is capable of providing the necessary equilibrating 

force during seismic excitation. The limit equilibrium analysis yields the total 

dynamic lateral thrusts on the active and the passive sides. For a tied-back 

wall designed to undergo the RT mode of displacement in the event of failure, 

horizontal force equilibrium requires: 

P PPE 
AE- p (5.1) 

where Al is the horizontal reaction provided by an ideal anchor and PAE, PPE and 

F have their usual meanings, as defined in Chapter 3, Section 3.4. This equation 

is valid for positive values of kh and can be applied only for tan 0 ~ tan 0RT' Since 

Equation 5.1 is obtained through a two dimensional analysis, A I is obtained as 

force per unit width. In order to compare with the measured reactions at the 

support pins, the values of A I obtained through Equation 5.1 is multiplied by 

0.9 m (width of the test region) and divided by 2 (as there were two support 

pins). 

The average support pin reactions that were measured in Test RTI and 

in Test RT2 are presented in Fig.5.12 and in Fig.5.13 respectively, along with 

their corresponding input accelerations. These correspond to the test in which 

significant wall movements were first observed. I have chosen these traces because 

they best represent the conditions before, and at, failure. 
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In the case of Test RT1, Fig.5.12, the increases in the support reactions were 

measured. The negative direction in this trace corresponds to positive kit. In 

Test RT2 the actual support reaction, which is a combination of the static and 

the dynamic reaction, was measured. In Test RT2, the positive direction of the 

support reaction trace corresponds to positive kh • 

In the support reaction traces in Fig.5.12 and in Fig.5.13, I have superim

posed the values of A" It can be seen from these figures that the values of AI 

are higher than the experimentally measured support reactions during the initial 

stages of shaking. However, at failure, at the time when tan 8 = tan 8nT, the 

value of AI is very close to the measured value of the reaction of the pin support. 

This is not surprising, since, at failure, the conditions of the limit equilibrium 

analysis are nearly satisfied. 

5.6 TEST ANC 

The geometries of the set-up in Test ANC were the same as those of test 

RTl. The test wall was embedded 178 mm within the sand and supported a 

533 mm high layer of sand on the active side. The D jH ratio, the same as in 

test RT1, was 0.33. The anchor plate, which was connected to the test wall by 

two tie-rods, was 127 mm tall and was placed 762 mm away from the test wall 

(Fig.5.3). These dimensions correspond, approximately, to a static design with a 

factor of safety of 2.0 (USS Steel Sheet Piling Manual, 1975). 

Densification pulses that were similar to those applied in Test RT1 and 

in test RT2 were initially input. During densification, the wall was braced with 

timber and was held at the top by the supporting pins that were used in Test RT1. 
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After densification, the timber braces were removed and so were the supporting 

pins. After this stage, the test set-up was subjected to seismic excitations in the 

form of base motions similar to those in the RT tests. 

In Test ANC, the LVDT DRWL recorded outward displacements when

ever the input acceleration exceeded 0.2 g (Figs.5.14 and 5.15). As no vertical 

accelerations were imposed, the failure acceleration ratio for Test ANC was 0.2. 

Significant movements of the anchor were observed during the course of the test. 

When the input accelerations exceeded 0.45 g - 0.5 g, formation of a straight active 

failure surface was visible. The photographs shown in Fig.5.16 and in Fig.5.17 

show the onset of the anchor failure and the formation of the active failure surface. 

No passive failure, however, was observed during the tests. As a result of these 

observations, I conclude that the failure of the tied-back wall system in Test ANC 

was due to anchor failure and subsequent rotation about the bottom. The anchor 

system, which was statically designed, was clearly unable to provide the necessary 

equilibrating force when the seismic excitation exceeded 0.2 g. The embedment 

was definitely not critical in Test ANC. This conclusion is also substantiated by 

the absence of any passive failure surface. 

5.7 SUMMARY 

The results of the shake table experiments on tied-back walls, Test RT1, 

Test RT2 and Test ANC, were presented in this chapter. In Test RT1 and in Test 

RT2, the acceleration ratio at which the test wall displaced agreed very well with 

the RT mode failure acceleration ratio determined through the limit equilibrium 

analysis developed in Chapter 3. The support reactions that were measured in 

the RT tests were also in good agreement with the limit equilibrium solutions. 
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In both RT tests, the development of a distinct, straight passive failure 

surface was observed. In the active region, the failure surface was initially distinct 

but as the tests progressed, a diffused failure zone was formed. In Test ANC, 

however, no passive failure surface was seen. A distinct active failure surface 

and substantial movement of the anchor, were observed. Failur~, therefore, was 

clearly due to inadequate anchor resistance during the seismic shaking. This is 

in coherence with many of the reported field observations of seismically induced 

failures of tied-back retaining walls. 
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Fig. 5.16 - Failure of the anchor in Test ANC. 
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Fig. 5.17 - FUrther movement of anchor and formation of active failure surface. 
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CHAPTER 6: 

SEISMIC DESIGN OF TIED-BACK WALLS 

6.1 INTRODUCTION 

In Chapter 2, several reported seismically induced failures of tied-back 

walls were briefly examined. In most cases where failures were involved, the 

inability of the anchor system to withstand the additional ,seismically induced 

loads was cited as the reason for failure. This was also corroborated by the results 

of my experimental studies (Chapter 5). Recognizing that the anchor plays an 

important role in the seismic stability of tied-back retaining walls, the primary 

concern in the seismic design of tied-back walls must concentrate on the adequate 

design of the anchor system. In this chapter, I propose one such procedure for the 

design of tied-back walls in seismically active regions. This procedure is based 

on the limit equilibrium analysis presented in Chapter 3 and the experimental 

studies described in Chapter 5. 

6.2 PROPOSED BALANCED SEISMIC DESIGN OF TIED-BACK WALLS 

The results of the shake table experiments, discussed in Chapter 5, indicate 

that a tied-back wall designed by conventional methods for static loading can 



114 

sustain a small to moderate earthquake. However, a statically designed tied

back wall can be made to sustain a much higher level of acceleration without 

increasing the embedment. This may be done by designing the anchorage to 

provide sufficient resistance to force failure, if it were to occur, by the RT mode. 

The results of Test RTl and Test ANC provided the key information for this 

approach. In both these tests, the D /H ratio was the same. However, failure 

occured in Test ANC at an acceleration ratio 0.2 whereas the failure acceleration 

ratio in Test RTl was 0.5. If the anchor in Test ANC was capable of providing the 

necessary resistance throughout the shaking, the failure acceleration ratio in Test 

ANC would have also been about 0.5. In Test ANC, the tie-rods were connected 

to the test wall at a junction 63.5 mm below the top. Thus, if RT mode were to 

occur, rotation would be about this junction. Setting All = 63.5 mm in the limit 

equilibrium analysis yields tan ORr = 0.52 for the configuration of the tied-back 

wall system in Test ANC. 

The anchor in a tied-back wall must, therefore, provide the necessary equi

librating force throughout the seismic loading in order to prevent any mode of 

failure other than the RT mode. Ideally, the anchor may be so designed that its 

maximum resisting capacity is attained when the failure acceleration ratio corre

sponds to the RT mode. Since the embedment and the anchor are 'balanced' t.o 

fail at the same acceleration ratio, such a design procedure for tied-back walls is 

termed 'balanced seismic design'. This methodology is similar to that adopted 

for the design of reinforced concrete beam sections; in a 'balanced' section, the 

concrete and the steel reinforcements are so proportioned that they attain their 

respective yield states simultaneously. 

In a tied-back wall system that is designed as per the balanced seismic 

design procedure, the anchor would just begin to fail when the ground acceleration 
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is sufficient enough to initiate the RT mode of failure. As a result, the tied

back wall system would momentarily translate when the acceleration ratio reaches 

tan (JilT' Hence, at the instant of failure, the following equality holds in a balanced 

design: 

tan(JRT tan (Jr (6.1) 

where the subscripts RT, ANC and T represent the RT mode of failure, anchor 

failure and the T mode of failure respectively. 

When a tied-back wall system is subjected to seismic loading, the anchor 

resistance necessary to maintain horizontal force equilibrium, AI (Fig.3.7, Chap

ter 3), is : 

(6.2) 

This expression for A I attains its maximum value when the acceleration ratio 

of the ground reaches tan(JRT, when the RT mode of failure is initiated and F 

reduces to unity. 

For an anchor system consisting of a plate anchor, during seismic exci

tation, the passive resistance in front of the anchor decreases while the active 

pressure behind the anchor increases simultaneously with increase in tan (J. As a 

result, the ultimate resistance of a plate anchor decreases during sesmic loading. 

This ultimate resistance of a plate anchor can be evaluated, using the Mononobe

Okabe dynamic earth pressure theory, from limit equilibrium. Assuming straight 
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failure surfaces at failure (Fig.6.!), the earth pressure coefficients on the active 

and the passive sides are obtained as J(AE and J(PE respectively. Considering 

the equilibrium of forces on an anchor plate, the ultimate pull Pult that can be 

sustained at a particular acceleration ratio is : 

Pult (6.3) 

where 'h' is the height of the anchor plate. An RT mode of failure is ensured 

when Pult is greater than A I when the acceleration ratio tan (J = tan (JilT' 

For a balanced design, and hence for an instantaneous 'T' mode at failure, 

Pult must be equal to AI at tan(J = tan (JilT' From this condition, the height 'h' 

of the anchor plate required for a balanced seismic design can be obtained from 

Equations 6.2 and 6.3 as : 

h (6.4) 

where the dynamic earth pressure coefficients, J(AE and J(PE are evaluated at 

tan (J = tan (JilT' 

If the anchorage system is capable of only withstanding an acceleration 

ratio that is lower than tan (JilT' then, if failure were to occur due to seismic 

excitation, anchor failure would precede any other failure mode. In Fig.6.2, the 

variations of A I and Pult are plotted against tan (J for the tied-back wall configu

ration of Test ANC. The plot of AI is obtained by setting All, the distance of the 

point of rotation of the wall from the top, to be equal to 63.5 mm in the limit 
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equilibrium analysis (Chapter 3) and solving for AI via Equation 6.2 for various 

tan (), ranging from 0 to tan ()RT' The variation of Pult is obtained from Equation 

6.3 by setting h, the height of the anchor plate used in Test ANC, to be equal to 

127 mm. The two curves in Fig.6.2, essentially solutions of the limit equilibrium 

equations, intersect at tan () = 0.19. Beyond this point, the anchor resistance 

required, AI, is greater than the ultimate resistance, Pult! that can be offered by 

the anchor plate. Hence, the limit equilibrium analysis indicates that the tied

back wall would fail for an acceleration ratio of 0.19. The results of Test ANC 

clearly show that the tied-back wall system in Test ANC displaced outwards at 

and beyond an acceleration ratio of 0.2. This value agrees well with that obtained 

through the limit equilibrium analysis. Thus, the analytic and experimental re

sults of Test ANC demonstrate the applicability of the limit equilibrium approach 

to the study of the seismic behavior of a tied-back wall with a plate a.nchor. 

If the anchor of a tied-back wall were designed such that it will fail prior 

to the initiation of the RT mode in the event of a seismic shaking, it is quite pos

sible that momentary plastic yieldings of the anchor during the seismic shaking 

may result in acceptable levels of translations and/or rotations of the tied-back 

wall. Such displacements are not easily calculated since they depend upon sev

eral factors such as the dynamic stress-strain behavior of the soil forming the 

backfill, the acceleration history of the seismic event and the wall-soil dynamic 

interactions during the seismic excitation. Even so, the determination of such 

displacements may contribute little to the seismic design of tied-back retaining 

walls as the balanced design maximizes the seismic resistance of these structures 

by strengthening the anchorage system. 

The effectiveness of a plate anchor depends not only upon its size but 

also upon its location with respect to the wall. For example, an anchor loses its 



120 

effectiveness if it is located within the dynamic active wedge of the wall. There is 

also a partial reduction in the strength of an anchor if the active wedge of the wall 

interferes with the passive region in front of the anchor. The reduction in strength 

will depend upon the extent of such an interference. In static design procedures, 

the anchor is located far enough from the wall that no such interference is allowed. 

This concept can be extended to the dynamic case also. However, it will result in 

a very conservative estimate of the distance of the anchor from the wall, since a 

dynamic active wedge that is consistent with the Mononobe-Olmbe assumptions 

may not develop. Nevertheless, I assume that at failure a complete dynamic active 

wedge will develop behind the wall and a dynamic passive wedge will develop in 

front of the anchor. Based on such an assumption, I recommend that the anchor 

be located such that the dynamic active wedge of the retaining wall does not 

interfere with the dynamic passive wedge of the anchor plate. Using this criterion, 

the distance of the anchor plate from the wall can be expressed as : 

(6.5) 

where Q is the dynamic wedge angle measured from the vertical. The subscripts 'a' 

and 'p' denote active and passive respectively. The dynamic active and passive 

wedge angles are obtained from the Mononobe-Okabe dynamic earth pressure 

theory. For a tied-back wall with horizontal backfill, the expressions for these 

dynamic wedge angles are: 

( 0 ,/.. 0) -1 (J[l + tan2 e][l + tan(e + 0) cot e] - tan e ) 
Q a = 9 - 'I-' + - tan 

1 + tan(e + O)[tane + cot~] (6.6) 
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and 

(90 O ,/..) -1 (J[l + tan2 eJ [1 + tan( 0 + 0) cot eJ + tan e) 
a = - + 'I' - tan 

p 1 + tan( 0 + O)[tan e + cot eJ (6.7) 

where e = ifJ - O. The values of tan a are plotted against tan 0 for various ifJ in 

Fig.6.3. This plot, in conjunction with Equation 6.5, can be used to evaluate da , 

the distance of the anchor plate from the wall. 

6.3 ILLUSTRATIVE DESIGN EXAMPLE 

In designing tied-back walls for static loads, it is a common practice to 

incorporate a safety margin either in the form of increased embedment or by 

reducing the (passive) resistive force in the analysis. I will discuss three such 

practices that are commonly adopted in the 'free earth support' method of design 

and compare them with the balanced seismic design. 

(a) The British Code of Practice (CP2:1951) and the Canadian Founda

tion Engineering Manual (1978) recommend that a factor of safety 

of 2.0 be applied to the coefficient of passive earth pressure. Depth 

of embedment is then arrived at by considering the moment equi

librium of the various stress blocks about the anchor. The design 

anchor force required is obtained from horizontal force equilibrium. 
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(b) The USS Steel Sheet Piling Design Manual (1975) recommends that 

the theoretical limiting depth of embedment be obtained from mo

ment equilibrium without incorporating any safety factor. The the

oretical depth of embedment is increased by at least 20% to arrive 

at the design depth of embedment. The design anchor force is com

puted as for case (a). 

(c) The Navy Manual (NAVFAC DM-7.2 1982) recommends that a 

safety factor of 2.0 be applied to the passive earth pressure coeffi

cient and the theoretical depth of embedment and the anchor force 

computed as for case (a). The embedment depth thus obtained is 

then increased by 20% to allow for dredging, scouring etc. 

I will examine, through an example, the relative seismic stability of a tied

back wall system that is designed by the above methods. Then, I will use the 

balanced seismic design procedure and re-design the tied-back wall system and 

compare the static procedures with the balanced design. 

I consider the design of a tied-back retaining wall which retains a 10 m 

layer of a dry cohesionless soil. I assume the soil properties as : (i) angle of 

internal friction 1> = 35° and (ii) dry unit weight I = 20 kN 1m3
• The anchor 

ties are assumed to be connected to the wall 1 m below the ground level and the 

effects of wall friction are neglected. 

The embedment depth ratios and the ultimate anchor forces, shown in 

Table 6.1, columns 2 and 3, were calculated following the recommendations of the 

CP2:1951 and the Canadian Foundation Engineering Manual (1978) (case (a)), 

the USS Steel Sheet Piling Design Manual (1975) (case (b)) and the NAVFAC 

DM-7.2 (1982) (case (c), assuming no scouring occurs). The acceleration ratio 
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tan 8RT to initiate rotation about the anchor position is found by solving Equation 

3.9 for F = 1. The acceleration ratio required for anchor failure, tan 8ANG, is 

found by equating AI and Pult and solving for tan 8. The values of tan8RT and 

tan 8ANG for each case are shown in columns 4 and 5 of Table 6.1. The values 

of Pult arrived at via the balanced design procedW'e are 50% to 300% greater 

than those obtained from the static procedures. Thus it may not be necessary 

to incorporate any further safety margins in the values of Pult • The anchor plate 

depth, h, may be arrived at by substituting these values of Putt for A I in Equation 

6.4. Solving Equation 6.4 yields h = 4 m, 2.6 m and 5 m for cases (a), (b) and (c) 

respectively. The distance of the anchor plate from the wall, da , is obtained from 

Equation 6.5 as 23.5 m, 14.2 m and 31 m for cases (a), (b) and (c) respectively. 

In all the three cases, the acceleration ratio required for anchor failure is 

less than that required for failure by rotation about the anchor position. Conse

quently, the anchor will fail first as has been observed in practice. For any of these 

current design procedures, the seismic efficiency of the system can be increased 

by following the balanced design procedure proposed here. For example, for the 

given D IH ratios, the anchor may be designed using Equations 6.3 and 6.4 by 

setting tan 8 = tan 8RT. The design anchor forces thus obtained are presented in 

column 6 of Table 6.1. These forces are much greater than those found by the 

conventional static methods. Thus, for the same D/H ratio the seismic stability 

of a tied-back retaining wall is enhanced by designing the anchor( s) to carry the 

balanced anchored forces as given (typically) in column 6 of Table 6.1. 
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TABLE 6.1 - Illustrative design example. 

1 2 3 4 5 6 

CASES D/H Putt (stotic) * ton0RT 
lIE 

ton0ANC Put t (bal. design) 

Case(a) 0.48 178.5 kN/m 0.32 0.23 393 kN/m 

Case(b) 0.35 149.9 kN/m 0.13 0.08 213 kN/m 

Case(c) 0.58 178.5 kN/m 0.41 0.30 540 kN/m 
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wedge angle. 
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6.4 SUMMARY 

Based on the limit equilibrium approach used in Chapter 3 and based on 

the information from the results of Test RT1 and Test ANC, a design methodol

ogy is proposed for the seismic design of tied-back walls. In this procedure, the 

anchor is adequately designed so that it provides the necessary horizontal reaction 

throughout seismic loading and attains its ultimate capacity when the RT mode 

is initiated. As a result, the seismic loads would initiate the RT mode and the 

anchor failure mode simultaneously, if failure were to occur. 
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CHAPTER 7: 

CLOSURE 

7.1 SUMMARY OF THIS DISSERTATION 

Tied-back retaining walls often fail during moderate to strong earthquakes. 

Such failures usually arise due to the instability of the retaining system during the 

seismic excitation and are characterized by excessive displacements of the sheet

piles and subsidence of the backfill. In this research, I examined the behavior of 

tied-back walls, particularly their stability, when they are subjected to seismic 

events. The analysis carried out in this research is based upon a limit equilibrium 

analysis. Shake table test results support the limit equilibrium approach. In the 

analytical study, I have examined the influence of factors such as the embedment 

of a tied-back wall and the passive wall friction on the seismic stability of tied-back 

walls. Based on this analytical and experimental study, I proposed a procedure 

for the design of tied-back walls in seismically active regions. In this design 

procedure, the anchor of a tied-back wall is suitably modified, from its static 

design, in order to increase its capacity to resist the additional pull that arises 

during seismic loadings and to provide an overall increase in the seismic stability 

of the retaining system. 
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7.2 CONCLUSIONS 

In this dissertation I have attempted to analyze and to study experimen

tally the performance of tied-back walls, supporting dry cohesionless soil, under 

seismic loads. Based on a limit equilibrium analysis calibrated against results 

from shake table tests on aluminium walls, I arrive at the following conclusions. 

1) The balanced seismic design procedure developed in this research 

can be used for the design of tied-back walls in seismically active 

regions. 

2) The Mononobe-Okabe earth pressure theory can be used for the 

analysis of tied-back retaining walls subjected to seismic loads. 

At the moment of incipient failure, the failure acceleration ratios 

obtained using the Mononobe-Okabe expressions for the dynamic 

earth pressure coefficients agree very well with those obtained ex

perimentally. 

3) For practical purposes, the dynamic component of the passive earth 

pressure resultant during seismic loading may be considered to act 

at D /3 from the toe of the retaining wall; 'D' being the depth of 

embedment. 

4) The friction at the wall-soil interface on the passive side of a tied

back wall enhances its seismic stability. The results of the shake 

table experiments indicate that the passive wall friction, 8p, is ap

proximately ~ cP p. 
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5) Even though the embedment of the wall within the soil is crucial in 

the stability of a tied-back wall, the depths of embedment obtained 

through static design procedures provide sufficient stability during 

moderate to strong earthquakes. 

6) Anchors that are designed by static design procedures are the most 

vulnerable component in a tied-back wall system. This conclusion 

is supported not only by the results of the shake table experiments 

but also by the various case histories of seismically induced failures 

of tied-back walls. Hence the design, and location, of anchorage 

systems are of paramount importance for the seismic stability of 

tied-back walls. 

7.3 RECOMMENDATIONS FOR FURTHER STUDY 

The behavior of tied-back walls during seismic events is very complex. The 

limit equilibrium approach adopted in this research addresses the seismic stabil

ity of these st.ructures at the moment of failure. However, neither the behavior 

before failure nor that after failure can be studied using limit equilibrium. Hence, 

seismically induced displacements, which often occur beyond failure, cannot be 

evaluated using this approach. In order to evaluate such displacements, a dynamic 

finite element analysis, in which the dynamic behavior of the soil is appropriately 

modeled using a suitable constitutive law, may be performed. Such a finite ele

ment analysis can throw considerable light upon the seismic behavior of tied-back 

walls retaining a saturated soil, if the constitutive law used to model the behavior 

of the soil can account for the excess pore pressures that are induced during the 

seismic loading. However, such numerical analyses have to be calibrated against 
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results from shake table tests or any other suitable seismic tests on tied-back walls 

retaining a similar saturated soil. 

In this research, the importance of the anchor in the seismic stability of a 

tied-back wall was established. In the analyses and in the experiments, a plate 

anchor was used. The seismic behavior of other types of anchor ~ay be analyzed 

and experimentally studied. 

To date, almost all reported seismic experiments on retaining walls in

volved cohesionless soils. Analytical and experimental investigations, in which 

dynamic earth pressures that develop in cohesive soils during seismic excitations 

are studied, will contribute significantly to the study of the seismic behavior of 

earth retaining structures and to the field of geotechnical earthquake engineering. 

7.4 SIGNIFICANT CONTRIBUTIONS OF THIS RESEARCH 

The major contributions of this research to the civil engineering profession 

is summarized below. 

(1) The shake table experiments validate the application of the much 

debated Mononobe-Okabe dynamic earth pressure theory to the 

seismic design of earth retaining structures. 

(2) The mechanism of failure of tied-back retaining walls during earth

quakes is identified in this research. This study has also brought out 
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the paramount importance of anchor resistance in impeding seismi

cally induced failures of tied-back walls. The analytical, experi

mental and the numerical studies indicate that, when a statically 

designed tied-back wall undergoes seismic shakings, anchor failure 

will most likely precede any other mode of failure. 

(3) A new balanced design procedure is proposed for the design of tied

back walls in seismically active regions. This design procedure has 

potential to be adopted for code provisions. The proposed design 

approach can also be employed to strengthen existing tied-back re

taining walls in order to improve their performance during earth

quakes. 
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APPENDIX A: 

TRACES OF ACCELERATIONS, DISPLACEMENTS AND FORCES 
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APPENDIX B: 

SUMMARY OF SOIL PARAMETERS 

Ottawa C-109 sand, which was used in the experimental program, has a 

dry unit weight that ranges between 14.6 kN 1m3 and 17.3 kN 1m3 (Hough, 1957). 

Based on the average volume of the sand within the sand box and the total weight 

of the sand, the unit weight of the sand within the test region was estimated to 

be around 98 pcf. This value was used in the analyses of Test RT1, Test RT2 and 

of Test ANC. 

The initial void ratio (eo) of the sand before shaking was 0.55, obtained 

through calibration of the hopper. At this void ratio, the angle of internal friction 

obtained from a shear box test was approximately 30 0
• Since the strains of the 

sand in the X and Y directions are zero in the test region, the change in void 

ratio, (~e), due to the shaking is proportional to the chrulge in height of the sand 

bed. Thus, 

~z ~e 
€v=-= 

Z 1 + Co 
(B1) 

where €v is the volumetric strain, ~Z is the change in height and Z is the original 

height of the sand bed. 
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Measurements were made of the change in height of the sand in the sand 

box at the end of densification and during the tests. Shear box tests were then 

carried out at void ratios as close as possible to those obtained via equation BI. 

At the end of the densification, the angle of friction was found to be 34°. At 

acceleration levels below 0.2 g, the associated energy resulted in further dcnsifi·· 

cation, especially on the passive side. The decrease in the level of the sand on 

the passive side was measured and the angle of friction was estimated to be 38°. 

As no significant changes in the level of sand was observed on the active side, the 

angle of friction on the active side was considered as 34° in the analyses. 
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APPENDIX C: PUBLICATIONS FROM THIS RESEARCH: 

G. Neelakantan, M. Budhu and R. Richards jr., 'Balanced Seismic Design of An

chored Retaining Walls', accepted for publication in the Journal of Geotechnical 

Engineering Division, ASCE. 

G. Neelakantan, M. Budhu and R. Richards jr., 'Mechanics and Performance of 

a Tied-Back Wall under Seismic Loads', Earthquake Engineering and Structural 

Dynamics, Vol. 19, April 1990. 

M. Budhu, G. Neelakantan and A. AI-Karni, 'Effect of Test Appru'atus Boundaries 

on Shaking Table Test Results', S.E.C.E.D. Conference - Earthquake, Blast & 

Impact, UMIST, Manchester, United Kingdom, September 1991. 

G. Neelakantan, M. Budhu and R. Richards jr., 'Seismic Stability of Water Front 

Tied-Back Walls', Proceedings; Second U.S.-Japan Workshop on Liquefaction, 

Large Ground Deformation and Theil' Effects on Lifeline Facilities, Ithaca, New 

York, September 1989. 

G. Neelakrultan, M. Budhu and R. Richards jr., 'Stability of a Tied-Back Sheet 

Pile Wall Under Seismic Loading', Proceedings; First Japan-U.S. Workshop on 

Liquefaction, Large Ground Deformation and Their Effects on Lifeline Facilities, 

Tokyo, Japan, November 1988. 
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