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NOTATIONS 

al,a2, a3, & a4 angles that define the failure geometry. 

Px, & pz angles of the rupture planes with the horizontal and vertical planes. 

cp angle of internal friction of the soil. 

a inclination of the major principal plane to the horizontal plane. 

(3 coefficient of vibratory compaction. 

K seismic settlement time factor. 

x seismic settlement side friction factor. 

az vertical stress at depth z. 

ax normal lateral stress in x direction. 

ay normal lateral stress in y direction. 

T xz shear stress 

AP p-yE incremental Rankine passive seismic force. 

AH densification settlement 

€z average vertical strain of the soil layer i. 

B footing width. 

C soil cohesion parameter. 

dc, dq, and d-y bearing capacity depth factors. 

D= C/-yh, stability factor. 

ee, eq, and e-y bearing capacity seismic factors. 

emin mimimum void ratio. 

emu maximum void ratio. 

f frequency. 

Fs static safety factor. 

FSE seismic safety factor. 

Hi the thickness of the soil layer i. 

~, & k.. horizontal and vertical acceleration coefficients. 

k.: critical acceleration coefficient. 
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KAE , & KpE seismic active and passive earth pressure coefficients. 

L length of footing. 

m mobilization factor. 

M overturning moment. 

N number of cycles. 

Nes , Nqs , & N.yS static bearing capacity factors. 

NeE' N qE , & N.YE seismic bearing capacity factors. 
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Ppe, ppq • & P P'Y resultant passive forces due to cohesion, surcharge load, and soil weight 
respectively. 

P me' P mq' & P my resultant passive forces due to cohesion, surcharge load, and soil weight 
at partial mobilization, respectively. 

P peE , ppqE • & PP'YE Rankine passive seismic forces due to cohesion, surcharge load, and 
soil weight, respectively. 

qE ultimate applied distributed load on the footing. 

qr overburden pressure. 

qus ultimate static bearing capacity. 

qaS allowable static bearing capacity. 

quE ultimate seismjc bearing capacity. 

Se, Sq. and Soy bearing capacity shape factors. 

W weight 

x sliding displacement. 
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ABSTRACT 

Seismic loading reduces the bearing capacity of soils and large settlement can 

occur. These effects have not been considered adequately in design codes. In this 

dissertation, the seismic bearing capacity and settlement of soils have been investigated 

theoretically and experimentally. The theoretical analysis was developed for a dry c-</J 

soil, considering the effect of the cohesion, and the vertical and the horizontal 

acceleration components. The seismic bearing capacity was examined by using the 

concept of shear t1uidization of soil, while the seismic settlement was examined using 

the sliding block model technique. 

The theory of the shear t1uidization of soil was developed for c-</J soils and 

extended the original application which was limited to cohesion less soils. The 

experiments were conducted on dry and saturated cohesion less soil using a shake box 

designed and constructed during this research. The shake box was designed to subject 

the soil to simple shear conditions during shaking. Model footings, constructed from 

lead, were used to study the seismic bearing capacity and settlement of shallow footings. 

The parameters investigated include the horizontal acceleration, the frequency, the safety 

factor, the footing width, the footing shape and size, the depth of embedment, and the 

relative density of the soil. 

The theoretical and the experimental results showed good agreement. Significant 

reduction in the bearing capacity of the soil, even at low acceleration (e.g. < 0.3 g) and 
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excessive settlement can occur if the seismic bearing capacity becomes lower than the 

allowable static bearing capacity. Seismic design procedures are proposed and illustrative 

examples are used to demonstrate the design procedures. 
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CHAPTER 1 

INTRODUCTION 

1.1 GENERAL 

The design of foundations to support various dynamic loads has received 

considerable attention in recent years. These dynamic loads may come from earthquakes, 

nuclear detonations, blasting, pile driving, water waves, and machine vibrations. 

There are two design criteria used for footings under all loading conditions. The 

first condition is safety against a bearing capacity failure; the second is that settlement 

must be kept to a tolerable limit. The design of foundations under dynamic loads must, 

in addition to the above criteria, account for the change of soil behavior because of the 

differences between the way the static and dynamic loads are resisted by the soil. Static 

loads are applied slowly over a long period of time while dynamic loads are applied 

within a short period of time, a few seconds in the case of earthquakes. Dynamic loads, 

and specifically seismic loads, induce dynamic shear strain in the soil mass. The quick 

changes in the state of stresses and strains on soil elements due to the additional inertia 

forces caused by dynamic loads will cause rapid changes in soil strength. Consequently, 

the soil resistance against bearing capacity failure and the settlement also could change 

quickly. 
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The bearing capacity of shallow footings for seismic loads is evaluated by either 

Meyerhof's solution (1953) or Shinohara-Tateshi solution (1960). Both solutions are 

pseudo-static in which vertical and horizontal accelerations are applied to the center of 

gravity of the structure and the problem is reduced to a static case of bearing capacity 

with inclined eccentric loads (Saxena, 1980). However, using these methods for 

calculating the seismic bearing capacity are inaccurate because the effects of inertia of 

soil and footing are neglected. 

Besides bearing capacity, foundation settlement must be evaluated to ensure it 

is within a tolerable limit. For the static case, settlement is usually divided into three 

parts, the elastic or immediate settlement, consolidation settlement, and the secondary 

consolidation settlement. For cohesion less soil, the consolidation and secondary 

settlements are usually neglected. Under the effect of seismic loadings, additional 

settlement could develop due to cyclic densification of the cohesion less soil. Additional 

settlement is believed to also develop at moderate acceleration due to soil fluidization 

(Richards, et. al., 1990) and it is not considered in current design practice. 

1.2 STATEMENT OF PROBLEM 

Most of the available information on the dynamic bearing capacity of soils deal 

essentially with vertical vibrations as in machine foundations. For seismic events, it is 

the horizontal excitation that appears to predominate in the failure of isolated footings, 

strip footings, mat footings and even pile foundations. Although the reduction of the soil 
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bearing capacity due to seismic loadings may be signiticant, such an effect has not been 

considered adequately in design codes. The dynamic problem is often reduced to a static 

case of bearing capacity with inclined eccentric loads and the allowable bearing capacity 

is modified for seismic loading. For example, according to the Uniform Building Code 

(1991) Section 2303 (d), the allowable static bearing capacity is permitted to be increased 

by one third for earthquake forces either alone or in combination with vertical forces. 

For cohesion less soil under seismic loading, the foundation settlement is considered to 

be increased only by the soil densitication. However, additional settlement caused by soil 

fluidization is believed to increase the settlement significantly. 

1.3 HYPOTHESES 

The hypotheses governing this dissertation are: 

1. The bearing capacity is reduced significantly by the induced shear stress 

caused by the seismic loading. 

2. The settlement of the soil during seismic loadings can increase significantly by 

soil fluidization. 

1.4 OBJECTIVES 

The objectives of this proposed research are: 

1. To further investigate whether the fluidization phenomenon does occur in 

dense sand and to determine the underlying mechanism(s). 
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2. To determine the seismic bearing capacity of shallow footings on a sand in 

dry and in saturated conditions. 

3. To determine the settlement of shallow footings during simulated seismic 

loads. 
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CHAPTER 2 

LITERA TURE REVIEW 

2.1 THE DYNAMIC BEARING CAPACITY 

The bearing capacity of a foundation is detined as the critical load per unit area 

at either the ground surface or at a certain depth below the ground surface that is 

necessary to mobilize the full shear strength of the soil along some continuous failure 

surface. The critical load depends not only on the mechanical properties of the soil but 

on the size and shape of the footing. The problem of evaluating the critical static load 

has been treated by number of researchers, for examples, Terzaghi, 1943; Meyerhof, 

1951; Vesic, 1973, but a mathematically rigorous solution has been attained only under 

greatly simplified assumptions. 

In comparison with the extensive studies on the static bearing capacity of shallow 

foundations, only a limited amount of information is available in literature on the 

dynamic bearing capacity of soils. Where the latter information is available, the analyses 

and experimental investigations deal essentially with vertical vibrations as in machine 

foundations. Very little is available in literature describing studies of the bearing capacity 

of soils under earthquake type loads. 

It was reported in literature that many buildings failed during earthquakes by soil 

bearing capacity failure. Most of these failures are ascribed to the liquefaction 
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phenomenon of the soil- a condition where the mean effective stress in a saturated soil, 

essentially loose saturated cohesion less soil, is reduced to zero. For example, during the 

Niigata, Japan, earthquake of June, 1964, apartment buildings at Kawagishicho were 

tilted, some by as much as 60', yet there was almost complete absence of other 

(structural) damage. This indicates that the bearing capacity of the soil was reduced to 

a very low value. 

Relatively few cases of foundation failures in partially saturated and/or dense sand 

have been reported in the literature during seismic events. An example of such a failure 

occurred during the Miyagiken-Oki earthquake of magnitude 7.8 on June 12, 1978, 

northeast of Sendai, Japan, where the foundations of several oil storage tanks suffered 

from bearing capacity failure and excessive settlement (after Okamoto, 1984). The 

subsoil for the oil storage tanks consisted of a layer of fine sand 65 m thick, which had 

been densified by vibrio-flotation prior to the construction of the tanks. Ishihara et. al., 

(1980) reported little or no damage to similar nearby tank facilities where the sand was 

.:ompacted using compaction piles. Other failures of oil tank foundations on partially 

saturated, compacted sands during the Niigata earthquake in 1964 were reported by 

Watanabe (1966). 

During a series of shaking table tests on flexible retaining walls, Richards et. al., 

(1990) observed that at certain levels of horizontal acceleration the dry, dense C-109 

Ottawa, sand used in the experiments showed signs of fluidization - defined as 

phenomenon whereby the sand behaves as a viscous fluid. The fluidization phenomenon 
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was noticed to be initiated at moderate horizontal acceleration, less than 0.3 g, where 

g is the acceleration of earth's gravity. Model footings of various sizes, shapes and 

weights were placed on a layer of dry, dense, C-109 Ottawa sand in a test box (1 m x 

1 m x 5 m long) and was subjected to horizontal excitation on a shake table at the State 

University of New York (SUNY) to determine movements of the model footings at the 

fluidization stage. It was found, that, at various acceleration levels below 0.5 g, all these 

footings moved vertically. For example, a cylinder (178 mm in diameter) was found to 

settle about 6 mm at a peak horizontal acceleration of 0.3 g as shown in Fig 2.1a. At 

higher level of acceleration 0.5 < kh < 0.8, there was a general fluidization of the sand 

and the footing settled more than 25 mm as if it was in a viscous fluid (Fig. 2.Ib). A 

wooden box which was partially submerged in the sand was found to rise about 6 mm 

as shown in Fig. 2.1c. This study by Richards et. aI., (1990) shows that the bearing 

capacity of the dry loose sand can be reduced at even moderate horizontal acceleration 

level. Richards, et. aI., (1990) used Mohr's circle representation to show the effects of 

the induced inertia forces on soil behavior. 

2.1.1 REVIEW OF THEORETICAL STUDIES 

Few theoretical studies have been reported in literature on seismic bearing 

capacity. Where these studies are available, they are for applied dynamic transient 

loads. Triandafilids (1965) presented a solution for the dynamic response of continuous 

footings supported on saturated cohesive soil (4)=0) and subjected to transient vertical 
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loads. By assuming that the soil behaves like a rigid plastic material and the slip surface 

is circular, he computed the maximum angular rotation the footing might undergo. 

Prakash and Chummar (1967) presented an analysis for determining the response 

of continuous foundations resting on a c-c/> soil and subjected to transient horizontal loads 

applied above the level of the footing base. The geometry of the failure surface is 

assumed to be a logarithmic spiral with its center at the corner of the footing base. This 

study shows that the maximum horizontal load that can be tolerated before failure occurs 

is equal to 0.38 of the vertical static load. The maximum angular rotation that the footing 

might undergo is variable and depends on the soil properties (c,c/» as well as the footing 

width (B). 

Sarma and Iossifelis (1990) presented a study on the seismic bearing capacity of 

shallow footings due to horizontal accelerations. In this study, the seismic bearing 

capacity factors ( NcE,NqE,N.yE ) were given as a function of the horizontal acceleration 

coefficient (kJ. Due to the inertia force, the soil underneath the footing is subjected to 

shear force equal to ~Q, where Q is the footing static load. The resultant force of the 

vertical load (Q) and the horizontal shear force (~Q) was taken as an inclined load 

acting at an angle equal to tan·l(kJ from the vertical axis. The slip surface used in Sarma 

and Iossifelis (1990) analysis is similar to that presented by Sokolovski (1962) for spread 

footings under an applied static inclined load. There are two differences between the 

analysis of Sarma and Iossifelis (1990) and the analysis of Sokolovski (1962). Firstly, 

Sarma and Iossifelis (1990) added the inertia force of the soil mass to the forces used in 
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calculating the soil bearing capacity factor due to the soil weight (N.). Secondly, they 

used the limit equilibrium technique of slope stability with inclined slices (Sarma, 1979) 

to evaluate the bearing capacity factors. The results of Sarma and Iossifelis (1990) 

analysis for NqE was found to agree with the values determined by Meyerhof (1953), and 

Sokolovski (1960) for inclined static load, and NeE agreed with that of Meyerhof (1953). 

However, the factor N"'E was different from both of them because the inertia forces of 

the soil mass was accounted for by Sarma and Iossifelis (1990). The changes in the 

active and passive earth pressures due to the applied acceleration by the seismic loadings 

could reduce the seismic bearing capacity factors to lower values than those due to the 

load inclination. Sarma and Iossifelis (1990) did not consider such an effect. Also, they 

did not consider the effect of the vertical acceleration on the bearing capacity of their 

granular soil. 

Richards, et. al., (1991, 1993) developed charts for the variation of the ratio of 

seismic bearing capacity factors to their static counterparts with horizontal accelerations. 

Richards, et. al., (1993) used a Coulomb type mechanism and approximated the failure 

surface by wedges similar to Rankine wedges for static case (Fig. 2.2). The effect of the 

inertia forces of the vertical load and the overburden pressure as well as the soil cohesion 

was not considered in these analysis. 
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2.1.2 REVIEW OF EXPERIMENTAL STUDIES 

Many experimental studies are available in the literature on the dynamic behavior 

of shallow foundations. Selig and Mckee (1961) investigated the behavior of a number 

of small footings resting on dense uniform Ottawa sand and subjected to vertical 

impulsive dynamic loads as well as static loads. In their conclusion, they stated that" 

for the static tests in dense sand the classical general shear failure occurred. However, 

for equal or greater total settlement under the dynamic load an entirely different mode 

of sand distortion occurred. The mode was very similar to that of the local shear failure 

that occurs for the same footing loaded statically in loose sand. Only after the third 

repeated impact on the same footing was there any evidence of formation of a well 

defined shear plane for the dynamic tests. And in these cases the total settlement was 

quite large (about 75 % of the footing width). " 

Carroll (1963) conducted unconsolidated-undrained triaxial tests on clay to study 

the effect of strain rate on undrained cohesion of clay. Carroll suggested that the 

dynamic undrained cohesion (Cu(dyn) at high strain rate ( > 50%/sec) is equal to 1.5 the 

static undrained cohesion (CU(statiC)' This shows that the bearing capacity for cohesive 

soils is increased when the rate of the applied dynamic load on the footing is increased. 

Carroll did not consider the effect of the cyclic impact loading on the value of Cu(dyO)' 

Seed (1960) studied the strength characteristics of two cohesive soils, namely San 

Francisco Bay mud and compacted silty clay, under dynamic loadings by using a stress

controlled triaxial compression apparatus for dynamic tests. For the case where the 
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initial stress is zero, the strength of both soils under a single dynamic stress pulse (N = 1, 

where N is the number of cycles) was seen to be considerably greater than the static 

strength by factor of 1.4 for the Bay mud and 1.52 for the compacted silty clay. This 

results agree with the results of Carroll (1963). Under the effect of cyclic loading, the 

strength for the San Francisco Bay mud and the compacted silty clay were found to be 

in the range of 0.8 to 1.0 and 1.0 to 1.2 greater than the static strength, respectively. 

Taylor (1968) stated that 10 when a soil is repeatedly loaded, it may fail after a 

number of cycles at a combined (static and dynamic) stress considerably less than the 

failure stress obser:ved in a conventional test. 10 Based on the strength characteristics of 

cohesive soil under dynamic loading, Taylor (1968) outlined an experimental method for 

checking that the cohesive soil will not fail under the effect of repeated cyclic loadings 

at the chosen static and dynamic safety factors. The procedures of this method are: 

1. evaluate the static compressive strength of the cohesive soil (q). 

2. calculate the static stress ratio (a/q), where a is the static deviator stress 

and (a/q) = l/fs' for a chosen static load factor (fJ greater than 3. 

3. calculate the dynamic stress ratios (~a/q), where ~a is the dynamic stress 

and (~a/q) = life lIf .. for a chosen static plus earthquake loading factor 

(fc) greater than 2. 

4. Check the stability of the design due to the chosen load factors (fs and fe) 

by a proof test in which the soil is subjected to cyclic loads equal to the 

calculated loads above with more than 50 cycles. 
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5. if failure does not occur after 50 cycles of dynamic loading then the 

dynamic load factor (fd) must be at least 2. If failure occurs in the test, 

the desired value of fd has not been attained, and the preliminary design 

must be revised. 

This method is based on laboratory testing and therefore the testing setup must 

be available for the designer to run the required tests. Also, it is costly and time 

consuming. 

Vesic et. al., (1965) studied experimentally the dynamic bearing capacity of a 

sandy soil under strip footings loaded vertically with different rate of transient loads. All 

tests were performed using a circular, rigid, rough plate, having a diameter of 10l.6 mm 

and resting on the surface of homogeneous dense sands. The sand bed was prepared in 

a watertight steel box 127 cm square and 178 cm deep. No shaking was applied to the 

sand bed except that caused by the transient load. They showed that the bearing capacity 

was about 30 percent lower than the static bearing capacity when the footing was 

subjected to dynamic vertical loads. Vesic et. al., (1965) suggested that the reduction in 

strength is equivalent to a decrease in the angle of internal friction of about 2 degrees. 

The effects of overburden pressures and soil cohesion were not considered in this study. 

Okamoto (1956) used a box, 15 cm width x 60 cm length x 30 cm depth, 

containing sandy soil which he shook horizontally on a shake table to determine the 

seismic bearing capacity of shallow footings on a dense sand with angles of friction 

ranging from 38° to 50°. The footing was simulated by a rectangular test plate, 6.1 cm 
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x 15.0 cm, and loaded vertically. As the box was shaken horizontally at a maximum 

acceleration of 0.38 g for 1.3 seconds, the test plate settled into the sand. When the test 

plate was loaded obliquely, the test plate slid horizontally due to shear failure of the soil 

beneath the plate before settlement begins. The bearing capacity was found to decrease 

linearly with increasing horizontal accelerations for both dry and saturated sand. These 

test results were compared with a theoretical solution which consider the resultant of the 

weight and the inertia forces of the footing as inclined load applied to the soil at an angle 

equal to tan'\(kJ from the vertical axis. Good agreement between the theoretical and 

experimental results were found. The theoretical solution does not consider the inertia 

force of the soil, the surcharge loading, and the cohesion of the soil. 

2.2 SOIL SETTLEMENT 

For cohesion less soil, most of the settlement occurs by the time the construction 

is complete. Due to seismic loading, additional settlement will occur due to soil 

densification and the development of soil fluidization. The available studies on each type 

of these settlements are presented below. 

2.2.1 IMMEDIATE SETTLEMENT 

The immediate settlement for cohesionless soils is assumed to be completed by 

the end of the construction period. In many investigations, different methods have been 

reported for calculating the immediate settlement. Some of these methods were derived 
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using the theory of elasticity, while others are based on correlation between settlement 

and Standard Penetration Tests or Cone Penetrometer Tests. The most common methods 

used in practice are listed in Table 2.1. 

2.2.2. DENSIFICATION SETTLEMENT 

Early investigations into the densification of cohesion less soils by vibration were 

conducted using vibratory compactors, (Bernhard (1952), D'Appolonia, et. al. (1969), 

Moorhouse and Baker (1969), Converse (1953)). Because cohesion less soils are known 

to densify due to accelerations, many investigators tried to simulate field conditions to 

study this problem by mounting small containers filled with sand on vibrating tables. 

D'Appolonia and D'Appolonia (1967) conducted tests on air-dry sand using a 

vibrating table apparatus. The sample is contained in a mold 10.2 cm in diameter and 

8.9 cm high. Tests were conducted by placing air-dry sand in the mold, applying the 

surcharge and amplitude and frequency of vertical vibration until the volume of the 

sample in the mold remained constant over the last 20 minutes of the test. From this 

study it was found that an increase in the surcharge load reduces the maximum density 

obtainable by vibration and an increase in acceleration higher than the peak acceleration 

of vibration can cause a decrease in compacted density. At accelerations less than 1.0 

g very little densification was shown. 

Whitman and Ortigosa (1968) conducted a similar investigation to that of 

D' Appolonia and D' Appolonia (1967) and concluded that: 



Table 2.1. Proposed methods of immediate settlement calculation 
--- -- -----

Author Calculation formula Remarks 

Alpan (1964) Empirical relation ht!lwt:t:n the st!ltlement Sp of 

S=S1~r the plate and the st!ltlement of a square footing 
l+B . 

of width B (ft) fi>r identical applied load 

pressure. 

D' Appolonia (1968, 

S= qBI[1_~2] 
Based on the themy of elasticity, where E. is 

1970) taken as a function of SPT hlow counts and I is 
Es 

the influence factor. 

Elastic Method Elastic equation, where E, can he estimateti 

qBlw[ 2] Timoshenko (1951) S=-l-~ from N value using empirical formula SUl:h as 
Es 

E.= JO IN + 151 ksf (kips pt:r square foot). 

Meyerhof (1965) 
S=8P 

A correlation betwt:t:n allowahle bearing 

for B~4 it pressure (P), blow count from standard 
N 

S= 12p[~r 
pent!lration it:sts (N), and footing width (B). 

for B>4 it 
N B+l 

I 



Table. 2.1. Continued 

Author Calculation equation Remarks 

Oweis (1979) 
_Bq _ 

A quasi-elastic approach based on the analysis 

S.--[F. F. d of plate load It:sts. The settlement factors Fi• I E. I I-

I 
Fi_l • and Ei are obtained from charts developed 

by Oweis (1979). where i is the layer numba. 

Peck and Bazzardll This method based on Terzaghi and Peck 

(1969) S=2q[ 2B r C approach with two modifications: one for 
IV B+l W 

overburden pressure and the otho::r for the depth 

of water table. 

Schmertmann (1970) This method based on the cone peno::tromda . "n S=q C1C2 L ~ I1Z; tests rather than standard penetration tests. The 

;=1 Es. parameters I. and E. can be evaluated from I 

C "I-O.5(~1 charts developoo by Schmertmann (1970). o..is 

1 I1q the effective in situ overburden pressure at the 

C2 = 1 +0.2Io~-t-) foundation depth. and t is the time in yo::ars. 

0.1 



Tabk. 2. I. Continued 
---- -----

Author Calculation formula Remarks 

Schultz and Sherif This approach based on statistical corrdation of 

(1973) S 
qF 

mc::asured sdtlt!mt!nts using dastic thoory and 

NO.87 (1 +0.4 ;) N-vlllues. Footing depth is accounted for in this 

approach, but tht! prt!st!nce of ground water 

table is ignored. 

T erzaghi and Peck 
4So 

Empirical rdationship hdwet!n the seulemt!nt of 

( 1967) s- actual footing (S) and test footing (So). Where 

(1' ~r Bu is the width of the test footing. 

Lamb and Whitman From dastic theory, whert! S is the seult!mt!nt 

(1968) S 
qB(1-~2) 1 

at the comer of a rt!ctangular art!3, and Ip is tht! E P 
influence factor given hy Lamb and Whitman 

(1968). 



Table. 2. I. Continuoo 

I Author I Calculation formula I Remarks I 
Terzaghi q=Kj} 

This method basoo on load displacement 

relationships ohtamoo by load testing I ft 

For size dfect; for square footing square plate on the surface of a sand layer and 

applying correction factors for footing size, 

K =K{~r shape, and depth. Where K. is the modules of 
BxB 2B 

suhgrade reliction thllt can be ohtainoo from 

and for rectangular t()oting 
tahle devdopoo hy Terzaghi t()r different type 

of sand, lind L is the footing length 

K =K 1 m+o.5] L where m=-
LxB Bx 1.5m B 

For depth effect 

- B 
0" (atD+-) 

K =K 2 
D 0 B -

0" (at-) 
2 
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1. when the dynamic stresses are small, no noticeable densification occurs 

for acceleration less than 1.0 g. 

2. when the dynamic stresses are small compared to the initial overburden 

pressure, there is still no noticeable densification. 

3. vertical accelerations during an earthquake produce very little 

densification. 

Barkan (1962) studied the effect of horizontal vibration on soil densification by 

using a direct shear apparatus mounted on vibrating table. He developed a functional 

relationship between void ratio and horizontal acceleration coefficient (kJ for all soils 

densified by vibration. Barkan approximate this relationship between void ratio and ktt 

by, 

(2.1) 

in which emin and em"" are the minimum and maximum limits of the void ratio; 

respectively, and (3 is the coefficient of vibratory compaction. 

Youd (1968) investigated the effects of the horizontal accelerations on soil 

densification by mounting the base of a direct shear test on a horizontal vibrating table 

with a variable frequency (0 cps to 60 cps) and amplitude (0 cm to 0.191 cm). The study 

was conducted on Ottawa C-109 sand and steel balls. The results of this study confirm 

the existence of the relationship in equation (2.1) found by Barkan (1962). 
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Youd (1970), uses the same testing configuration as Youd (1968), studied the 

int1uence of the normal pressure on the parameter ({3) in equation 2.1 at acceleration 

levels greater than 0.5 g. The parameters emin , em"X' and (3 were found to be functions 

of the normal pressure and the material properties. The variation of these parameters 

with the applied normal pressure was given in tables by Youd (1970). In agreement with 

the observation of Barkan (1962), horizontal acceleration was found to cause considerable 

soil densification. 

Timmerman and Wu (1969) used a triaxial equipment for dynamic testing to 

study the relationship between sand deformation and stress condition. The tests were 

conducted on Ottawa Sand, a fine Ottawa Sand, and a well-graded sand. The cyclic 

normal and radial stresses were applied at frequencies of 2.5 Hz, 5 Hz, 10 Hz, and 25 

Hz. The acceleration was less than 0.5 g. Most of the specimens were subjected to 

100,000 load cycles. The effect of cyclic stresses on the sand densification was found to 

be more important than the effect of the acceleration. 0' Appolonia (1970) also indicated 

that the repeated cyclic stress for acceleration lower than 1.0 g is the major cause for soil 

densification. 

Silver and Seed (1971a) investigated the soil densification due to cyclic shear 

strain in the range of 0.01 % to 0.5 %. Static direct simple shear test equipment developed 

by the Norwegian Geotechnical Institute (NGI) was modified so that cyclic horizontal 

shear stress could be applied. This investigation showed that the settlement due to soil 

compaction is not significantly affected by values of vertical static stress and depends 
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only on the shear· strain amplitude induced in the sample with cyclic shear strains 

exceeding ±O.05 %. 

Seed and Silver (1972) proposed that the settlement of sand during earthquakes 

is produced mainly by the horizontal components of ground shaking where in most of 

cases the acceleration levels involved will be substantially less than 0.5 g. Seed and 

Silver (1972) outlined a procedure for estimating the possible amount of this settlement 

based on the results of previous studies by Silver and Seed (1971a, 1971b). These 

procedures as outlined by Das (1983) are: 

1. Adopt a representative history of horizontal acceleration for the base. 

2. Divide the soil layers into n layers. They need not be of equal thickness. 

3. Calculate the average value of the vertical effective stress (]z for each layer. 

4. Determine the representative relative densities for each layer. 

5. Calculate the history of shear strains at the middle of all n layers. 

6. Convert the irregular strain histories obtained for each layer (Step 5) into average 

shear strain and equivalent number of uniform cycles. 

7. Conduct laboratory tests with a simple shear equipment on representative soil 

specimens from each layer to obtain the vertical strains for the equivalent number 

of strain cycles calculated in Step 6. This has to be done for the average effective 

vertical stress levels (]z calculated in Step 6. 

8. Calculate the total settlement as 



n 

Ll H = L €Z(i)Hi 
i~l 
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(2.2) 

where €l(i) is the average vertical strain determined in Step 7 for layer i and Hi is the 

layer thickness. The calculated settlement by this procedure for Jensen Filtration Plant 

of the Metropolitan Water District of Southern California located in the Granda Hills area 

of the San Fernando Yalley was found to be 33 mm. When this filtration plant was 

shaken by the San Fernando Earthquake of Feb. 9,1971 with maximum acceleration of 

0.6 g, the observed settlement was found to be between 89 mm to 102 mm. The 

computed settlement is about one third the observed one. It has been suggested by Pyke, 

et. al., (1975) that the major cause of the discrepancy between the computed and actual 

settlements is that soils are subjected to 1L...ltidirectional rather than the unidirectional 

shaking under actual earthquake conditions. 

Pyke, et. al., (1975) studied the effect of multidirectional shaking on the soil 

settlement. They reported from studies using a shake table that the effect of the second 

component of motion has the same effect as the first component, and the computed 

settlement caused by one component might be approximately double to account for the 
... 

effect of shaking in different horizontal directions. Further, it was estimated that 

settlements due to vertical accelerations would be about 50% of the calculated settlement 

due to the horizontal components. For example, the settlement due to one component 

for the Jensen Filtration Plant of the Metropolitan Water District of Southern California 

located in the Granda Hills area of the San Fernando Yalley as calculated by Silver and 

-----------_ .. -.-- '.--.-
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Seed (1971) method was found to be 33 mm. It was assumed that the second component 

of motion was similar to the one used and then the computed settlement was double (66 

mm) to account for the effect of shaking in varying horizontal directions. The total 

settlement was equal to the settlement due to the horizontal components (66 mm) plus 

50% of that due to the vertical component (33 mm) to become 99 mm. which compares 

much more favorably with 88 mm to 102 mm settlement that has been attributed to 

compaction caused. by the earthquake. 

Timmerman and Leelanitkul (1980) investigated experimentally the progressive 

axial strain of Ottawa sand samples of various relative densities caused by vibrating 

foundations. The samples were subjected to cyclic, triaxial loading conditions with 

shearing strain amplitudes between 10-5 and 10-2• The data show a linear log-log 

correlation between the measured progressive axial strain and the calculated cyclic 

shearing strain amplitude. The predicted deformations using the triaxial data was found 

to agree well with data from other research using cyclic simple shear data like that of 

Seed and Silver (1972). Leelanitkul (1980) outlined the procedure for predicting the 

progressive settlement in cohesion less layer subjected to vertical vibrations using triaxial 

results. 

2.2.3 FLUIDIZATION SETTLEMENT 

Richards. et. al., (1990) showed that significant settlement of shallow footings can 

occur due to soil fluidization independent of the initial void ratio. The amount of this 
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settlement is based on the peak acceleration as well as its duration. Richards, et. al., 

(1993) have suggested that the pattern of foundation settlement can be predicted by the 

sliding-block model proposed for gravity retaining walls by Richards and Elms (1979). 

Because of the differences between the movements of gravity retaining walls and shallow 

footings, this technique may not give a reasonable prediction for the settlement of 

shallow footings. For example, a gravity retaining wall will move horizontally along the 

ground surface when driving forces due to the horizontal inertia force of the wall and 

the active force of the soil exceeds the shear force at the base of the wall. However, the 

foundation will move vertically inside the soil due to soil bearing capacity failure. 



CHAPTER 3 

THE THEORETICAL ANALYSIS OF SEISMIC BEARING 

CAPACITY AND SETTLEMENTT 

3.1 INTRODUCTION 
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In this chapter, three theoretical components of this dissertation will be presented. 

The first is the development of the theory of shear fluidization for c-¢ soil. The second 

is the development of an analytical approach to determine the seismic bearing capacity 

of shallow footings based on the seismic failure surface predicted from the theory of 

shear fluidization. The third is the development of a model to predict seismic settlement 

of shallow footings. The results of this analysis will be applicable to c-¢ soil subjected 

to horizontal and vertical accelerations. 

3.2 DEVELOPMENT OF THE THEORY OF FLUIDIZATION FOR c-,p SOILS 

The theory of shear fluidization proposed by Richards et. al., (1990) was 

developed for cohesion less soils. As a result, the expression of the lateral earth pressure 

coefficients based on this theory does not consider the effect of cohesion. 

By comparing the analysis of Sarma and Iossifelis (1990) and Richards et. al., 

(1993), it has been found that the seismic bearing capacity factor NeE is different as 

shown in Fig. 3.6. To consider the effect of soil cohesion, the theory of fluidization will 

---_._- .. _-_._ ......... - --
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be expanded to deal with c-¢ soils. 

Consider a soil element at a depth z which is subjected, under free field 

conditions, to horizontal and vertical accelerations from an earthquake as shown in Fig. 

3.1. These accelerations will result, from consideration of equilibrium, in stresses 

(Richards et. al., 1990) 

°x=K(1-k)yz (3.1a) 

(3.lb) 

(3.lc) 

where (J~, (Jz and Tu are the normal and shear stresses respectively, k; and, iG, are the 

vertical and horizontal acceleration coefficients, K is the lateral earth pressure 

coefficient, and 'Y is the effective unit weight of the soil. 

The initial stress state of the soil element, for a two dimensional case, is 

represen ted by the Mohr circle A (Fig. 3.2). A vertical acceleration, kvg (g is the 

acceleration due to gravity) will cause the initial circle to move to the right or left along 

the (J axis depending on the direction of the vertical acceleration. For the direction shown 

in Fig. 3.1, the Mohr circle A would shrink and move to the left (circle B). Let us now 

superimpose a horizontal acceleration, ~g. This horizontal acceleration will induce a 

shear stress which will cause the principal axes of stresses to rotate and the circle B to 

expand. If this acceleration is sufficiently large, the Mohr circle (circle C) would touch 
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Fig. 3.1. Stresses on soil element due to an earthquake. 
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Fig. 3.2. Mohr circles for vertical and horizontal accelerations. 
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the failure line, r = C + a tan <t> (r is the shear strength, C is the cohesion, a is the 

normal stress and <t> is the internal angle of friction), at point B. The slip surfaces are 

then oriented at 

p =2: + cf> _a 
: 4 2 

(3.2a) 

(3.2b) 

to the horizontal and vertical planes respectively and where a is the inclination of the 

major principal plane to the horizontal. For the active case (Fig. 3.2) 

k/aYZ 
tana -

A CD (3.3) 
-+R 

2 

where 

CD=yz(l-k)(l-E) (3.4) 

and 

R2=(k, YZ)2+( C:)' (3.5) 

or 
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(3.6) 

Substituting equations (3.4) and (3.6) into equation (3.3), gives 

(3.7) 

The same procedure can be followed to derive tanap' as, 

(3.8) 

where KAE and K pE are the seismic active and passive earth pressure coefficients 

respectively and, 

kh 
tan6=

l-k v 

(3.9) 

Following the approach of Richards, et. al., (1990), a general expression of the 

seismic lateral earth pressure coefficient at B will now be derived from Fig. 3.2 as 

follows, 

(3.10) 

Substituting equations (3.1a), (3.1b), and (3.1c) into equation (3.10), we obtain, 
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(3.11) 

Simplifying equation (3.11) and putting D = C/-yz, gives 

(3.12) 

Solving equation (3.12) for K, gives 

(3.13) 

where the positive sign before the root gives the value of KpE and the negative sign gives 

the value of KAE • For a cohesive soil, cP =0, and 

( 
2D]2 K=l± -- -4 tan2e 
l-k v 

(3.14) 

This is a general expression for the lateral earth pressure coefficient for a cohesive soil 
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for both static and dynamic conditions. For the static case, where tane is equal to zero, 

K is reduced to 1 ±2D. The variation of KAE and KpE with acceleration coefficients and 

D are shown in Fig. 3.3. The passive resistance of the soil decreases simultaneously with 

an increase in active pressures as the acceleration increases. An increase of D 

proportionately increases the critical acceleration. 

The expression of the lateral earth pressure coefficients (K) will be used in the 

calculation of the angles (c¥t> C¥2' C¥3, and C¥4) to determine the geometry of the failure 

surface as shown in Fig. 3.4. 

3.3 THE THEORETICAL ANALYSIS FOR THE SEISMIC BEARING 
CAPACITY OF SOILS 

In this section, the analysis will begin with the determination of the failure surface 

based on the theory of soil tluidization, then followed by the derivation of the seismic 

bearing capacity factors using the limit equilibrium method. 

3.3.1 GEOMETRY OF THE FAILURE SURFACE 

The geometry of the failure surface for a strip footing due to the seismic loading 

will be obtained from the theory of tluidization. As a result of a seismic event, a non 

symmetric failure surface is produced which is assumed to comprise zones similar to the 

static case, but is much shallower and has rotated counterclockwise through an angle c¥. 

The angles subtended by these zones with the horizontal plane are given, with reference 
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( rr/4+rp/2 

Fig.3.4. Static and seismic failure surfaces. 



to Fig. 3.4, as 

1t 4> 0; =-+-+0; 
1 4 2 A 

1t 4> 0;.,=-+--0; 
~ 4 2 A 

1t 4> 0; =----0; 
" 4 2 p 
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(3.15a) 

(3.15b) 

(3.15c) 

(3.15d) 

where CXA and CXp are the inclination of the major principal planes to the horizontal for 

the active and passive cases and can be calculated from equations (3.7) and (3.8), 

respectively 

3.3.2 SEISMIC BEARING CAPACITY FACTORS NeE' NqE, N"E 

Fig. 3.5 shows free body diagrams for the three failure zones. The passive forces 

P pc,P pqI and P P"I were calculated using the method of analysis proposed by Terzaghi 

(1943). Because the failure surface is non symmetrical, the passive forces on planes ac 
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and bc of the active wedge abc could not be equal. The passive forces Pme,Pmq , and Plll'y 

were obtained by adopting an iterative procedure suggested by Prakash and Saran (1971). 

The partial resistance provided by the soil mass on the left side of the footing (not shown 

in Fig. 3.4) was found by assuming a strength mobilization factor m such that, 

. C =m C , m (3.16) 

By considering the vertical and horizontal equilibrium of forces on the wedge abc as 

shown in Fig. 3.5, two equations for each bearing capacity factors (NeE' NqE, N..,e), were 

obtained. The value for each factor can be found from these two equations by iteration 

using different values of m as shown in the next sections. 

3.3.2.1 DERIV A TION of NeE 

Fig. 3.5 shows the free body diagrams for the three failure zones. Taking moment 

about the center of the log spiral (point b) gives, 

(3.17) 

where 
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B sina2 r-----
• sin(a

l 
+a;J 

(3.18a) 

(3.18b) 

(3.18c) 

(3.18d) 

The mobilized passive earth pressure Pmc is obtained by substituting equation (3.16) and 

replacing C¥l by C¥2 in equation (3.17). Thus, 

(3.19) 

Consideration of vertical equilibrium of forces on the wedge abc shown in Fig. 

3.5, gives, 

qeB=P pccos(cx. l -4» +P /llCcos(cx.2 -4>m)+Casincx. 1 +Ca sincx.2 

The terms C. and C~ are adhesion and partial adhesion forces such that 

(3.20) 
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C B sina2 C=----
a sin(al +a~ 

(3.21a) 

, m C B sinal 
C=----

a sin(al +a~ 
(3.21b) 

\ 

Replacing qE by CNcE and substituting for C. and C. in equation (3.20), results in, 

Similarly, by considering equilibrium in the horizontal direction, 

(sina2cosal-m sinalcosa2] 

sin(al +(2) 

(3.23) 

The value for NeE is found from equations (3.22) and (3.23) by iteration using different 

values of m. 

3.3.2.2 DERIVATION of NqE 

Taking moment of the forces acting on wedge bcfj about b (Fig. 3.5), the 

resultant passive lateral force is 
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(l-kJqj r. 2(lt-a -a~\ IAIlAj) [? .? 1 P - e 1;Y cos-a +K -<;m-a 
pq cos<p 3 pl:.- 3 

(3.24) 

Consideration of vertical equilibrium of forces on the wedge abc shown in Fig. 3.5, 

gives, 

(3.25) 

Substituting qE by CUNqE in equation (3.25) gives, 

N = P pqcos(a1-<p)+P mqcos(a2 -<Pm) 

q£ qjB 
(3.26) 

Similarly, by taking the equilibrium of the horizontal forces on the wedge abc, 

(3.27) 

The mobilized passive earth pressure P mq is obtained by substituting equation (3.16) and 

replacing al by a2 in equation (3.24). The solution for NqE is found from equations 

(3.26) and (3.27) by iteration using various values of m. 

3.3.2.3 DERIVATION of NYE 

The increment of the Rankine passive force due to the seismic loading, .6.P !>'YEI 

acting at Hi2 (Fig. 3.5) is 
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(3.28) 

where, 

(3.29) 

1 2 1 2 2 <t> P S=-yHdK =-yHd tan (45+-) n 2 p 2 2 
(3.30) 

Taking the moment of all the forces on the wedge cbfj about 0 gives 

(3.31) 

where, 

( 
r~-rj2 1 yro 1 

W= ---- Y 
1 4 tan<t> 2 sin<¥3 

(3.32) 

and, Ll and ~ are the vertical and the horizontal distances between points 0 and G 

respectively, L3 is the horizontal distance between points 0 and S, and rj is the initial 

radius of spiral which is the distance between points 0 and c. Summing the forces 

vertically on the wedge abc, gives, 



66 

where H.:; is the height of the wedge abc. By taking 'lEB = 1I2'YB2N"'(E and substituting 

in equation (3.33), we obtain, 

Similarly, from summing the forces horizontally, 

N = 2(Ppysin(al-<I»-PmySin(a2-<I>m) H. 
yE yB2kh B 

(3.35) 

The value of P m"'( was obtained in the same way as P me and P mq' The factor N'YE 

is found by iteration using different values for m and evaluating N'YE at different points 

along the line fb (Fig. 3.5) until the minimum value is obtained. 

3.3.3 PARAMETRIC STUDIES 

A computer program was written to calculate the bearing capacity factors for 

different values of (a) kband k" (b) 0, and (c) 4>. The results from the above program 

are presented below. 
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EFFECTS OF kb AND k., ON THE SEISMIC BEARING CAPACITY 

The seismic bearing capacity of soils is directly proportional to the factors NeE. 

NqE• and N"'(E' So. if these factors increase the bearing capacity will increase and vice 

versa. The effect of ~ on NeE normalized to the static value Ncs is shown in Fig. 3.6. 

The value of NeE decreases rapidly with increase in ~. For example. when </> = 30°. and 

~=0.3. the ratio of NeE/Nes drops to 0.34 at D=O.O. This significant reduction of NeE 

due to ~. will cause the seismic bearing capacity to drop since it is function of the factor 

NeE' The vertical acceleration has no significant effects on NeE' A relationship between 

NeE. Nes • ~. and D can be approximated by: 

(3.36) 
p c =4.3k~1 +D) 

This relationship IS a good fit to the analytical results (Fig. 3.7). 

As shown by Fig. 3.8, the ratio NqE/Nqs decreases rapidly as ~ increases. When 

</>=30°, ~=0.3, and kv=O.O, the ratio N'IE/Nqs drops to 0.3. The ratio of NqE/Nqs 

decreases further as kv increases. At </>=30°, ~=0.3, and kv=0.2, the ratio NqE/Nqs 

drops to 0.175 compared to 0.3 at kv=O.O. This effect of kv on NqE is due to the 

reduction of the resisting passive force (Ppq) caused by the reduction of the overburden 

pressure when it is multiplied by (l-k,). The seismic bearing capacity factor NqE can be 

computed from the static value using equation (3.37) (see Fig. 3.9). 
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(3.37) 

Fig. 3.10 and Fig. 3.11 show the effect of kn and k., on N..,E/N..,s. Fig. 3.10 

reveals a signiticant drop of the ratio N..,E/N..,s as kn increases. For example, when 

¢ =30 0
, ~ =0.3, and k., =0.0, the ratio N..,E/N..,s drops to 0.14. In comparison with the 

examples above, ~ affects the value of N-rE more than NeE and NqE.Also, the increase 

of k., causes N-rE to decrease further. When ¢=30°, kn=0.3, and kv=0.2, the ratio 

N-rE/N-rs drops to 0.04. An approximate relationship for calculating N-rE from the static 

values (Fig. 3.11) is 

(3.38) 

3.3.3.2 EFFECT OF ANGLE OF FRICTION ON THE BEARING CAPACITY 

It is known that static bearing capacity factors increase as the angle of friction 

increases. Since the seismic bearing capacity is function of the static bearing capacity 

factors as shown above, the seismic bearing capacity increases as the angle of friction 
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Fig. 3.9. The effect of ~ on NqE/Nqs for different angles of friction. 
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increases. There was no effect of the angle of friction on the factors i3;, i3q, and i3~ as 

shown by Fig. 3.7, 3.9, and 3.11, respectively. 

3.3.3.3 

The parameter D only affects the bearing capacity factor N;E' For a given ~, the 

ratio of NcE/Ncs increases as the value of D increases (Fig. 3.6). For example, at kn =0. 3 

the values of NcE/Ncs equal to 0.35 and 0.5 for D=O.O and 0.4, respectively. Thus, the 

seismic bearing capacity increases as the value of D increases. 

3.3.3.4 COMPARISON WITH EARLIER SOLUTIONS 

In this section, the results obtained using the analysis developed here are 

compared with the analysis of Sarma and Iossifelis (1990) and the analysis of Richards 

et. al., (1993) for 1<., =0.0. The solutions of Sarma and Iossifelis (1990) and Richards et. 

al., (1993) show that the value of NcE decreases rapidly with increasing the horizontal 

accelerations similar to the solution obtained here. However, the solution of Sarma and 

Iossifelis (1990) is about 50 % greater than those of Richards et. al., (1993) and of the 

solution obtained here at acceleration greater than 0.3 g at D=O.O. A solution based on 

the proposed analysis, using a value of D = 0.4 appears to match the curve of Sarma 

and Iossifelis (1990) (see Fig. 3.6). This difference is because Sarma and Iossifelis 

(1990) and Richards et. al., (1993) did not consider the effect of D on the passive and 

-- -----~.---....... _. -_. -.-
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active pressure coefficients (KAE and KpJ. For N4E • the solution of Sarma and Iossifelis 

(1990) is higher than the solution obtained here by about 15 % at IGt greater than 0.2. The 

solution of Richards et. aI., (1993) is in good agreement with the solution described here 

specially at horizontal accelerations less than 0.4 g (see Fig. 3.8). 

The comparison between the different solutions of N..,.E is shown in Fig. 3.10. The 

sol·:tion of Sarma and Iossifelis (1990) is about 10% greater than the solution obtained 

here. A poor agreement with the solution of Richards et. al.. (1993) was shown by Fig. 

3.10 while the solution of Richards et. al., (1993) is > 100% than the solution obtained 

here at horizontal acceleration greater than 0.2 g. 

3.4 THE CALCULATION OF D 

Since the C and 'Y are known, the value of h is the only value needed to calculate 

D, where D=C1'Yh. The value of h is variable and in the range of zero to z as shown by 

Fig.3.4. This means that the D is variable and decreases with depth if C is constant with 

the depth. Because a single value of D is desirable, an average value of D should be 

chosen. A value of h equal, 

(3.39) 

is suggested. Since Hd(dYlWlIic) is a function D and a relationship between h and Hd(dylWJlic). 

is not available, h will be calculated based on Hd('lAlic)' No significant error using this 

approximate method, especially at low acceleration, is expected. The procedure for 



calculating h is as follows: 

1. Calculate H<l(sl.1~c) using 

where, 

and, 

b. Calculate has, 

c. Calculate D as, 

C D=-
yh 

r = o 
B 

COS IX IS 
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(3.40) 

(3.41) 

(3.42) 

(3.43) 

(3.44) 
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3.5 EVALUATION OF THE MOBILIZATION FACTOR (m) 

The mobilization factor (m) in equation (3.16) is unknown. It was determined 

from the numerical analysis of the bearing capacity presented here. The value of m 

depends on ~, kv, and ¢; it decreases with ~ and kv, and increases with ¢. A good fit 

of the numerical analysis (see Figs.3.12 and 3.13) is given by: 

(-2.4+k.)( tan6) 
m=e tan~ 

(3.45) 

3.6 THE SEISMIC BEARING CAPACITY EQUATION 

The Meyerhof bearing capacity formula for vertical load can be modified to 

become a general equation to include seismic effects as, 

(3:46) 

where ec, eq, and e-yare the seismic factors and can be calculated as, 

(3.47a) 

(3.47b) 

2 -~ e =(1--k' e T 
y 3 vi 

(3.47c) 

where {3e, {3q, and {3,,( can be calculated from equations (3.36), (3.37), and (3.38). 

---~-------- .. - .-.- - -.- -. 
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3.7 THEORETICAL ANALYSIS OF SEISMIC FLUIDIZATION SETTLEMENT 

For simplicity, foundation settlement for cohesionless soils is divided into three 

stages. The first stage is the immediate settlement that occurs during and immediately 

after construction, the second stage is the densification settlement due to soil vibration, 

and the third stage is the settlement caused by soil fluidization. Most of the available 

studies on the first two stages of settlement have been cited in the literature (see Chapter 

2). At present, according to the author's knowledge, only Richards et. al., (1993) have 

proposed a model for seismic fluidization settlement. 

Newmark (1965) proposed a sliding block model to compute the displacement of 

a failed wedge of soil in his work on dams. Goodman and Seed (1966) showed that this 

model gives reasonable results for dry cohesionless soil. Sarma (1975) used the 

Newmark model to analyze the effects of the inertia forces and the pore-pressures on the 

factor of safety, the critical acceleration, and the subsequent displacement of dams during 

an earthquake. Richards and Elms (1979) developed an expression using the curves 

developed by Franklin and Chang's (1977) using the Newmark model to determine the 

movement of gravity retaining walls. Richards et. al., (1993) used this relationship to 

predict the seismic settlement of spread footing. This method does not show the effects 

of vertical acceleration, duration or number of cycles, frequency, and cohesion on the 

settlement of shallow footings. In the analysis to be developed in the next section, the 

above factors will be considered. 
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3.7.1 FORMULATION 

Fig. 3.14 shows the proposed sliding block model, assuming plane strain 

condition, with all the participating driving and resisting forces. When the applied 

acceleration (~ ) is greater than the critical acceleration ( kc ), the driving force (FD) 

which acts parallel to the sliding plane bc is, 

(3.48 : 

where L is the footing length. The resisting force FR which acts in the opposite direction 

of FD is, 

(3.49) 

By simplifying equation (3.49), 

F [ k 1 mCB sin« 2 =(PPc+PPq+Ppy) + (l-k)(qB+WA)(cos«2+-"- Sin«2) tancP+ . ( 1 
L l-kv SUl«l+«~ 

(3.50) 



Fig. 3.14. 

mCBsinCXl 

sin(~+ad 

(a) The forces on the sliding block 

(b) The directions of the driving and 
resisting forces. 

The sliding block model for footing settlement due to t1uidization. 
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Additional resisting friction forces develop on the sides of the sliding block given 

by: 

(3.51) 

where ay is the normal stress acting on the sides of the sliding block, and A is the area 

oLthe plane (abc) under the effect of ay , and equal, 

(3.52) 

Since this problem is considered as a plane strain problem, ay is calculated as, 

(3.53) 

where" is the Possion's ratio. The value of" for sand is in the range of 0.3 to 0.4 for 

cyclic loading ( Lamb and Whitman, 1965). A value of " equal to 0.37 will be used 

(Budhu, 1979). By substituting of ax and az in equation (3.53), ay is equal 

(qB+W)L 
oy=o.37(l-k) A (1 +KAE) 

BxL 
(3.54) 

The side friction forces are then, 

(3.55) 

Putting 



--_.------ ---- --

A x=
BxL 

and substituting of equation (3.52) in equation (3.56), X is equal, 

B SllHt,sina2 

X - 2L sin(a, +sina~ 

From equations (3.55) and (3.57), 

F 
-2 =0.74 X (l-kJ(qB+ WA)(l +KAE) tan<l> 
L 

By adding equation (3.58) and equation (3.49), FR becomes, 

:. =(P" + P '" + P py) +[ (i-k,)(qB + WA) (cosa, + 1 ~~, sina,) 1 tan4> 

mCBsina 
+ • ' + 0.74 X (l-k)(qB+ WA) (1+KAE) tan<l> 

sm(a, +a2) 
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(3.56) 

(3.57) 

(3.58) 

(3.59) 

From Newton's law of motion, the acceleration of the active wedge (abc) relative to the 

plane surfaces (be) is 

(3.60) 

where x is the relative displacement measured down the slope (ab). Substituting for Fo 

and FR , we obtain, from equation (3.60), 



where 

A - _(....!.P PC;,.;..+_P.,!;,pq;!...+_P.!:...!P'Y_) 
1 (l-k.)(qB+ W

A
) 
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(3.61 ) 

(3.62) 

and P pc and Ppq can be calculated from equations (3.19 ) and (3.26). From equations 

. (3.34) and (3.35), Ppy is equal to, 

. (3.63) 

where, 

(3.64) 

and 
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(3.65) 

The block will start to move when the applied acceleration exceeds the critical 

acceleration (k.:) (see Fig. 3.15). The solution of equation (3.61) will depend on the 

variation of ~ with time above the critical acceleration (k.:). Sarma (1975) investigated 

the effect of different types of fuctions on the calculated displacement by using the 

sliding block model. These functions are triangular, rectangular, and sinusoidal. In 

comparison with field data, Sarma (1975) found that the rectangular acceleration function 

gives a good approximation of the sliding block displacement when the ratio of k.:/~ is 

smaller than 0.5. For simplicity, the variation of ~ with time will be assumed as a 

rectangular function as shown in Fig. 3.15. To account for the difference between the 

results of the theoritical analysis using recangular function and the feild data, the period 

t will be multiplied by factor K. According to Sarma (1975), K is equal to 0.89 and 0.45 

at k./iGt equals to 0.1 and 0.45, respectively. The value of K will be evaluated from the 

experiments data given in Chapter 6. 

By integrating equation (3.61) with time and after applying the boundary 

conditions, 

t=o, x=O 
(3.66) 

t=o, x=O 

the displacement of the sliding block along the side ac within time tis, 
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Time 
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\! 
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Time 
/ 

Fig. 3.15. Comparison between the real acceleration and the assumed one. 
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(3.67) 

3.7.2 DETERMINATION OF THE CRITICAL ACCELERATION 

The critical acceleration is the acceleration at which the footing will start to 

move, and at which the ultimate seismic bearing capacity (quJ reduced to the allowable 

static bearing capacity (qaS)' or, 

(3.68) 

By denoting the static safety factor with Fs, and substituting for q3S by quS/Fs. equation 

(3.68) becomes, 

(3.69) 

where the ultimate static bearing capacity (quS ) is, 

(3.70) 
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and the ultimate seismic bearing capacity quE is, 

(3.71 ) 

where the shape and the depth factors (in equation 3.46) were assumed to be equal to 

one .. The critical acceleration can be found by solving equation (3.69) numerically after 

the substitution from equations (3.70) and (3.71). The critical acceleration depends on 

the horizontal acceleration, the vertical acceleration, the safety factor (Fs), D, and the 

ratio of C/-yB. For cohesion less soil and surface footing where C and Dr are zeros, the 

critical acceleration is, 

( ]

1 l-k (-) 
kc = ~ In [Fs (l-o.67k)] 1.1 

(5 "';',.". . -) 

and for cohesive soil and surface footing where Dr and f/> are zeros, the critical 

acceleration is, 

1 

k =(In FS) I+D 
c 4.3 

(5.73) 

The critical acceleration according to the numerical solution of equation (3.69) 

for different parameters (e.g., kv, D, C/-yB, and D,IB) are shown in Figs. 3.16 to 3.28. 

From these figures it can be shown that the critical acceleration is affected significantly 

by the safety factor. For D and Fs greater than three, the effect of the safety factor, the 
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the depth of embedment, and the vertical acceleration on the critical acceleration 

becomes insigniticant. As a result, equation (3.73) can give a good approximation of the 

critical acceleration for 0 greater than 3.0 for the c-¢ soil at any value of Dr and k.,. For 

cohesionless soil, Fig. 3.16 shows that the critical acceleration decreases as the vertical 

acceleration increases, and increases as the depth of the embedment increases. 

3.7.3 PARAMETRIC STUDIES OF THE SEISMIC SETTLEMENT 

The effect of horizontal and vertical acceleration, angle of friction, and 

frequency on the seismic settlement of shallow footing was investigated as described in 

the following sections. A comparison between the calculated and the measured settlement 

will be given in chapter 6. 

3.7.3.1 EFFECT OF kb 

It was assumed that the settlement due to soil nuidization will not start until a 

certain level of acceleration (e.g. critical acceleration, k.:) is exceeded. Fig. 3.29 shows 

the progressive settlement of surface shallow footing with static safety factor of one 

(e.g., D(=O.O, and Fs= 1.0), and with width of 100 cm on a sand layer with angle of 

friction of 40°. The settlement was calculated at horizontal accelerations of 0.4 g, 0.6 

g, and 0.8 g and K of 0.33. Fig. 3.29 shows that the seismic settlement increases as the 

horizontal acceleration increases as expected. 
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Fig. 3.23. Variarion of critical acceleration with safety factor at D =3.0, and 
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Fig. 3.25. Variarion of critical acceleration with safety factor at 0=3.0, and 
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3.7.3.2 EFFECT OF ky 

The effect of k,. on the seismic settlement of shallow footing is shown by Fig. 

3.30. From this figure, the seismic settlement increases as the vertical acceleration (k,.) 

increases. However, at a critical value of k,., the seismic settlement will start to decreases 

as the vertical acceleration increases as a result of the reduction of footing mass by (1-k,,) 

and the slip surface becomes shallower. Fig. 3.30 shows that the seismic settlement at 

k,.= 0.3 g is lower than the seismic settlement at k,= 0.2 g. This effect of the vertical 

acceleration should be considered in the foundations designing process. 

3.7.3.3 EFFECT OF FREQUENCY 

There is significant effect of the frequency on the seismic settlement. Fig. 3.31 

shows that the seismic settlement decreases as the frequency increases. This is because 

the footing at low frequency has a longer time to move along the sliding surface than the 

footing at high frequency at the time when the resistance of the overburden pressure is 

low. The resistance of the overburden pressure increases as the footing settlement 

increases and as a' result the seismic settlement rate reduces and the increment of the 

seismic settlement with time decreases. Fig. 3.31 shows that the seismic settlement rate 

at low frequency reduces rapidly as the time increases to become lower than the seismic 

settlement rate at high frequency. After long time, the total settlement for all the 

-------_. __ ._._.- - -... -. -. 
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frequencies is expected to be equal because the seismic settlement increments at high 

frequency are higher than that at low frequency. 

3.7.3.4 EFFECT OF THE ANGLE OF FRICTION 

There is a significant effect of the angle of the friction of soil on the seismic 

settlement (Fig. 3.32). The seismic settlement decreases as the angle of the friction 

increases. Figure 3.32 shows that the seismic settlement at angle of friction of 40° after 

20 seconds of shaking is about three times the seismic settlement at angle of friction of 

42°. Consequently, the seismic settlement can be reduced significantly by increasing the 

angle of the friction due to soil densification. 
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CHAPTER 4 

DESIGN AND INSTRUMENT A TION OF AN 

EXPERIMENTAL SETUP 

4.1 INTRODUCTION 

111 

A shake box has been designed by the author and Dr. M. Budhu to apply cyclic 

simple shear deformation to soils under horizontal acceleration. In field, the soil layer 

is subjected to cyclic shear strain caused by the seismic loads. One of the advantages of 

the shake box is its capability of applying a wide range of shear strain (e.g., 0-8 x 10.2) 

to the soil sample over a wide range of frequencies (e.g., 1-1000 Hz). The shake box 

was instrumented with accelerometers, displacement sensors, and pore water pressure 

sensors to monitor accelerations, displacements, and pore water pressures, respectively. 

The data from the sensors were acquired by a data acquisition and control system. 

A uniform silica sand was used in conducting the experiments in this study. The 

properties of this sand were obtained by conducting several tests according to the ASTM 

standards. These properties are shown in section (4.5). 

In this study, different model footings were designed and fabricated to study the 

effect of footing size, shape, and depth of embedment on the seismic settlement and 

bearing capacity of the shallow footings on the sand. These model footings were designed 

according to the appropriate scale, as explained in the scaling effect section. 
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4.2 GENERAL DESCRIPTION OF THE SHAKE BOX ASSEMBLY 

The shake box consists of a shake box base, test box, instrumentation, hydraulic 

system, data acquisition system, and sand spreader. Fig. 4.1 shows the diagrammatic 

section of the shake box base and the test box. Each component of the shake box is 

discussed below. 

4.2.1 SHAKE BOX BASE 

The shake box base (Fig. 4.2) is rigid, designed to support the hydraulic actuator 

and to bear the test box. The shake box base consists of two steel beams (W20X79 

section), each 675.5 cm long, and connected to the lab floor (91.4 em thick concrete) by 

seven anchors made of carbon steel rods, 5.08 cm in diameter. A steel beam, W30 x 165 

section, 152.4 cm long, was welded at one end of the shake box base to provide a rigid 

support for the hydraulic actuator. Four roller bearings were affixed to the top of each 

side of the shake box base to provide smooth movements of the test box during shaking. 

Each roller bearing consists of a carbon steel bar (1.91 cm in diameter and 15.24 cm 

long) connected to pillow blocks, as shown in Fig. 4.3. Each roller bearing was designed 

to support a load of 1850 kg. Initially, Delrin bearing plates were used on the top of the 

W30 x 165 section with similar plates on the bottom of the test box. During a preliminary 

test, these Delrin plates welded together because of the heat generated by friction. The 

roller bearings were used to replace the Delrin plates. 
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4.2.2 TEST BOX 

The test box is 427 cm long, 94 cm wide, and 92 cm high. Appendix A shows 

the details of the test box. The box has a main test section and two end compartments 

(each 46 cm long). The compartments were used to collect sand during stopping and. 

reversal of a sand spreader so as to maintain uniform pouring of the sand in the test 

section. Each longitudinal side of the box has two large windows (each 81 cm wide x 81 

cm high) made of specially hardened, 2.54 cm thick plexiglass to allow visual inspection. 

The test box boundaries (gates) were designed to apply shear strains to the soil 

sample to simulate the stresses and strains of the prototype (see Fig. 4.4). If the 

boundaries are rigid, it may be assumed that the stresses and strains are satisfied in . 

center area for a relatively large testing setup, while the stresses and strains conditions 

near the rigid, smooth walls are usually different from the prototype. The new type of 

boundaries that adopted in designing the test box will eliminate the dissimilarity of 

stresses and strains in the areas near the boundaries of the model and the prototype. 

The gates of the test box were built from 1.27 cm thick steel plates. Pillow block 

bearings were placed at the top and at the bottom of the steel plates to allow those plates 

to rotate during shaking. Two rigid steel frames were built at the ends of the shake box 

base to SUpp0l1 the top bearings. A steel arm (2.54 cm in diameter, Fig. 4.5) was used 

to support the top bearing on each of the gates to another roller bearing on the rigid steel 

frame. 
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Grooves were made on the sides of the gates in contact with the longitudinal sides 

of the shake box. A Tenon bar was inserted in each groove to minimize friction between 

the gates and longitudinal sides of the shake box as well as preventing seepage of water 

from the test section (see Fig.4.6). The face of each gate was covered with stainless steel 

to provide frictionless boundary conditions. For tests where friction on the gates was 

desired, sand papers # 40 were attached to the face of each gate by using adhesive. The 

effect of the friction at the gates was studied. 

4.2.3 INSTRUMENT A TION 

The instrumentation of the test box consisted of accelerometers, displacement 

sensors, and pore water pressure sensors. Three accelerometers manufactured by NOVA 

SENSOR COMPANY (model NAS-002C) were each installed at the bottom, middle, and 

top of the sand layer (Le., 0.0 em, 40.6 em, and 81.2 em from the test box floor) to 

measure the acceleration during shaking. The accelerometer at the bottom of the sand 

layer was mounted directly to the floor of the test box by a double sided tape. The others 

were mounted on small wooden plates and positioned at the middle and top of the soil 

layer. Three RDP model DCT/6000 displacement sensors with ± 15.28 cm stroke were 

installed on the top of the model footings to monitor their vertical displacements during 

the tests (see Fig. 4.14). Four pore water pressure sensors manufactured by 

MOTOROLA were used to detect the magnitude of the pore water pressures at 0.0 cm, 

20 em, 40 cm, and 60 em from the test box floor for experiments using saturated sand. 
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Two HP 34S2 DC and one Tower Electronics (model 8702-003) power supplies were 

used to provide S .0-lS.0 V l)C excitation to the instrumentation. Some technical 

information on the instrumentation are listed in Appendix B. 

4.2.4 SERVO-HYDRAULIC SYSTEM 

A servo- hydraulic system was used to apply cyclic displacements at prescribed 

frequencies at the bottom of the test box. The cyclic displacements were applied through 

an MTS model 244.31 double-acting, hydraulic actuator with a capacity of ±24S.S kN 

and a maximum stoke of IS.3 cm. The actuator was driven by an MTS modelSlO.21B 

hydraulic pump with a capacity of 23 gpm at 20670 kPa continuous pressure. The pump 

was controlled by an MTS model 458.10 control unit which provides manual or 

automatic control of the pump hydraulic pressure. The displacement of the actuator is 

controlled through an MTS model 458.14 controller and an MTS series 252.24 servo 

valve which is attached to the actuator. The cyclic displacements following a triangular 

or sinusoidal wave pattern can be controlled by an MTS 458.9 digital functional 

generator system. 

4.2.5 DATA ACQUISITION SYSTEM 

All instrumentations were connected to a high speed data acquisition system 

connected to a PC computer. The data from the accelerometers, displacement sensors, 

and pore water pressure sensors were acquired at rate 90 kHz, stored in RAM, and then 
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transferred to the PC computer's hard drive. The data acquisition system was 

manufactured by BURR- BROWN COMPANY. The system can read sixteen differential 

ended channels, or thirty two single ended channels. A computer program was written 

to acquire the data. 

4.2.6 SAND SPREADER 

A sand spreader (Fig. 4.7) was used to pour the sand into the test box to get a 

homogeneous void ratio through out the height of the sand layer. The sand spreader 

consists of a hopper and a base. The hopper was fabricated so that sand flows through 

a series of holes (36 holes at spacing of 2.54 cm center to center). The size of the hole 

can be regulated so that the sand can be poured at predetermined different void ratios. 

The openings of the holes are adjusted by using a sliding plate. The base of the hopper 

is a steel frame to support the hopper and to control its height. Two small wheels, 7.6 

cm in diameter, were attached on each side of the base. The spreader can be moved 

along the length of the test box through pulleys and a 0.5 h.p. variable speed, reversible 

motor. The height of the sand can be adjusted by raising or lowering the hopper by a 

winch mounted on the top of the spreader base. By this arrangement, a thin layer of sand 

(0.635 cm-2.54 cm) can be placed in each travel of the spreader. 
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4.3 THEORETICAL CONSIDERATION IN THE DESIGN OF THE TEST BOX 

A finite element analysis using ANSYS4.4 program was conducted on the test box 

to investigate the effect of different shake box end conditions on the soil behavior during 

shaking. The different conditions investigated are: 

1. The effects of gate stiffnesses. 

2. The effects of shear strains. 

3. The effects of gate roughness. 

4.3.1 EFFECTS OF GATE STIFFNESSES 

A major concern in designing the shake box was the boundaries. Most of the 

current model containers have rigid, smooth end walls, (see Table 1). This undoubtedly 

causes energy ret1ection on these boundaries inducing undesirable localized effects which 

will propagate during shaking and cause difficulties in interpreting the results. 

A 3-D transient finite element analysis was conducted by Budhu, et. al., (1991) 

using ANSYS4,4 program to study the effects of the boundaries by using different end 

constraints. The end constraint is changed by changing the sand level in the 

compartment. As the soil level in the compartment increases, the stiffness at the end wall 

increases. This study showed that difference between the displacements of the sand near 

the end wall (2.54 em thick plywood) and at the center, will decrease when the soil level 

in the compartment is decreased. In Fig. 4.8, curve A represents no soil in the end

compartment, curves B, C, and D, respectively, represent responses for the end 
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Table 4.1. Models of the shaking box. 

Investigator Box size Type of boundaries 
(length x width x height) 

(cm x cm x cm) 

Okamoto (1956). 15 x 60 x 30 Rigid boundaries 

Sherif. M. and Fang. 240 x 180 x 120 Rigid boundaries were 
Y .• (1984). maile, of plexiglass and 

alu11llnum 

Sasaki. Y .• et. al. . 
(1991). 

600 x 80 x 200 Rigid boundaries 

Ishihara. K .• et. al. • 480 x 80 x 100 One side has a vertical 
(1991). Lucite wall and the other is 

ri~id steel plate inclined at 
4 . 

Suzuki, K., et. al. , 35 x 35 x 24 Rigid aluminum wall with 
(1991). smooth surfaces. 

Neelakantan, G. , et. 
ai., (1991). 

518x91x91 Rigid plywood end walls. 

Susamu, Y., et. ai., 80 x 60 x 65 The front wall is glass, and 
(1991). the other walls are ri~ld 

covered by foam rub er. 

Watanabe. H., and 
Saotome, A .• (1988) 

450 x 70 xl00 Rigid boundaries 

Circular boxes 
Diameter x Height 

(cm x cm) 

Shunji Fujii (1988) 140 x 120 Steel cylinder. the soil 
surrounded "t sheet of 
Teflon with mm thick. 

Kitazawa, K .• 140 x 180 Flexible shear vessel. The 
Kawamura. S., side surface is composed of 
Osawa, Y., (1988) multilay'ered tension rings 

made of steel plate and 
rubber membrane. 
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compartments filled with sand to 25, 50, and 75 percent of the wall height. There is 

negligible difference in the response of the middle and end nodes when there is no soil 

in the compartments. The difference increases progressively with an increase for the soil 

in the end compartments. Consequently, the end boundaries must be sufficiently flexible, 

if a close simulation of field conditions is desired. 

4.3.1 EFFECTS OF SHEAR STRAINS 

The behavior of the sand during shaking was investigated, when the applied shear 

strain at the smooth boundaries was equal to 0.0 and 6x 10'3. The shaking was applied 

to the soil at cyclic displacement of ±5.1 mm at a frequency of 3 Hz for about 4 

seconds. In case of zero shear strain, the cyclic displacement was applied to the top 

nodes of the boundaries and the nodes at the bottom of the test box. In case of applying 

shear strain of 6 x 10'3, the cyclic displacement of ±5.1 mm was applied the bottom 

nodes of the test box where the applied displacement at the top nodes of the boundaries 

were equal to zeros. The comparison between the effect of the different boundary 

conditions on the soil behavior during shaking was accomplished by comparing the 

variation of the horizontal and vertical displacements with time for many points at 

different locations within the test box. The locations of the points are shown in Fig. 4.9. 

Figs. 4.10 and 4.11 show that the horizontal displacements of the points 48, 371, 

675, 57, 380, and 684 at shear strain of 0.0 and 6 x 10'3 are the same. The difference 

between the vertical displacements for these points at a shear strain of 0.0 and 6 x 10'3 
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End wall 
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Locations of the used points to compare the calculated displacements by 
the ANSYS program. 
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was insignificant. It could be concluded from this analysis that the effect of the shear 

strain on the soil behavior during shaking for smooth boundaries is insignificant. 

4.3.3 EFFECTS OF ROUGHNESS OF THE GATES 

When the roughness of the boundaries increases, the friction between the 

boundaries and the,soil increases. The effect of the boundary roughness was investigated 

by changing the friction coefficient (0) from 0.0 for a smooth surface, to 0.58 for rough 

surface. The value of 0=0.58 is corresponding to 2/3 tan4>, where 4> is equal to 410. The 

horizontal and the vertical displacements for the points at levelland level 2 (Fig. 4.9) 

were plotted with time as shown in Figs. 4.12 and 4.13 for 0=0.0 and 0=0.58. Two 

differences between the results of 0=0.0 and 0=0.58 were noticed. First, the 

displacements of the soils at 0=0.58 were higher than that at 0=0.0. Second, the 

displacements of points near the boundaries and at the center for 0=0.58 are different 

while there is no such difference when 0=0.0. It can be concluded that smooth 

boundaries give a better distribution of displacements than rough boundaries. 

4.4 THE TESTING PROGRAM 

Table 4.2 shows the testing program which was adopted for this research. This 

testing program was designed to study the effect of frequencies, shear strain amplitudes, 

footing size and shape, depth of embedment, and soil saturation on the seismic bearing 
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capacity and settlement of the shallow footings on a cohesion less soil. 

Only horizontal acceleration can be applied to the test box. However, during 

earthquake events, vertical accelerations in the range of 1/3 to 2/3 of the maximum 

horizontal accelerations do occur. The effect of vertical accelerations was considered in 

the theoretical analysis. It was shown that the bearing capacity is decreased by increasing 

the vertical acceleration, and the seismic settlement increases as the vertical acceleration 

increases. This effect cannot be investigated experimentally because of the limitation of 

existing experimental capability. 

4.5 PHYSICAL AND MECHANICAL PROPERTIES OF THE SOIL USED 

A clean, dry, uniform silica sand #30 was used to conduct the experiments. A 

series of ASTM tests was conducted to investigate the physical and mechanical properties 

of the sand. These tests include sieve analysis, specific gravity, maximum and minimum 

void ratio, and direct shear tests. Fig. 4.14 shows the gradation curve of sand. A 

summary of the results is presented in Table 4.3. The relationship between the relative 

density and angle of friction is shown in Fig. 4.15. 

4.6 SCALING EFFECT 

Scaling problems often used to design shake table experiments were considered 

in the light of the study by lai (1989). The applied load on square footing is calculated 

from Vesic (1973) static bearing capacity equation as 
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Table 4.2. The Test Program 

Test Dry or Footing Applied Shear Frequency Remarks 
Series Saturated Strain (10.3) (Hz) 

1 dry S, B=10.2 cm 1.5-12.5 with 3 Iro investigate settlement and 

°r=O.O increment fluidization phenomena at 

Fs=1, Fs=3 of 1.5 ~ifferent shear strain levels. 

2 dry S, B=1O.2 cm 6.25 1-4 Iro investigate settlement and 

Or=O.O with fluidization phenomena at 

Fs= 1, Fs=3 increment ~ifferent values of frequency. 

of 1. 

3 dry S, B=7.6 cm 6.25 3 Iro investigate the effect of the 

Dr=0-5.1 cm footing size and depth of 

Fs= 1, Fs=3 ~mbedment on settlement. 

4 dry R, B=7.6 cm 6.25 1-4 rro investigate the effect of the 

L=I1.4cm with footing shape on the footing 

°r=O.O increment ~ettlement. 

Fs= 1, Fs=3 of 1. 

5 dry S, B= 10.2 cm 1.5-12.5 with 3 To investigate the effect of the 

Dr=O.O increment friction at the end boundaries 

Fs=1, Fs=3 of 1.5 of the test box. 

6 Saturated S, B=1O.2 cm 1.5-12.5 with 3 tro investigate bearing 

°r=O.O increment !capacity, settlement, pore 

Fs=l, Fs=3 of 1.5 !water pressure, and 
liquefaction. 

S=isolated square footing, R=isolated rectangular footing, B=footing width, L=footing 
length, Dr=depth of embedment, Fs= factor of safety. 
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Fig. 4.14. The gradation curve for the silica sand #30. 



Table 4.3. The used soil properties. 

Relative Density Void ratio 

(Dr) 

0.209 

0.692 

0.796 

Mean diameter = 0.55 mm 

Specific gravity = 2.647 

emax =0. 951 

emin=0.583 

Cu =2.4 

Cc= 1.35 

(e) 

0.874 

0.697 

0.658 
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Angle of friction 

(<I> 0) 

30.69 

41.49 

45.68 
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The relationship between the relative density and the angle of friction for 
silica sand #30. 
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(4.1) 

For a surface footing on a cohesionless soil C and 'Ii are zeros and the ultimate load (Q) 

is: 

(4.2) 

Since N'Y is dimensionless factor, the model and the prototype loads depend on the width 

(B) and the density ("Y). By denoting the width scale by A and the density scale by A-y, we 

obtain 

(4.3) 

where the subscripts m and p denote model and prototype, respectively. The density scale 

(A'Y) is equal to one because the soil densities of the prototype and the model are equal. 

Consequently, the width scale (A) is the only scale to be consider in designing model 

footings. From equations (4.2) and (4.3), the relationship between the applied load on 

the prototype footing and the model is given by, 

(4.4) 

and, 
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(4.5) 

Assuming a soil with ¢ = 40°, the static ultimate load (Qp) for a prototype footing 

Bp = 100 cm is 8.32 x 105 kN. This prototype footing can be representative by a model 

footing of width Bm = 10 cm ( >-. = 10) in which the ultimate load for the model footing 

(QnJ is 832.0 kN. 

4.7 DESIGN OF MODEL FOOTINGS 

Two common types of shallow foundation (square and rectangular) were modeled. 

The model footings for these two types were fabricated from lead and instrumented to 

measure vertical displacements and rocking motion. The model footings were tested as 

surface and embedded footings. 

The sand dry unit weight ('YJ and the sand angle of the friction (¢) are two values 

needed in designing the model footings. The dry unit weight ('Yd) was calculate<t by 

dividing the sand weight by the sand volume. The angle of friction was obtained from 

Fig. 4.15 at the calculated relative density (Dr), 

e -e 
D= IIIU 

r emu -emln 

(4.6) 

Where em.u and emiD are the maximum and the minimum void ratio of the sand, 

respectively, and e is the current void ratio that is calculated as, 



Gsyw 
e=---l 

Yd 
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(4.7) 

Where G, is the specific gravity of the sand (G.=2.647), 'Yw is the water density ('Yw= 1 

gm/cm3), and 'Yd is the dry density of the sand. 

Equation (4.5) was used to calculate the ultimate load for the model footings. The 

variation of the ultimate load (Q) with the width of the model footing (B) is shown in 

Fig. 4.16 for different values of the angle of the friction, Dr=O.O, and 'Yd= 1.55 gm/cm3• 

The ultimate load increases significantly as the footing width increases because the 

ultimate load depends on the cubic value of the footing width (i.e., B3
). Consequently, 

a low value of the footing width was chosen to lower the applied load. The reason of 

using a low load was to minimize the height of the model footing, and to reduce the 

effect of the footing inertia on the bearing capacity. 

Sand was poured to achieve a dry density of 1.55 gm/cm3 (a mass of 4309 kg in 

a volume of 2.762 m3
). From equations (4.6) and (4.7), the relative density of the sand 

was calculated to be 0.67. The associated angle of friction is 41 0 (Fig. 4.15). From 

equation (4.5), the ultimate load for square footing (where N-ys= 130.4, s-y=0.6, and 

d-y = 1) at Dr=O.O is equal to 59.45B3 gmt where B is the footing width (in mm), and for 

rectangular footing (s-y=0.7) is equal to 70.74LB2 gmt where L is the footing length (in 

mm). 

To investigate the effects of horizontal accelerations on the bearing capacity of 

a cohesionless soil, two model footings were built at safety factor of one ( ModelF1) 



146 

800 I- --- ~=44° / 
------ ql=41 ° / --------- ql=38° 
-------- ~=35° / --~ 600 ~ D(=O.O / --"0 

~ / 0 I 

..J / 
0 400 / / ..... I-
~ / E / .- / ..... - / 
::J / / / , 

200 / 
/ / 

I- / 
, . /' 

/ /' ~ 
~ / /' /' ~ 

.. 
" ,,- tI#' 

~ / .~. ~tI#' .",' ."".",. --.".'" 
...,.....,.... ...... ---..... ."". ....... --

0 ~~ .... -=.,.-:..- - --

0 5 10 15 20 

Footing Width (em) 

Fig. 4.16. The variation of the ultimate load with footing width for different angles 
of friction for surface footing. 



147 

and safety of factor of three (ModeIF3). A safety factor of one '.vas chosen because the 

failure should be initiated immediatly by the application of the acceleration, where as a 

safety factor of three is a common value used in practical engineering. By choosing the 

width of a square footing to be 10.16 em, the load of the footing ModelF 1 is equal to 

62.7.kg , the load of the footing ModelF3 is equal to 20.9 kg. The model footings (Fig. 

4.17) were made of lead to minimize their heights because of these heavy loads. 

In some tests, . the model footings were supported from the top by hinge 

connections to simulate restraint conditions as in hinged columns: the hinges also 

prevents translation of the footing at high acceleration. The applied forces by a footing 

to the soil is shown in Fig. 4.18, where M is the overturning moment produced by the 

horizontal inertia force of the footing mass during shaking. The footing support (Fig. 

4.19) allows the model footing to rotate and move freely in the vertical direction, but 

prevents the lateral movement. 

4.8 CALIBRA TION OF THE SHAKE BOX 

Earthquakes imposed a wide variety of loadings which depend on many factors 

including the duration of shaking, magnitude of the earthquake, frequency, and number 

of cycles. The duration of shaking for most recorded earthquakes is in the range of five 

seconds to about two minutes; shear strain ranges from 10.5 to 10'2; frequency is within 

the range of 0.5 Hz to 10 Hz; significant number of cycles are in the range of 10-30 
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Fig. 4.17. Schematic diagram of the model footings constructed from lead (a) factor 
of safety =3, (b) factor of safety = 1. 
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cycles. The calibration of the shake box was based on the above range of factors. The 

calibration of the shake box includes: 

1. The calibration of applied cyclic displacement vs. acceleration at constant 

frequency, and 

2. The calibration of frequency vs. acceleration at constant cyclic 

displacement. 

4.8.1 CALIBRATION OF APPLIED DISPLACEMENT VS. ACCELERATION 

Only applied displacement and frequency can be independently controlled on the 

MTS hydraulic actuator. Since the acceleration cannot be controlled directly, 

relationships between the applied actuator displacement and the soil acceleration at the 

bottom, middle, and top of the test box were developed at a frequency of 3 Hz, where 

the test box was filled by sand. These relationships are shown by Fig. 4.20 for smooth 

and rough boundaries. The acceleration increases as the applied cyclic displacement 

increases as expected. Fig. 4.20 shows the acceleration at the bottom is the same for 

smooth and rough boundaries. However, the acceleration at the top for rough boundaries 

is higher than the acceleration for smooth boundaries. The relationship between the 

horizontal acceleration at the top (~m) for smooth boundaries and the applied cyclic 

displacement (at) is, 
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(4.8) 

where .::lc in mm. For rough boundaries kt,m can be increased by 0.05 g. Where as the 

relationship between the horizontal acceleration at the bottom kt,(D) and .::lc for smooth and 

rough boundaries is, 

(4.9) 

The applied acceleration at the bottom of the test box amplifies with the soil 

height. The acceleration amplification at the top of the sand layer (A.cem) can be 

calculated as, 

_ k h(7) -kh(B) (4.10) Aacc(7) -
kh(B) 

or, 

A = 0.1 
acc(7) 0.1 a c -0.1 

(4.11) 

Fig. 4.21 shows the variation of Anee with .::le. The amplification was considered in 

designing the experiments. The shear strain ('Y J is given by, 

(4.12) 

where H is the thickness of soil layer. From equation (4.8) and (4.12), ~m can be 

calculated from the shear strain as, 
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(4.13) 

and, 

(4.14) 

4.8.2 CALIBRATION OF FREQUENCY VS. ACCELERATION 

A test can be run at frequencies in the range of 1 Hz to 1000 Hz. The 

relationship between the frequency and the acceleration at an applied cyclic displacement 

of ±5.l mm was developed as depicted in Fig. 4.22. This relationship shows that the 

acceleration increases as the frequency increases. While the acceleration value at 

frequency of 4 Hz is equal to 2.5 the acceleration value at frequency of 3 Hz, the 

acceleration value at frequency of 3 Hz is equal to 1.1 the acceleration value at 

frequency of 2 Hz. The acceleration amplification is shown in Fig. 4.23. 

4.8.3 EFFECT OF BOUNDARY ROUGHNESS 

The effect of boundary roughness on the variation of the horizontal acceleration 

with the applied displacement was investigated. The internal bottom and side boundaries 

were covered with sand paper No. 40 to provide a rough interface with the soil. 

Calibration results show (Fig. 4.20) that there is about 0.05 g difference between the 

acceleration at the top for smooth and rough boundaries, where no difference of the 

acceleration at the bottom. 



c 
o .-~ 
1-0 
~ -~ u u 
< -~ -c o 
N .-.... o 
::c 

Fig. 4.22. 

1.5 

1 

0.5 

o 
o 

• At bottom of test box 
• At 40.5 cm from bottom of test box 
o At 81.0 cm from bottom of test box 

Displacement= 5.1 mm 

1 2 

Frequency (Hz) 

156 

3 4 

The variation of acceleration with frequency at shear strain of 6 x 10.3
• 



c 
.S -C';I 
u 
~ .-c.. 
E 

<:: 
c 
o .--C';I 
'-
~ 

11) 

u 
u 

<:: 

Fig. 4.23. 

40 ~--------------------------~ 

30 

20 

10 

o 
1 

B-. At 40.5 cm from bottom of test box 
.-. At 8l em from bottom of test box 

Displacement= 5.1 mm 

1.5 2 2.5 3 3.5 

Frequency (Hz) 

The variation of acceleration amplification with frequency. 

4 

157 



158 

CHAPTER 5 

RESULTS OF TESTS 

5.1 INTRODUCTION 

Three problems have been investigated experimentally in this research: shear 

fluidization of dry sand, seismic bearing capacity of shallow footings on dry and 

saturated sand, and seismic settlement of shallow footings on dry and saturated sand. The 

effects of shear strain, frequency, relative density, footing size and shape, and depth of 

embedment on the seismic bearing capacity and settlement of shallow footings on dry 

sand at different levels of horizontal acceleration were investigated. The seismic bearing 

capacity and settlement of shallow footings on saturated sand at different levels of 

horizontal acceleration were also investigated. In this chapter, the results from the 

experiments are presented and discussed. A comparison between the experimental results 

and the theoretical analysis is presented in Chapter 6. 

For most of the tests, the angle of friction of the sand layer was 41 0
, the relative 

density was 0.67, and the density was 1.55 gm/cm3
• These properties are the default 

properties of the sand. When the tests are conducted on different properties, these 

properties will be given at the time of discussing the associated results. 
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5.2 DRY SAND FLUIDIZATION 

Richards et. al. , (1990) proposed that dry sand will undergo initial shear 

fluidization at low acceleration levels and then general shear fluidization at higher 

acceleration levels. To test the validity of this theory, the soil sample in the test box was 

subjected to different levels of acceleration varying from 0.1 g to 1.3 g, and the behavior 

of a ball bearing and ModelF1 were monitored. A ball bearing, 2.54 cm in diameter and 

67 gm in weight, was placed on the surface of the sand layer. Since the vertical 

displacement of the ball bearing and the model footing is expected to increase as the 

degree of soil fluidization increases, the vertical displacements were measured. 

The measurements show that the degree of sand fluidization gradually increases 

as the acceleration· increases until the sand reaches the general shear fluidization. At 

acceleration lower than tanct>, the displacements are much lower than those at high 

acceleration. For example, at an acceleration of 0.24 g, the ball bearing moved 2 mm 

in the vertical direction after 15 seconds of shaking. At an acceleration of 0.6 g and after 

15 seconds of shaking, the ball bearing movement was 4 mm. At an acceleration of 

1.313 g (which exceeds tanct> "" 0.87) and after 15 seconds of shaking, the ball bearing 

moved significantly about 22 mm due to the sand general shear fluidization. The 

settlement of ModelFl increased from 4.64 mm at acceleration of 0.24 g to 62 mm at 

acceleration of 1. 313 g after 10 seconds of shaking. The general fluidization stage is 

expected in dense sands since the imposed acceleration by earthquakes may reach 1.0 g 
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(see Franklin and Chang, 1977). For deposits of loose dry sand with low cP values, dry 

sand general shear fluidization should be an important consideration. 

5.3 SAND VISCOSITY 

The viscosity of the sand was calculated at different degrees of sand shear 

fluidization using Stoke's law, 

(5.1) 

where p. is the viscosity (lb.sec/ff), g is the acceleration due to gravity (ft/sec2
), R is the 

ball bearing radius (ft), V is the velocity (ft/sec), Ps is the density of the ball bearing 

(lb/fe) , and PI is the density of the fluidized sand (lb/ft3). When the dense sand is 

sheared, it will dilate until the void ratio reaches the critical void ratio. As a result the 

sand density will decrease. This reduction in the sand density was found to has no 

significant effect on the soil viscosity. For example, if the critical void ratio for the sand 

is 0.8 with a corresponding density of 1.47 gm/cm3
, the calculated viscosity at this 

density at acceleration of 1.2 g is equal to 496 (gm.sec/cm2
). The calculated viscosity at 

the initial density of 1.55 gm/cm3 is 489.56 (gm.sec/cm2
). Fig. 5.1 shows the variation 

of sand viscosity w.ith acceleration. The fluidization of the sand is not sudden. The sand 

starts to fluidize at low acceleration and increases gradually until it reaches the general 

fluidization stage at acceleration of tancP. 
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5.4 THE SEISMIC BEARING CAPACITY 

Several factors affecting the seismic bearing capacity of soils were investigated 

experimentally in this research. These factors include the shape of the failure surface, 

footing shape and size, footing embedment, relative density of the soil, frequency of 

shaking, and the acceleration levels. 

5.4.1 SEISMIC FAILURE SURFACE 

Two cases were considered in the experimental study of the seismic failure 

surface under shallow footings. In the first case, the failure surface was investigated for 

shallow footings that were free to move and rotate in any direction without any 

constraints. In the second case, the footings were supported from the top through a hinge 

connection (as explained in section 4.7) allowing only vertical movement and rotation. 

5.4.1.1 UNSUPPORTED FOOTINGS 

The failure surface underneath the model footing caused by seismic loading was 

determined by measuring the deformation of the sand underneath the footing. During the 

pluviation of the sand, it was observed that thin horizontal lines of dust were formed 

between the sand layers. Horizontal lines were scribed on the plexiglass windows to 

match the initial portion of the lines of dust. After shaking, the lines on the plexiglass 

were compared with the lines of dust in the sand bed. Through this method, the failure 
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surface was sketched. This is a crude method, but since X-ray facilities were unavailable, 

this method provided a simple way to get an idea of the failure surface. 

ModelF3 was placed on top of the sand layer near the plexiglass side. The sand 

layer was shaken horizontally at different levels of .lccelerations at frequency of 3 Hz for 

about 25 seconds. A summary of the results is shown in Table 5.1. At accelerations 

Table 5.1. 

~ at the 

top (g) 

0.13 

0.26 

0.6 

1.05 

Tests results for ModelF3 when it was shaken at different levels of 
acceleration. 

Vertical Horizontal Tilting Observed 

settlement sliding (degree) footing 

(mm) (mm) behavior 

1 0 0 No failure 

. 2.5 0 0 No failure 

N/A N/A Failure 

50 60 55 Failure 

NI A = Not available. 

of 0.13 g and 0.26 g the footing did not tilt, and there were no observed failure surfaces 

developed in the sand underneath the footing. At acceleration of 0.6 g and 1.05 g, the 

footing tilted and slided significantly which indicate that there is a bearing capacity 
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failure. At acceleration of 0.6 g, the footing failed after 10 seconds (30 cycles)of 

shaking while it settled about 5 mm before the failure took place (Fig. 5.2), no 

measurements of the tilting, and the horizontal and the vertical movements were taken 

after the failure occured. At an acceleration of 1.05_g, the measurements shows that the 

footing tilted about 55 0
, moved horizontally about 60 mm and settled about 50 mm (Fig. 

5.3). This significant tilting and movements were a result of the high drop in the soil 

bearing capacity and the large effect of the horizontal inertia force of the footing. It can 

be concluded that at high acceleration, the sand will become a viscous fluid, with a 

critical state strength, and in combination with the footing inertia force, large tilting and 

large movements of the footing will occur. 

ModelFl was placed on top of a similar bed of sand but at the middle of the 

distance between the side walls of the test box. At an acceleration of 0.13 g, the footing 

settled 3 mm (i.e., 0.029 B, where B is the footing width), and no tilting or a failure 

surface was noticed. However, at an acceleration of 0.2 g, the footing failed suddenly 

after 5 seconds of shaking, where its settlement was about 4 mm before the failure (see 

Fig. 5.4). 

The weight of ModelFl was reduced so a safety factor of 1.23 was obtained. This 

footing was placed near the plexiglass window on top of the sand layer. The sand had 

an angle of friction of 35 0
, relative density of 0.41, and density of 1.47 gm/cm3

• The 

sand layer was shaken at an acceleration of 0.5 g and frequency of 3 Hz for 75 cycles. 

The test results are shown in Fig. 5.5. Significant deformation of the sand layer was 



O.M r---------,.---.....----.-----.---..,.----, 
I Freq. = J Hz 

0.6 i-. B= 101.6 mm 
0::0.0 

0.4 

0.2 

o 

165 

8 -0.2 
< 

Fig. 5.2. 

-0.4 

-0.6 H~ll .. ;+'I".,;.~,:.::.;" .. ~:.;U'.~~I ..... , .......... " ...... - ............................. . 

-O.80~--~0~.S~----~----M-----~----~------3~--~3~ 

TIME(ms) dO· 

~O~----~----~----~------~----~----~-----. 

200 

Freq. = 3 Hz 
B = 101.6mm 
0=0.0 

ISO ...................................................................... . 

100 f-.................................................................................................................. _ .......................................... . 

SO 

O.S l.S 2 2.S 3 

TIME(ms) 

3.S 

Variation of acceleration and settlement with time for ModelF3 (cp =41 0). 



Fig. 5.3. 

------------- -

r-----------~ 
I 
I 
I 
I 
I 
I 
I __ I 

50', I 

Initial position 

Final position 

_______ ...:o:-=-=--~~~ 
:::::--'----.u::===~~..-.:z=.-10.5 em ________ ~ __ ~-~-~-=-=-~--c=-=-~--
------------~-~-~-~-=-==~--------
------------~--=-=-=-=-~-----.----
--------=--..--- = 

-----------2'8 CIn-----------

166 

ModelF3 posltlon before and after the sand layer was shaken at 
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observed within a depth of 6 cm beneath the footing base. The variation of this 

deformation with depth under the edges and the center of the footing is shown in Fig. 

5.5. It was expected that the calculated slip surface should have formed within this 6 

cm depth. However, no clear pattern of the failure surface was observed. Point A on 

Fig; 5.5 is at 5.3 cm below the footing base and located on the calculated slip surface. 

The measurements show that the footing rotated about 4. r, moved horizontally about 

5 mm, and vertically about 18 mm (the vertical settlement is equal to 0.177 B). Due 

to these measurements, the failure could be general shear failure caused by high 

reduction in the soil bearing capacity. 

5.4.1.2 SUPPORTED FOOTINGS 

The horizontal movement of the footing was prevented by supporting the footing 

from the top by a hinge connection as explained in section 4.7. Since the failure surface 

underneath the model footings could not be seen because the footings were not near the 

plexiglass windows, the shape of the soil heave around the footing will be used to 

explain the type of failure that taken place. The soil heave was measured and sketched 

after the test. 

ModelF 1 and ModelF3 were placed on top of the sand layer at the middle of the 

distance between the side walls of the test box. The sand layer was shaken at horizontal 

accelerations of 0.26 g, 0.5 g, 0.8 g, and 1.05 g at frequency of 3 Hz for about 75 

cycles. 
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At an acceleration of 0.26 g, ModelF3 did not settle whereas ModelFI settled 

about 4.6 mm and the soil heaved near the footing boundaries. Fig. 5.6 shows a 

schematic diagram of the positions of ModelF 1, and the sand surface before and after 

the shaking. 

At a higher acceleration of 0.5 g, the sand heaved significantly around both 

medels (Fig. 5.7). While the pattern of the sand heave for both footings was similar, 

the sand heave for ModelFI was larger than that for ModelF3. The heaving of the sand 

near the edges of the footings suggests a general shear failure. 

At an acceleration of 0.8 g, the behavior of the footings and the soil surface 

was similar to the one shown at acceleration of 0.5 g. ModelF3 settled about 15 mm 

and the sand heave extended to 109.1 mm from the footing side with maximum height 

of 2 mm from the original level of the sand (Fig. 5.8). ModelFI settled about 47 mm 

and the soil heave extended to 246.4 mm from the f{loting side with maximum height 

of 16 mm from the orignal sand surface. The heave of the sand on the sides of 

ModelF 1 is larger than the heave of the sand on the sides of ModelF3 because the 

failure surface size increases as the depth of the footing increases. 

At an acceleration of 1.05 g, the sand did not heave, but concave as shown in 

Fig. 5.10. The sand surface profile in this case is similar to the sand surface profile of 

the punching failure of very loose sand (Vesic, 1963). The difference between the 

profile of the sand surface at acceleration of 0.8 g and 1.05 g is due to the soil 
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Schematic diagram of the positions of ModelFl and the soil surface 
profile before and after the test when the sand was shaken at an 
acceleration of 0.26 g . 
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Fig. 5.8. The positions of ModelF3 and the sand surface profile before and after 
the test when the soil was shaken at an acceleration of 0.8 g. 
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fluidization that takes place when the applied acceleration exceeds the fluidization 

acceleration of tancp (tancp::::: 0.87). 

5.4.2 EFFECT OF FREQUENCY AND SHEAR STRAIN ON THE SEISMIC 
BEARING CAPACITY 

It was shown in Fig. 4.22 that as the frequency increases, the applied 

acceleration increases. Also, the increase of seismic acceleration will reduce the soil 

bearing capacity (Chapter 3). Consequently, as the frequency increases the soil bearing 

capacity decreases. To investigate this problem, fOllr tests were run at different levels 

of frequency at a constant shear strain of 6 x 10-3• Initiation of footing rotation is taken 

as indication of decrease in soil bearing capacity. The footing rotation should increase 

as the applied acceleration increases. According to the tests results (Table 5.2), 

ModelFl rotated about 0.6 0 at an acceleration of 0.18 g and a frequency of 1 Hz. The 

rotation was nearly tripled at an acceleration of 1.25 g at a frequency of 4 Hz. 

Six tests were run at a frequency of 3 Hz and at different values of shear strain. 

It was shown in Fig. 4.20 that as the shear strain increases, the acceleration increases. 

ModelF 1 rotated about 0.5 0 at an acceleration of 0.13 g and a shear strain of 1.5 x 10-3
, 

but rotated about 2.3 0 at an acceleration of 1.313 g and a shear strain of 15.9x10"3 

(Table 5.3). 

The comparison shows that the variation of the footing rotation with the 

acceleration due to the frequency or due to the shear strain is the same (see Figs. 5.11 
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Table 5.2. The effect of frequency on the footing rotation. 

Frequency (Hz) Max. acc. (g) Footing Rotation (degree) 

Fs=l Fs=3 

1 0.18 0.64 0.0 

2 0.45 1.025 0.72 

3 0.5 1.06 0.72 

4 1.25 1.70 1.32 
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Table 5.3. The effect of shear strain on the footing rotation. 

Shear strain x 10.3 Max. acc. (g) Footing Rotation (degree) 

Fs=1 Fs=3 

1.5 0.13 0.5 0.0 

3.25 0.26 0.70 0.0 

6.0 0.5 1.06 0.72 

8.0 0.75 1.32 0.82 

10.0 1.25 1.70 0.88 

15.9 1.313 2.30 1.50 
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and 5.12). From these tlgures, the seismic bearing capacity is depend on the 

acceleration that produced by the frequency or the shear strain. 

It can be noticed from Fig. 5.11 that the slope of the rotation of ModelF1 

increases signiticantly when the applied acceleration exceeds the tluidization 

acceleration (i.e., kh = tanct> ). This is because the sand tluidized and the soil resistance 

of the footing rotation decreases. Also, it can be seen by Fig. 5.11 that the footing 

rotation started at low acceleration because the critical acceleration is zero as calculated. 

According to Fig. 5.12, ModelF3 started to rotate at acceleration greater than 0.26 g. 

This shows that the rotation will not start until the critical acceleration is exceeded. The 

calculated critical acceleration for ModelF3 is about 0.147 g. The pattern of the rotation 

of ModelF3 is similar to the pattern of the rotation of ModelF 1 when the applied 

acceleration exceeded the critical acceleration. 

5.4.3 EFFECT OF FOOTING SHAPE ON THE SEISMIC BEARING 
CAPACITY 

Two different shape of footings- one square of size (7.62 cmx7.62) and the 

other rectangular of size (7.62 cm x 11.43 cm)- were used to study the effects of footing 

shape on the seismic bearing capacity. The tests were run at accelerations in the range 

0.26 g to 1.313 g at frequency of 3 Hz. At acceleration levels below 0.75 g, rotations 

of both footings were similar (Figs. 5.13 and 5.14). However, for acceleration greater 

than 0.75 g, the rectangular footing showed larger rotation compared with the square 
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footing. For rectangular and square footings with safety factor of one, there is large 

differences in the rotation between these footings. This effect of footing shape on the 

footing rotation is expected since the square footing can settled easier than the 

rectangular footing. 

5.4.4 EFFECT OF THE DEPTH OF EMBEDMENT ON THE SEISMIC 
BEARING CAPACITY 

To investigate the effect of the depth of embedment on the seismic bearing 

capacity, square footings (7.62 cm x7.62 cm) with safety factors ranges from 1.2 to 6.2 

were placed at different depths 0.0 cm, 2.54 cm, and 5.08 cm below the sand surface. 

The tests were run at an acceleration of 0.5 g, a frequency of 3 Hz, and a shear strain 

of 6 x 10.3
• The rotation of the footings increases as the depth of embedment increases 

(fig. 5.15). The rotation of the footings depends on the moment produced by the inertia 

of the mass of the footing and the soil properties. The moment of the footing will 

control the footing rotation since the soil properties are the same. The mass of the 

footing increases as the depth of embedment increases due to the increase of the bearing 

capacity. As a result, the moment produced by the inertia of the foooting increases as 

the depth of embedment increases. Fig. 5.15 shows that the footing rotation decreases 

as the safety factor increases. Point A on Fig. 5.15 does not mach the curve of the 

results of Dr=5.8 cm because the sand might be disturbed during the placement of the 

footing and higher rotation occured. 
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5.4.5 EFFECT OF SOIL DENSITY 

A square footing (10.62 cm x 10.62 cm) with a safety factor of one was used 

to investigate the effect of soil density on the seismic bearing capacity. Three tests were 

run at relative density of 0.41, 0.55, and 0.63 with the corresponding angles of friction 

of the sand of 35°,38.5°, and 41°, respectively. Tests were conducted at an 

acceleration of 0.5 g (shear strain of 6 x 10.3), and a frequency of 3 Hz. According to 

the tests results, the footing rotation increases as the relative density increases as shown 

in Fig. 5.16. The allowable load on the footing increases as the relative density 

increases due to the increase of the angle of the friction. The overturning moment, M, 

(Fig. 4.17) produced by the inertia of the footing mass at high relative density is higher 

than that at low density. Thus the footing rotation increases as the relative density 

increases at the same safety factor. The increase in the footing rotation was about 0.1 ° 

for B=7.62 cm when the soil relative density increased from 0.41 to 0.67. 

5.5 SEISMIC SETTLEMENT 

Seismic settlement results from (a) densification and (b) seismic fluidization. For 

loose sand, seismic densification is significant as shown by tests in simple shear devices 

conducted by Youd (1970), Silver and Seed (l971a), and Budhu , (1979). Some small 

amount of settlement is expected of dense sand; dense sand expands (increase in 

volume) as cyclic shear strain (acceleration) is increased (Budhu, 19790). Foundations 

are usually constructed on compacted material and therfore densification settlement is 
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likely to be small, but seismic fluidization settlement is expected to be significant. 

Seismic fluidization settlement can be influenced by several factors which 

include the applied acceleration, the frequency, the shear strain, the safety factor, the 

soil density, the footing shape and size, and the depth of embedment. In the following 

subsections, the effects of each of these factors are discussed. 

5.5.1 UNSUPPORTED FOOTINGS 

Two square footings (10.2 cm x 10.2 cm) with safety factors in the range of one 

to three were placed on top of the sand layer at the middle of the distance between the 

side walls of the test box. The soil layer was shaken with an acceleration of 0.26 g at 

frequency of 3 Hz and a shear strain of 3.2 x H)"3. Fig. 5.17. shows the variation of the 

vertical settlement of the footings with safety factors after 12, 30 , and 75 cycles of 

shaking. The footings with safety factors of 1.0 (W.d 1.27 failed (i.e, slid and tilted 

significantly) after 21 and 75 cycles of shaking, respectively. The other footings with 

safety factor of 1.58 and 3.0 did not fail and their settlement after 75 cycles were 7 mm 

and 4 mm, respectively. These results show that as the number of cycles increases the 

settlement increases. 

ModelF3 was shaken at accelerations of 0.35 g and 0.6 g at shear strains of 

4.8 x 10.3 and 6.4 x 10.3, respectively, and at a frequency of 3 Hz. The footing at an 

acceleration of 0.35 settled 6 mm after 75 cycles of shaking and no slidind, tilting, or 

failure surface were observed. However, at an acceleration of 0.6 g, significant sliding 
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and rotation were observed after 12 cycles of shaking and settlement of 5 mm. The 

footing sliding and rotation indicate that the soil failed. 

It can be noticed from these tests that the footing settle tirst and then fail. Fig. 

5.18 shows the behavior of the footing with safety factor of 1.27 at an acceleration of 

0.26 g. The footing was stable for 25 seconds (75 cycles), and then started to slide and 

rotate. The reason could be that the cyclic shear force and the moment produced by the 

inertia of the footing mass caused the sand underneath the footing to t1uidize and loose 

some of its strength after number of cycles at which the footing could rotate and slide 

significantly. 

5.5.2 SUPPORTED FOOTINGS 

Supporting the footing from the top during shaking allowed the author to apply 

high acceleration to the sand layer and measure the footing settlement when the sand 

reaches the general shear fluidization stage. 

5.5.2.1 EFFECT OF ACCELERATION ON THE FOOTING SETTLEMENT 

ModelF 1 and ModelF3 were placed on top of the sand layer at the middle of the 

distance between the side walls of the test box. The soil layer was shaken at different 

levels Jf acceleration in the range of 0.13 g to 1.32 g at shear strain in the range of 

1.5 X 10.3 to 12.7xlO-3 and frequency of 3 Hz. Fig. 5.19 shows the variation of the 

settlement with time and acceleration for safety factor of one and three. The settlement 
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rate is high at the beginning of the shaking but decreases as the time of shaking 

increases. This is due to the increase of the resistance of the settlement caused by the 

increase of the bearing capacity due the increase of the depth of embedment, and the 

increase of the resisting friction force on the side of the footing. 

The effects of horizontal accelerations on footing settlement are shown in Fig. 

5.20. This tigure shows that the footing settlement increases as the acceleration 

increases. After 30 cycles of shaking, the footing settlement was about 12 mm at an 

acceleration of 0.5 g , and about 60 mm at an acceleration of 1. 313 g. The settlement 

increases with acceleration because the shear tluidization of the sand. It can be noticed 

in Fig. 5.20 that the slope of the relationship between the settlement and the 

acceleration was increased when the tluidization acceleration was exceeded. 

5.5.2.2 EFFECT OF SHEAR STRAIN AND FREQUENCY ON THE FOOTING 
SETTLEMENT 

Increasing the shear strain and frequency cause the applied acceleration to 

increase (see Figs'. 4.19 and 4.21), and as a result the footing settlementes increased 

(Figs. 5.21 and 5.22). The effect of shear strain and frequency on the footings 

settlement was found to be the same. 

A comparison between the maximum settlement rate due to shear strains and 

frequencies is shown in Figs. 5.23 and 5.24. The settlement rate due to shear strains 

is higher than the settlement rate due frequencies at acceleration higher than 0.5 g. 
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However, the maximum settlement rate due to shear strains was lower than the 

settlement rate due frequencies at acceleration lower than 0.5 g. The maximum 

settlement rate at an acceleration of 0.5 g is the same because the frequency and the 

shear strain are the same. It was shown in Chapter three that the maximum settlement 

rate decreases as the frequency increases. This is the reason that the maximum 

settlement rate at acceleration of 1.25 g due to the shear strain at frequency of 3 Hz 

was twice the settlement rate due to the frequency at frequency of 4 Hz. At acceleration 

lower than 0.5 g, the maximum settlement rate due to shear strains was at frequency 

of 3 Hz, while the maximim settlement rate due to frequencies is at frequency of 1 Hz 

and 2 Hz. The frequency cause this difference between the results because the footing 

at low frequency has longer time to move than the one at high frequency at the time 

when the resistance of settlement due to the overburden pressure is low. 

5.5.2.3 EFFECT OF SOIL DENSITY 

The variations of the settlement and the maximum settlement rate with the 

relative density of the sand for ModelFl were shown in Figs. 5.25 and 5.26. The sand 

layer was shaken at an acceleration of 0.5 g, a frequency of 3 Hz, and a shear strain 

of 6x l()"l. The results of the tests show that the settlement and the maximum rate of 

settlement decreases as the relative density increases as expected. Sand at low relative 

density will behave like a viscous fluid at lower acceleration than sand at a high relative 

density. 
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5.5.2.4 EFFECT OF FOOTL'IG SIZE 

The results of two square model footings - one of size 10.16 cm x 10.16 cm 

and the other of size 7.62 cm x 7.62 cm - were compared to show the effect of footing 

size on soil settlement. It can be seen from Figs. 5.25 and 5.26 that the small footing 

has settlement and maximum settlement rate lower than the large footing. These results 

show that the effect of the footing width on the seismic settlement is the same as that 

for immediate or elastic settlement, where the settlement increases as the footing width 

increases. 

5.5.2.5 THE EFFECT OF DEPTH OF EMBEDMENT 

The effect of depth of embedment on the model footing settlement and maximum 

settlement rate was investigated by running eight tests at depths of 0.0 cm, 2.54 cm, 

and 5.08 cm, from the sand surface. The sand layer was subjected to horizontal 

acceleration of 0.5 g, frequency of 3 Hz, and shear strain of 6 x lO"3. At the same safety 

factor, the results of the tests show that the footing settlement and the maximum rate 

of settlement increases as the depth of embedment increases (see Figs. 5.27 and 5.28). 

As the depth of embedment increases, the allowable loads increases which cause the soil 

underneath the footing to be subjected to higher stresses due to the footing inertia, and 

higher deformation occured. The footing settlement and maximum settlement rate 

decreases as the safety factor increases because the stresses on the soil underneath the 

footing become lower as the safety factor increases. 
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5.5.3 EFFECT OF FOOTING INERTIA ON SETTLEMENT 

Figs. 5.29 and 5.30 show a comparison between the seismic settlement of the 

supported and the unsupported footings. Since the unsupported footing start to slide at 

an acceleration below 0.6 g, the comparison is for the seismic settlement at acceleration 

below 0.6 g. From Fig. 5.29, the settlement for the unsupported footing was higher 

than that for the supported footing because of the reduction of the ·:{fect of the inertia 

on the supported footing settlement. Also, the seismic settlement of the supported 

footing was constant (:::: 0.5 mm) at accelerations below 0.3 g and a sudden settlement 

of about 9 mm occured. The variation of the seismic settlement with the number of 

cycles is shown in Fig. 5.30. This figure shows a linear relationship between the 

settlement and the log of the number of cycles for the unsupported footing. However, 

this relatioship is nonlinear for the supported footing. 

5.6. EFFECT OF SAND SATURATION ON THE SEISMIC BEARING 
CAPACITY AND SETTLEMENT 

Seven tests were run on a saturated dense sand with angle of friction of 41 0 , and 

relative density of 0.67. The water table level was at depths of zero, B/4, B/2, and B 

from the surface of the sand (i.e., the base of the footing). The correction factor due 

to the water table level from static analysis was applied here to calculate the allowable 

static loads. Due to a leakage of the water from the test box and some electronics 

problems, the water pressure could not be measured for all the tests. The tests results 
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are summarized in Table. 5.4. At the same shear strain (e.g., 3.4 x 10') and frequency 

(e.g., 3 Hz), the amplification of applied acceleration increases as the depth of the 

water table level decreases. For example, when the applied acceleration at the bottom 

of the test box was 0.45 g, the acceleration at the top was 0.51 g and 0.61 g when the 

water table level was at depth of B, and B/2, respectively. This shows that the soil 

above the water table was affected by the build up of pore water pressure when the 

thickness of the sand layer above the water table becomes thinner. From Fig. 5.31, the 

acceleration at the top decreases as the pore water pressure decreases due to the 

dissipation of water at the surface. However, when the water table was at the sand 

surface, the acceleration at the top increases as the shaking continues (Fig. 5.33) due 

to the sand liquifaction. 

The water table does not affect the seismic bearing capacity if the depth 

of the water table is at B below the footing base. By comparison, the settlement of the 

footings on dry sand was higher than the settlement when the water table was at depth 

B from the footing base as shown in Table 5.5 ( where the applied allowable loads on 

the dry and the wet sand were equal). This is due to the increase of the bearing capacity 

of soil since the unit weight of wet sand is higher than the unit weight of dry sand. 

The build up of pore water pressure at an acceleration of 0.6 g, a frequency of 

3 Hz, a shear strain of 3.4x 10,,3, and a depth of the water table of BI2 (5.08 cm) is 

shown in Fig. 5.32. The pore water pressure increased suddenly after a few seconds 

of shaking until it reached a certain value then decreases gradually as the shaking 
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Table. 5.4. Tests results for the saturated sand. 

Depth of Acceleration (g) Max Settlement Footing 
the water Settlement rate after 10 Rotation 
table (mm/sec) seconds (mm) (degree) 

Bot. Mid. Top Fs=1 Fs=3 Fs=1 Fs=3 Fs=1 Fs=3 

B 0.16 0.175 0.19 0.43 0.0 3.5 0.0 0.0 0.0 

B 0.45 0.48 0.51 0.6 0.53 5 3.3 1.247 0.8 

B/2 0.22 0.30 0.38 1.33 0.40 11 2 0.93 0.0 

B12 0.47 0.58 0.62 1.25 0.64 11.43 3.64 1.17 0.88 

B/4 0.45 0.58 0.6 4.0 N/A 42.68 N/A 2.34 N/A 

B/4 0.94 1.35 2.7 17.9 8.49 150 61.43 3.61 2.34 

Fs=1 Fs= Fs=1 l;s= Fs=1 Fs= 
1.84 1.84 1.84 

0.0 0.19 0.20 0.22 26.47 21.22 73.94 65 0.6 0.52 

NI A = Not available 
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Table 5.5. Comparison between the results of wet and dry sand at shear strain of 
3.4 x 10'3 and frequency of 3 Hz. 

Acceleration Depth of the Settlement after 10 seconds of shaking 

water table at the top 
Wet sand Dry sand 

Fs= 1 Fs=3 Fs= 1 Fs=3 

0.51 B 5 3.3 12 9 

0.6 B/2 11.43 3.64 12 9 

0.62 B/4 42.68 N/A 12 9 

NI A = Not available 
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(a) Acceleration vs. time. 

(b) Pore water pressure at 61 em from 

the bottom of the test box. 

(c) Pore water pressure at 40cm from 

the bottom of the test box. 

Fig. 5.32. The pore water pressure at hight of 40 cm, and 61 cm from the bottom 
of the test box at an acceleration of 0.62 g. 
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continues due to the dissipation of the water to the surface of the sand layer. The pore 

water pressure at liquifaction stage is equal :0 the total stress when the effective stress 

is equal to zero. The calculated total stress at 31.2 cm from the sand surface was 6.27 

kPa at saturated density of 1.96 gm/cm3 and water content (we> of 0.264. The maximum 

measured pore water was 6.25 kPa which very close to the total stress. At depth of 

11.8 cm of the sand surface, the total stress was 2.3 kPa, and the measured pore water 

pressure was 3.6 kPa. These measurments show that the sand should liquefy. However, 

no liquefaction, and excessive settlement were noticed because the pore water pressure 

dropped quickly below the liquefaction limit (Fig. 3.32). 

Two tests were run when the water level was at depth of B/4 (Le., 2.54 cm) 

from the sand surface. The settlement and the rotation of the footings were very high 

in comparison with the dry tests results (see Table 5.4). The reason is that the soil 

liquefied and became as a viscous fluid. 

A test was run at an acceleration of 0.22 g when the water table level was at the 

surface of the sand layer. Even at a low acceleration of 0.22 g, the footing, with safety 

factor of one, settled 74 mm in 10 seconds (30 cycles) of shaking which is higher than 

the settlement of 62 mm that occurred when the dry sand was shaken at an acceleration 

of 1.313 g. This shows that the sand viscosity for liquefied sand is much lower than the 

sand viscosity of the sand at the general fluidization stage. It can be concluded from this 

test that the saturated dense sand can liquefy quickly at even low acceleration when the 

water tabel is at the surface. The footing with safety factor of 1.84 settled about 64 mm 
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during 10 seconds (30 cycles) of shaking. The variation of the pore water pressure with 

time at 2.5 cm from the bottom of the test box is shown in Fig. 5.33. The measured 

water pressure at 2.54 cm from the bottom was about 10 kPa where the total stress was 

13.7 kPa. This indicates that the soil at the bottom did not liquefy. However, when the 

water is at the surface the total stress will be small and the sand could liquify quickly. 

The tests above show that the location of the location of the water table level is 

is very important to consider in the design process. Increasing the relative density of 

the sand may not provide significant resistance against liQuefaction if the water table 

was close to the sand layer surface. 
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The variation of the pore water pressure with time at 2.5 cm from the 
bottom of the test box at an acceleration of 0.19 g. 
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CHAPTER 6 

COMPARISON OF TEST RESULTS WITH ANALYSIS 

6.1 INTRODUCTION 

A comparison between the theoretical and the experimental results will be 

presented in this chapter together with practical illustrative examples. 

6.2 THE BEARING CAPACITY 

Model footings with different values of safety factor were shaken horizontally 

at different levels of horizontal acceleration to determine the critical acceleration at 

which these footings fail. The results of these tests were shown in Fig. 6.1. It was 

difficult to determine experimentally the exact critical acceleration. However, the 

critical acceleration can be determined within a certain range. For example, for 

ModelF3, the accelerations applied were 0.13 g, 0.26 g, 0.36 g, and 0.6 g. The footing 

did not fail until an acceleration of 0.6 g was applied. At this acceleration the footing 

significantly slid and tilted where a tilting of 55° was measured. The critical 

acceleration is then between 0.36 g and 0.6 g. The footing possibly have failed at an 

acceleration of 0.36 g if sufficient number of cycles was applied. The tilting of the 

footing at 0.6 g was rather high (Le., 55°) which suggests that the critical acceleration 

was much below 0.6 g. The value of the critical acceleration is most probably close to 
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0.36 g. Consequently, the critical acceleration was assumed to be 0.4 g for ModelF3. 

The calculated critical acceleration from equation (5.62) is 0.147 g . The comparison 

between the variation of the critical acceleration with the safety factor for the theoretical 

and experimental results are shown in Fig. 6.1. The results show that the experimental 

values of ~ were higher than the theoretical results with 200% difference for embedded 

footing (i.e., Dr= 1.0) or about 270% difference for surface footing. Also, ModelFl did 

not fail until the acceleration reached 0.13 g, where the calculated critical acceleration 

is zero. The reason of the difference between the calculated and the measured critical 

acceleration could be (a) that :::e applied acceleration did not develop shear forces in 

the soil equal to the calculated one and thus the stresses on the soil elements did not 

change as expected and (b) the theoritical static bearing capacity is very conservative. 

That is a footing designed for static loadings can sustain a significant acceleration 

before failure can occur. The theory of soil shear fluidization by Richards, et. al., 

(1990) assumed that the soil column will behave like a rigid body column and 'as a 

result the shear stress at a depth z is, 

(6.1) 

Seed and Idriss (1971) found that the soil column will not behave like a rigid body 

column. As a result, Seed and Idriss (1971) modified equation (6.1) to be, 

(6.2) 

where Co is the stress reduction factor (Fig. 6.2). From Fig. 6.2, CD is close to one 
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Comparison between the measured and calculated critical acceleration. 
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for our tests. 

It is noticed from Fig. 6.1 that the difference between the experimental and 

theoretical analysis is almost constant for safety factors greater than one. It appears 

from the experimental results that the static design can sustain accelerations which up 

to 0.13 g comfortably. 

6.3 SEISMIC SETTLEMENT 

Fig. 6.3 shows a comparison between the calculated and the measured seismic 

settlement for ModelFl at an applied acceleration of 0.13 g. The angle of friction of 

the sand was 41 0 and the relative density was 0.67. This figure shows a very good 

agreement between the calculated values (at K=0.143) and the measured ones. Since the 

applied acceleration was low, the friction forces on the sides of the sliding block were 

not fully mobilized because the calculated X from equation (3.57) was reduced to 0.14 

instead of 0.5346. The value of X was multiplied by 0.26 to make the predicted and 

the measured settlement match each other. 

Another comparisons between the calculated and the measured settlement at 

horizontal accelerations of 0.2 g, 0.557 g, 0.75 g, and 1.0 g are shown in Figs. 6.4 to 

6.7. The degree of the mobilization of the friction forces on the sides of the sliding 

block was 0.45 and 1.0 at accelerations of 0.2 g and 0.557 g, respectively. At safety 

factor of three and accelerations of 0.557 g and 0.75 g, the degree of the mobilization 

was 0.523 and 1.0, respectively. According to these results, equation (3.57) was 
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nodified as, 

(6.3) 

where Cr is a ccorection fa~tor for x. Fig. 6.10 show the variation of Cr with ~ and 

Fs. 

The comparison in Figs. 6.3 to 6.9 show a good agreement between the 

calculated and the measured seismic settlement. At high acceleration, the calculated 

settlement was greater than the measured ones at the beginning of the shaking. This 

difference between the results is perhaps due to a difficulty of achieving the desired 

acceleration on start up. 

Other comparisons between the calculated and the measured settlement for 

footings with widths of 10.06 cm and 7.62 cm are shown in Figs. 6.8 and 6.9 for angle 

of friction of 38° and 35°, respectively. Again, the figures show that the model can 

predict reasonably well the seismic settlement when the angle of friction of the soil and 

the footing width are changed. 

6.4 SUGGESTED DESIGN PROCEDURES 

Suggested design procedures for calculating the seismic bearing capacity and 

settlement are given in the following subsections. 
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~=O.52 g and 4>=38°. 
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~=O.52 g and cP=35°. 
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6.4.1 PROCEDURES FOR CALCULATING THE SEISMIC BEARING 
CAPACITY 

The calculation procedures for the seismic bearing capacity can be summarized as: 

1. Calculate D, D!B, and BIL. 

2. Calculate ec, eq, and e') from equations (3.41a), (3.41b), and (3.41c), 

respecti vel y . 

3. Calculate Ncs , Nqs , N,)s, and Nq.lNcs as given by Vesic (1973), 

(6.4) 

(6.5) 

(6.6) 

4. Calculate the shape factors Sc, Sq, and 5') ( Vesic, 1973) as, 



NqS B 
S =1+--

e NeS L 
B 

S = 1 +-tan4> 
q L 

B 
Sy =1-0.4 L 

5. Calculate the depth factors dq, dq, and d'Y (Vesic, 1973) as, 

de=1 +O.4k 

d =1 +2tan4>(1-sin4»2k q 

d =1 y for all 4> 

D D 
k=....1 for ....1~1 

B B 
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(6.7) 

(6.8) 

6. Determine the allowable static bearing capacity (qllS) at the desired static 

safety factor (Fs) using Vesic (1973) eqaution. 

7. Determine seismic bearing capacity (que.> from equation (3.40). 

8. Determine seismic safety factor against seismic bearing capacity failure 

(Fse.> as, 
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(6.9) 

If FsE> I, then the footing is adequately designed. 

6.4.2 DESIGN PROCEDURES FOR CALCULATING SEISMIC SETTLEMENT 

The suggested procedures of calculating seismic settlement are as follows: 

I. Calculate the allowable static bearing capacity at the desired safety factor 

and calculate the ultimate seismic bearing capacity. 

2. If the calculated allowable static bearing capacity is less than the ultimate 

seismic bearing capacity, then the seismic settlement will be zero. If not, 

the following procedures should be followed. 

3. Find the critical acceleration (~) as explained in Chapter 3. 

4. Determine the angles all a2, and a3 from equation (3.15), KAE from 

equation (3.13), and m from equation (3.45). 

5. Calculate Ppc, Ppq , and PP'Y from equations (3.19), (3.26), and (3.63), 

respectively. 

6. Determine Cf from Fig. 6.10, and use a value of K of 0.143. 

7. Calculate t from, 
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(6.10) 

where f is the frequency. 

9. Substitute in equation (3.68) to get x, where x the displacement of the 

sliding block in the driction of the slip plane. 

10. Calculate the seismic vertical displacement for a half cycle as, 

(6.11) 

11. Add the calculated settlement to Dr, and return to step 3 for the second 

half of the cycle. repeat steps 3 to 11 for the number of cycles desired. 

6.S DESIGN EXAMPLES 

Two illustrative examples will be used to show the application of the suggested 

procedures for calculating of the seismic bearing capacity and settlement. These 

examples are similar to real design problem in California (Fig. 6.11). Example #1 is 

a 1.0 m x 1.0 m square footing at depth of embedment or" 0.67 m from the layer 

surface. The applied horizontal and vertical acceleration components are 0.25 g and 0.1 

g, respectively. The soil cohesion is 14.4 kN/m2 
, the angle of the friction is 25°, and 

the soil density is 18.9 kN/ml. Example #2 is a long strip footing with width of 0.33 
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m and depth of embedment of 0.5 m. The applied horizontal and vertical acceleration 

components are 0.35 g and 0.2 g, respectively. The soil cohesion is 24.0 kN/m2 , the 

angle of the friction is 200
, and the soil density is 17.3 kN/m3

• The results of the 

calculations of the seismic bearing capacity and settlement of these examples according 

to the suggested procedures listed in section 6.4 are presented in the tables 6.1 to 6.10. 

6.5.1 SEISMIC BEARING CAPACITY 

1. Step 1. 

Table 6.1. The calculation of D, DP'B, and B/L. 

Ex. cf> C 'Y Hd(static) h 

# degree (kN/m2
) (kN/m3

) (m) (m) 

1 25 14.4 18.9 1.9 1.56 

2 20 24.0 17.3 0.54 0.73 

D DP'B B/L 

0.488 0.67 1 

1.91 1.5 0 
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2. Step 2. 

Table 6.2. The calculation of ec, eq,and e"(. 

Ex. # D kn 1<., ec eq e"( 

(g) (g) 

1 0.488 0.25 0.1 0.379 0.295 0.1058 

2 1.91 0.35 0.2 0.816 0.1505 0.025 

3. Step 3. 

Table 6.3. The Calculation of Ncs,Nqs , N"(s. and Nqs/ Ncs: 

Ex. # 1> Ncs Nqs N"(s Nqsl Ncs 

1 25 20.71 10.7 10.9 .52 

2 20 14.83 6.4 5.4 0.43 



4. Step 4. 

Table 6.5. The calculation of the shape factors: 

Ex. # Se Sq ,; 

1 1.52 1.47 0.60 

2 1.0 1.0 1.0 

5. Step 5. 

Table 6.6. The calculation of the depth factors: 

Ex. # de dq d'Y 

1 1.268 1.466 1.0 

2 1.6 1.31 1.0 

6. Step 6 (the calculation the seismic bearing capacity (que» 

By substituting in equation (3.40), the seismic bearing capacity was, 

a. for example #1: 

quE= 333+86+7=426 kN/m2 

b. for example #2: 

quE=465 + 10+0.4=475.4 kN/m2 
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Table 6.8. Summary: 

Ex.# C cP 'Y 

(kN/m2) (degree) (kN/m2
) 

1 14.4 25 18.9 

2 24 20 17.3 

6.5.2. SEISMIC SETTLEMENT 

1. Example # 1 : 
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kh k, quE qus 

(g) (g) (kN/m2
) (kN/m2) 

0.25 0.1 426 934 

0.35 0.2 475 650 

At safety factor of 3 the critical acceleration (k.:) is equal to 0.36. Since design 

acceleration is less than k., , no seismic settlement is expected. Typical values of k., for 

different safety factor and settlement is shown in the table below. 

Table 6.9. Seismic settlement for example #1. 

Static safety factor Critical Settlement after 

Acceleration (k.:) 20 seconds (mm) 

1 0.05 503 

2 0.206 20 

3 0.36 0.0 
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2. Example #2: 

At safety factor of 3 the critical acceleration (1<,,) is equal to 0.64. Since design 

acceleration is less than 1<" , no seismic settlement is expected. Typical values of 1<" for 

different safety factor and settlement is shown in the table below. Table 6.10. Seismic 

settlement for example #2. 

Table 6.10. Seismic settlement for example #2. 

Static safety factor Critical Settlement after 

Acceleration (1<,,) 20 seconds (mm) 

1 0.215 1447 

2 0.487 251 

3 0.64 0.0 
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CHAPTER 7 

CONCLUSIONS AND RECOMMENDATIONS 

7.1 CONCLUSIONS 

The seismic bearing capacity and settlement of shallow footings have been 

investigated theoretically and experimentally in this dissertation. The theoretical 

analysis was developed for a c-¢ soil, considering the effect of the cohesion, and the 

vertical and the horizontal acceleration components. The seismic bearing capacity was 

examined by using the concept of shear fluidization of soil. Procedures for calculating 

seismic settlement due to soil fluidization were developed using a sliding block model 

technique. While the theoretical analysis was for the general c-¢ soil, experiments were 

conducted using dry and saturated cohesion less soil subjected to horizontal acceleration. 

The experiments were conducted using a shake box designed and constructed during this 

research. In the experiments, the effects of the following parameters were investigated. 

The parameters include the horizontal acceleration, the frequency, the safety factor, the 

footing width, the depth of embedment, and the relative density on the seismic bearing 

capacity and settlement. The results from the theoretical analysis and the experiments 

were compared. The major conclusions of this study are as follows: 

1. When the soil is subjected to seismic loadings, it will loose part of its strength 

due to soil fluidization phenomenon. The soil becomes like a viscous fluid when 
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the applied acceleration coefficient reaches tan 4> , where 4> is the angle of 

friction. This stage is called general shear fluidization. These changes in the soil 

strength due to the increase of the applied acceleration will cause the bearing 

capacity of the soil to decrease, and the footing settlement to increase. 

2. Comparison between the theoretical and. the experimental results of the bearing 

capacity of the soil shows that the theoretical results are conservative. This is 

due to the assumption that the soil column will behave like a rigid body, and 

also the static bearing capacity factors may be conservative. 

3. Failure will start when a critical acceleration is exceeded. The value of the 

critical acceleration can be increased by increasing the safety factor. For 

cohesive soils, the effect of the safety factor, depth of embedment, and the 

vertical acceleration do not significantly affect the critical acceleration as they 

do for cohesion less soils. 

4. If the soil liquefies, the settlement and the rotation of the footing will be very 

large. To avoid this problem, the thickness of the soil layer above the water 

table should be greater than the critical depth that can be determined by 

following the procedures by Seed and Silver (1971). 

5. The seismic bearing capacity of the soil will not be affected by the water table 

level if the water table level is at a depth equal or greater than one footing width 

from the footing base. 

6. The seismic settlement will increases as the ratio of the critical and the applied 
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acceleration increases. This is due to increases in the driving force and the time 

of sliding for each cycle. The seismic settlement can be reduced by increasing 

the factor of safety (i.e. increasing the critical acceleration). 

8. The effect of the frequency on the seismic settlement and settlement rate is 

significant for the tirst few cycles of shaking. The settlement and the settlement 

rate increase as the frequency decreases at the same applied acceleration. 

However, the settlement rate at low frequency will decrease rapidly with time 

and the total settlement at both values of frequency becomes close to each other 

as the time increases. 

9. The shake box is a good tool to study soil behavior under seismic loads. 

7.2 RECOMMENDATIONS FOR DESIGN 

1. Densify loose sand beds before construction as is often the practice. 

2. Use embedded footings rather than surface footing over sand deposits. 

3. The static safety factor should be at least three. 

4. Build the footing at a depth at least one footing width higher than the water 

table level. 

7.3 RECOMMENDATIONS FOR FURTHER RESEARCH 

1. Conduct an experimental study of the effect of vertical acceleration and cohesion 

on the seismic bearing capacity and settlement. 
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2. Conduct a theoretical study of the effect of over turning moments and pore 

water pressure on the seismic bearing capacity and settlement. 

3. Conduct a theoretical study of the seismic bearing capacity and settlement of 

footings on multilayered soils. 
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APPENDIX A: DESIGN DRAWINGS OF THE TEST BOX 
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APPENDIX B: ELECTRICAL SPECIFICATIONS OF THE USED SENSORS 

Sensor Model Manufacturer Rang Sensitivity Temp.oC Excitatio Output 
n 
(V IX") 

Accelerometers NAS-002-C Lucas Nova ±2g 1.25 V/g o to +70 8-16 0.1-5.0 
Sensors (Vue) 

Displacement DCT/6000 RDP- Group ±15 cm 33.8 mV/mm -50 to ±IO- ±5.0 
sensors +70 ±20 (VIl(,) 

Pore pressure MPX-2200D Motorola 200 kPa 0.2 mV/kPa -40 3-10 0.1-40 
sensors (400 kPa to+ 125 (mV1X') 

over press.) 

Water pressure MPX-20IOD Motorola 10 kPa 2.5 mV/kPa -40 3-10 0.05-40 
sensors (75 kPa to+ 125 (mV1x') 

over press.) 
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