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SYNOPSIS

In this paper, the finite element method is used to investigate the variation of horizontal
earth pressure behind a rigid retaining wall for two categories of wall movements: (1) rotation
- about a point below its base (RBT mode); and (2) rotation about a point above its top (RTT
mode). Triaxial tests and direct shear tests have been conducted to determine the hyperbolic
arameters employed in the analyses. Numerical findings are compared with experimental
esults and traditional theories, and good agreements have been achieved. It is found that the
ode of wall movement has a significant effect on the generation of earth pressure. For a wall
nder translational movement (T mode), the intensity and distribution of active earth pressure
re in good agreement with Coulomb’s solution, The RT (rotation about top), RB (rotation

bout base) and T modes are the three limiting movement modes that could occur to a rigid
all,

INTRODUCTION

When designing a gravity retaining wall, an engineer needs to know the intensity
nd distribution of Iateral earth pressure acting against the relatively rigid structure.
or design purposes, the classic Coulomb and Rankine theories, which assume a
near distribution of lateral earth pressure with depth, have been commonly adopted
evaluate the overall adequacy of the wall.

The Jateral earth pressures induced by different wall movement modes have
been studied with numerical methods by different researchers {Clough and Puncan
71;.Simpson and Wroth 1972; Nakai 1985; Potis and Fourie 1986). Their findings
dicate that the distribution of earth pressure in highly dependent on the assumed
ode of deformation. Experimental work investigating the variation of lateral earth
essure as a function of wall movement was first carried out by Terzaghi (1934).
erif et al. (1984); Fang and Ishibashi (1986) reported experimental earth pressure
steibution behind a rigid wall for three different wall movement modes: (1) rotation
out the top (RT mode); (2) rotation about the base {RB mode); and (3) translation
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In this paper, the finite element method is used to study the variation of earth
pressure induced by various movements of a rigid wall. The well-accepted hyperbolic
stress-strain relationship (Duncan and Chang, 1970; Clough and Duncan, 1971) is
chosen to model the backfill and soil-structure interaction. Triaxial tests and direct
shear tests have been conducted on Ottawa sand to obtain realistic parameters.
Hyperbolic parameters thus determined have been assigned to a newly developed
plane-strain finite element program, named SOILPR, te calculate the variation of
horizontal soil stresses against the wall as a function of wall movement. To validate
the effectiveness of the analyses, numerical findings are compared with published
experimental results and traditionat earth presure theories. The present study discusses
the; change of stresses acting on the wall from the at-rest state to the active state
only.

(T mode). However, all of the investigations mentioned above were limited to a few
specific types of wall displacements, which can not represent the general movement
of the wall, It should be noted that, besides many other factors, the movement of a
real retaining wall is dependent on the wall rigidity, construction method and support
conditions provided. ) A

As shown in Fig. 1, the general movements of a rigid retaining wall, moving
away Irom the backfill, can be inducted into the following two categories:

(1) rotation about a point below wall base, which similate the sliding and ovet-
turning behavior of the wall. It is clear from Fig. 1 (a) that when n equals
zero, this becomes the RB mode, On the other hand, as n approaches in-
finity, this becomes the T mode condition. As a result, this type of wall
movement is abbreviated to RBT mode. However, it would be interesting to
know if the earth pressure induced by the RBT mode, when n approaches a

very large number, will be the same as that induced by the T mode. BACKTILL BEHAVIOR

(2) rotation about a point above wall top, which simulates the behavior of a Stress-strain Relationships

bridge abutment. The soil near the top of the wall is restrained laterally
the bridge deck, thus not allowed to move outward to mobilize full resistanc
within the soil. Meanwhile, the soil at a lower elevation exerts a drag type
of shear force upon the overlying soil. It may be seen that when n equal;
zero, this becomes'the RT mode. Therefore, this category of wall movemen
is termed RTT mode as illustrated in Fig. 1 (b). :

The hyperbolic stress-strain relationships were developed by Duncan and
Chang (1970) for incremental analyses of soil deformations, where nonlinear behavior
is modeled by a series of linear increments. For plane strain conditions, Duncan
(1980) suggested that the stress-strain relationship may be expressed in terms of
Young’s modulus and bulk modulus-as follow: : '

~ Ao, (3B+E) (3B-E) 0j| Ae,
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T " — r . .
" 1 ¥ e in which A9, A0, and AT are stress increments; A€, Ag, and AY,
) ‘\ 11 i z are.strain increments; B is bulk modulus; and E is Young’s modulus. Both B and E
A 0 ‘l ,r vary wlxth confining pressure. The procedures used to approximate thess characteristics
\1 Mo son ! r‘ Sof1 are briefly summarized in the subsequent paragraphs.
[ i . ’ ’
S o N p LJ.._; Empirical Equations
1 ‘i I-S;‘-| Kondner (1963) proposed that the stress-strain curves for a number of soils
\‘ may be represented by the hyperbolic equation:
1 ' '
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Fig. 1 General Wall Movements of Rigid Wall:
(a) Rotation about a Point below Wall Base (RET Mode);
(b) Rotation about a Point above Wall Top (RTT Mode)

which E; = _initial tangent modulus; Ry = failure ratio; € = normal strain; &,
and. ¢; = major and minor principal stresses; and ( ¢ - ©3)y = stress difference
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at failure, which can be determined by using the Mohr-Coulomb strength equation
The variation of E; with confining pressure, ©j, is represented by the followin

Table 1 Summary of Hyperbolic. Parameters.
equation suggested by Janbu (1963} Y e . o

’ ]
Backfill Parameter Symbol Value
E = K P (63 ™ @) - .
i a S — . - Unit weight, in kN/cu m ¥ 15.6
2 Angle of internal friction, in degrees ¢ 33.5
The parameter K in equation (3) is the modulus number; n, is the modulus exponen Coefficient of ear'th pressure .
and P, is the atmospheric pressure. : _ at-rest (K, = 1-sing) K, 0.448
Duncan and Chang (1970) stated that the stress-strain relationship expressed :.E‘;:lfgﬂsa"d gﬁﬂf’:m} m:;iercep L ']dn lkN/Sq ."}13 C 0
by equation (2) may be used in incremental stress analyses, since it is possible t . Mod {Y oading moauius number K 623
determine the value of the tangent modulus corresponding to any point on the stress Fa?lul; us t:?(ponent n 0.773
strain curve. By differentiating equation (2) with respect to &, the following equa Bulk Iflorgull?ls umber Ilzf 022(55
. L b
tion can be derived: : "Bulk modulus exponent m 0.55
: R(l—SiﬂQ))(G"—G:,) T, o, ; ’
EE = [ 1 - 2f e P KP( b ) @ Friction angle, in degrees & 32.2
¢ cosd , Sing 8 Wall-backfill Stiffness number A K; 74,100
5 and base-backfill Stiffness exponent n, 0.79
in which B, = tangent modulus; and ¢ and ¢ = the Mohr-Coutomb strength para interfaces
meters. The increase of bulk modulus with increasing confining pressure can be Failure ratio R; 0.90
approximated by the following empirical equation:

face behavior, which acts between the backfill and the wall, may be appr0x1matcd by
the following hyperbolic relationship:

Bo= KR (2 ®

a

' : A
inwhich K, = bulk modulus number; and m = bulk modulus exponent. By varying th T = s
values of tangent modulus and bulk modulus as stresses vary within the soil, it i 1 N R, A - (6)
possible to employ equation (1) to model the nonlinear stress-dependent behaviore ] T, s

the backfill,

In order to establish a realistic stress-strain relationship of the backfill, triaxia
tests simutating lateral expansion behavior of the backfill have been conducted. Air
dried Ottawa sand (ASTM C-109, Dyy = 0.17 mm, D3y = 0.22 mm, Dsg = 0.28 mm
Dgo = 0.31 mm, G, = 2.65, emax = 0.71 and ey, = 0.49) is used in the experime;
during this investigation. Typicat test results are listed in Table 1. Detailed procedur
to estimate the parameter values follow Duncan et al. (1980). Since the hyperboli
model can not successfully simulate the post-peak behavior for dense sand, all test
are conducted on loose sand with a relative density of 34 percent. As a result, th
scope of this study is limited to uncompacted cohesionless backfill only.

n which’ T = interface shear stress; A = interface shear displacement; K =
nitial tangent shear stiffness; Ry = failur ratio; and 7; = shear stress at failure. Both
'he initial tangent shear stiffness and the shear strength depend on the value of
normal stress, ©,, on the interface. The shear strength of interface may be expressed
n terms of the wall friction angle 8 { % = C,tand), and K, may be expressed using
he equation suggested by Janbu (1963): '

P Kt (™ | | )

nwhich K; = stiffness number; n, = stiffness exponent; ¥,, = unit weight of water.
y using equations (6) and (7), the nonlinear, stress dependent behavior of interface
ay be expressed in tertns of the four parameters K., ny, Ryand 3. A convenient
ethod to approxunate nonlinear interface behavior is to perform incremental
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Empirical Equations
Clough and Duncan {1971) suggested that the nonlinear stress-dependent intet-
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analyses, by changing the soil properties for each stage of the analysis. The tangent:
stiffness value, K, may be derived by differentiate equation (6) with respec
to A

ane strain condition, Four noded one-dimensional interface elements are arranged
ong the soil-wall interface to simulate the interface characteristics. Boundary
nditions assumed for the problem are also illustrated in Fig. 2. To compare with
perimental results, a 1.0 m high wall is modeled. Due to the existence of the inter-
face elements, slippage between the soil and wall is permitted. Beginning from on
at-rest pressure condition, the wall was moved away from the backfill in a series of
increments, until an active earth pressure condition was reached. Initial stresses of
‘6= Y.zand o} = K, oy are assumed to act in the backfill prior to loading. K,
values are calculated following the Jaky’s equation (K, = | - sin ¢). It should
be mentioned that, due to the wall construction sequence, the initial stress condition
in the field-would be much more complicated than the ideal condition assumed.

R
K, = K 1y, (—>= )“’(I—G—ft;lgH)z ®)

2

Clough and Duncan (1971) concluded that the tangent stiffness value based upo
these stress values has been found to provide a good approximation for the interface.
behavior, provided that the increments employed were sufficiently small,

Iuterface Elements

Four noded one-dimensional interface elements developed by Goodman et a
(1968) are arranged along the soil-wall interface to simulate the interface interactio
The properties of the interface element consist of a normal stiffness, K, and a shea
stiffness, K, which are related to the normal and shear stresses acting on the elemen

: In order to discuss the influence of wall movement modes, earth pressures
induced by the two major categories of displacements are presented in the subsequent
sections.

as follows:
K A = ¢ ©)
. . Ual) Il— 3m !
K A = = (10). b o
in-which A, = average relative normal displacement across the element; and A "
average relative shear displacement along the element. The value of K, was calculat L

using equation (8). To prevent significant overlap of the adjacent elements, K, was:
made to be very high (K, = 10 KN/m®). If a gap opens between the wall and'.
the backfill, both K, and K, were assigned very small values. For greater detal
regarding the interface element, the reader is referred to Goodman et al. (1968).

wall
Base

Potyondy (1961) studied the interface behavior between various soils an
construction materials by performing direct shear tests, In a similar way, direct shea
tests have been conducted for this investigation, to establish a valid relationship.
between the backfill and the wall. The construction material, such as a 60 mm by 6
mm concrete block specimen, is placed into the lower shear box while the cohesio
less backfill is gently poured into the upper shear box. The stress-displacement da
are measured from the proving ring and dial gage during the shearing process. Wa
friction angle and hyperbolic parameters estimated from laboratory experiment;
following Clough and Duncan’s recommendations are also listed in Table 1. All
analyses in this paper deal with the earth pressure acting between the backfill an
rough concrete, which is commonly used to construct a gravity wall.

Fig. 2 Finite Element Mesh

PRESSURE DISTRIBUTION

Translational Wall Movement (T’ Mode)

~ As discussed in the introductory part of this article, the general movements ofa
rigid wall can be divided into the RBT mode and the RTT mode. However, for either
case, as the center of rotation moves vertically to infinity, the movement actually
becomes the translational mode. In this fegard, for comparison purposes, it would be
beneficial to investigate the lateral stresses induced by T mode as a start.

-~ The distributions of horizontal earth pressure, oy, induced by a rough .
concrete wall moving away from the backfill under T mode are shown in Fig. 3.
om the figure it can be seen that the lateral stresses acting near the base of the wall
decrease somewhat faster than that at a higher elevation. The intensity and distribu-
ion of active earth pressure is in good agreement with the values calculated from

NUMERICAL MODELING

The finite element mesh used for this study is shown in Fig. 2. Fight node
quadratic isoparametric elements are employed to model the soil behavior unde:
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Fig. 4 shows the analytical results as a function of normalized wall movement
for the n equals zero condition. It is clear from the figure that the horizontal stresses
calculated at upper elevations decrease very quickly. However, the earth pressures
near the base decrease slowly with the wall rotation. This is because the back{ill near
the base can not expand sufficiently in the horizontal direction under the designated
wall movement. Stress concentration is observed near the lower boundary of the

Coulomb’s theory, Since the wall movement under T mode satisfies one of FZ_ou!omb’-
assumptions: the wall moves sufficiently to develop a state of plastic equll‘lbnum
the backfill. Therefore, it would be reasonable to expect that the total active thrus
and its point of application could be predicted by Coulomb’s theory.

0.0 : . - . .
Sranslation wall. This behavior has also been reported by Potts and Fourie {1986), and Nakai
Sl - 2 x 0% 1985). Experimental stress distribution plotted in Fig. 4 justifies that Coulomb’s
oz S = 10 x 104 heory can be used to estimate the active stress acting at upper elevations of the wall
T S =40 % t07% | . .
L a0t under RB mode. Measured active pressures acting near the base of the wall are
" =F«r-ul& Tabibash {1926) ndeed greater than Coulomb’s and Rankine’s predictions.
SzaxfH = 5 = 107
0.4+
= -
= 0.6
H 0.6 Ny RET Made { n =0}
/‘-”32,( %'F . R & Saaxf = 2 x 104
Coatosb s Salution, s 5 s _ O ! Snax/ti = 10 % 1074
(b = 30.56 =12.27) & e, 0.2 1 Saaxf = 20 % 107}
0.8 - ‘F;‘g/" & a ! SoaxH = 80 x 1074
90 W} Fang & Ishibashs (1526)
2 e, Soax/H = 15 % 1074
0.4 _;
0 ‘E J&)
B | T ] T T T ] T ] p o,,%
Horizontal Earth Pressure (kPa) ,L_.E}
0.5 Raane's.SoTutiu
. k %= 33.5)
Tig. 3 Distributions of Horizontal Tarth Pressure at Different Translational Wal
Displacements 0.8 .
Coulozh s Salution
(v = 33,53 = IG.B")/
Fang and Ishibashi (1986) conducted experiments on a model retaining wa 1.0 I ] T Em—— 1 T T

system, The instrumented center wall is 1.02 m wide and 1.04 m high. Air-dried log Hor fzental Earth Pressure (KPa)

Ottawa sand { ¢ = 34°, & = 20%, and D, = 28%) was usec! as backfill in the mo:ii
test. The experimental active earth pressure dis,trlbutlofx l?ehlnd the mosiel wall und
T mode is also displayed in Fig. 3. From these data, it is clg:ar that bottt anzilyt.lga
and experimental results are in reasonably good agreement w1ti'1 Coulomb’s soluti
However, due to the asymtote characteristics of the hypcrt_aohc rpodel, greater

movement is required in the analytical calculation‘ to reach its active state. FI‘OI;I
same figure, it is seen that Rankine's solution, wh{ch does not take th§ effect o

friction into consideration, overtimates the active earth pressure induced b

mode.

ig. 4 Distributions of Horizontal Earth Pressure at Different Wall Movements
(RBT Mode, n = 0) ' )

For the RBT category of wall movement, it is reasonable to expect that different
‘values would result in different patterns of wall displacements and different earth
ressure distributions. Fig. 5 shows the change of pressure distribution under RBT
ode for n equals 0,05, In this figure, stress concentration is also observed near the
ase. However, in comparison with the curves for n equals zero, much of the extra
ress has been relaxed due to the small amount of lateral expansion of backfill near
e base of the wall.

Wall Rotation about a Point below Its Base (RBT Mode)

The horizontal earth pressure behing a wall moving a-way'from the. 'tfac!\_:_tj
under RBT mode is discussed in this section. As il.ldicated in Fig. 1 {(a), with th
change of Oy position in the vertical direction, infinite sets of wall movemnent ¢
exist. However, only representative n values of 0.00, 0.05, 0.10, 0.20, 0.50, 1.0

and 5.0 are studied in this paper.
120

Variation of horizontal stress distribution for n equals 0,50 is illustrated in Fig.
tis clear from the figure that lateral stresses acting on the upper 95 percent of the
all are in good agreement with -Coulomb’s theory. In comparison with Fig. 5, it
ay be seen that the high stress acting near the basc decrease repidly with the slight’
crease of n value. Analytical resulis indicate that further increase of n result in
ractically identical active pressure distribution. It is interesting to compare Fig. 6
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with Fig. 3. From these data, it is clear that for n equals 0.50, the a}ctive earth pressur
distribution induced by the RBT mode is nearly the same as that mducgd by T mode
The physical meaning of this finding is that, unless the base of the wall is firmly fixed
in the horizontal direction, the active earth pressure exerted on the back of the wal
can be adequately predicted using the Coulomb’s theory. :

‘Wall Rotation ahout a Poiat above Its Top (RTT Model)

The horizontal earth pressure behind a retaining wall under RTT mode is
discussed in this section. The variation of earth pressure distribution for RT mode is
iltlustrated in Fig. 7. It is clear that the stress near the base decreases rapidly with
increasing wall displacement, and finally a value consistent with Coulomb’s solution
is reached. On the other hand, stress concentration is clearly demonstrated near the
top of the wall. The build up of lateral stresses due to soil arching was first introduced
by Terzaghi (1943). The experimental curve obtained by Fang and Ishibashi (1986)

0.0

Q.2 -1 RBT pode { n = 0,05 )

a

o
=
1
??Q
P Do

Dopth (m)}

7
7

0,8

SSpanff =2 x 1074
$Spauff = 10 % 1074
IS/ = 40 x 1078
*Sgax/f = B0 x 1074

1o ™ T T T T

3 1
6

Horizontal Earth Pressure (kPa)

Fig. 5 Distributions of Horizontal Earth Pressure at Different Wall Movement

(RBT Mode, n = 0.05)

validates the existence of the arching stress, although the calculated peak arching
stress is greater than the test value. It is clear from the experimental curve that the
actual stress intensity at a lower elevation is smaller than that obtained from FEM
- analysis. The discrepancy is probably.due to the fact that soils near the base tend to
 flow outward to fill the space generated by the wall rotation, and the hyperbolic
- model used is unable to model this specific soil behavior. For design considerations,
f the wall is restrained laterally near the top while its lower portion is allowed to
move, the earth pressure developed will not follow Coulomb’s theory.

RTT Hode ( n=0)

© Spax/i = 2 % 1074

¢ SzaxfH = 10 % 1074

: Smax/M = 40 % 074

i Smaxf = 80 x 1974

1 fang & Ishibashi (1985)
Srax/B = 10 x 1674

ayoap

Cou'ln:b'; R
Selution

(4 = 33.5°,
0.6 &= 32.2%)

Dapth {m)

6.0
0.8
* R8T code ( n = Q.50 }
0.2 o 1S s 2 x 1008
© Sy, = 10 x 167
a fsE:,‘.'u-coucr: e . T ] L . ' g T o

2.4 -\% & 1 5pgafi = 80 x 167 Horizontal Earth Pressure {kPs}
ci s .
c} 5 ,
. &£ . T . " .
H \ %% ig. 7 Distributions qf Horizontal Earth Pressure at Different Wall Movements

0.6+ A% N2 (RTT Mode, n = 0)

X %
C, 6.
%\ g
. g ’%’u Fig. 8 shows the variation of lateral pressure for n equals 0,20, It is evident
3 . . ; e .
(?%, from the figure that the intensity of arching stress decreases with increasing n value,
AN The distribution of o, behind a wall under R'TT mode for n equals 2.0 is indicated
ot I ) I ! T T T Fig. 9. From simple geometry, a greater n value implies more lateral expansion

Horizontal Earth Pressure {kPa)

Fig. 6 Distributions of Horizontal Earth Pressure at Different Wall Movemenis

(RBT Mode, n = 0.50)
122

lowed for the backfill near the top. It may be seen from Fig. 9 that both the
horizontal pressure near the top and that near the base decrease with increasing wail
‘movement, until an active earth pressure in good agreement with Coulomb’s solution
has been reached. Further analytical studies indicate that the arching effect could be

12
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neglected for n values greater than 2.0. It is significant to compare Fig. 9 with Fig.3. TOTAL THRUST AND ITS POINT OF APPLICATION

and Fig. 6. From these figures it may be concluded that for n exceeds a limiting valug:
{0.50 for RBT mode and 2.0 for RTT mode), the active earth pressure exerted on ¢
back of the wall could be estimated by Coulomb’s theory. .

- ' PFor engineering purposes, in evaluating the adequacy of a gravity-type retain-
ing walil, it is often necessary to determine its factor of safety against sliding and
overturning. As a result, the magnitude and the point of application of the total
thrust is of critical importance to the design engineer. The horizontal total thrust Py,
which is illustrated schematically in Fig. 10, is the summation of lateral earth pressures
per unit length of wail.

Total Thrust

Fig. 10 shows the analytical horizontal carth pressure coefficient, Ky, as a

0.0y

RIT oode { n = 0.20 )
A s, ez x 1t
D Spufi =10 x 2074
} Spanft = 40 x WY
1 =80 x 0t

0.2

[ =01

- Sea

I function of normalized wall movement, under RBT mode for n values ranging from -
Z 0.00 to 5.00. Tt is evident from the figure that the magnitude of Py, decreases with the
® i outward movement of the wall. Finally, a limiting value of Kj, is reached, and this
value is defined as the active earth pressure coefficient K4 ;. As emphasized in
he preceding section, the intensity of the concentrated stress acting near the base
0.8 dissipates with increasing n values. As a result, the magnitude of Py, decreases with

ncreasing n value. It is clear from Fig. 10 that the curve for n = 5.0 is practically
the same as that induced by T mode, which constitutes the lower bound for this
family of curves. Due to the existence of extra stress near the base, all the calculated
Ka.n values are higher than Coulomb’s solution for ¢ = 32.2°. For comparison
urposes, the total thrrust for wall friction angle § = ¢ /2 = 16.8° which is commonly
used by the design engineer is also plotted in Fig. 10. Rankine’s solution obviously
overestimates the magnitude of the active total thrust.

Borfzonta) Earth Pressure {kPa)

Fig. 8 Distributions of Horizontal Earth Pressure at Different Wall Movement
(RTT Mode, n = 0.20)

'R
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"9« ed‘ i
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Fig. 9 Distributions of Horizontal Earth Pressure at Different Wall Movements . .
(RTT Mode, n = 2.0) C g, 10 Horizontal Earth Pressure Coefficient K, versus wall Moventent (RTT Mode)
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The variation of Ky, as a function of wall movement under RTT mode is show)
in Fig. 11. Tt is clear from the figure that, before achieving an active state, th
magnitude of Py, decreases with increasing wall displacement. Due to the exertion.o
the arching stress, the horizontal active thrust Py p is greater than Coulomb’s solution

o

Experirental Data

As a sequence of the dissipation of arching stress, the magnitude of Ka decreases 53 S g' ;B“;gge
with increasing n value. It is evident from Fig. 11 that the upper bound and the lowe a: ¥, RT Mode
bound for this family of curves are represented by the RT mode (n equals zero) an o m gﬂul?iodge

. ®: h/H AT Mode

Ky and h/H
-

T mode (n approaches infinity), respectively. .

2]

* 1 RT pode
o ] RIT rode

O [ Translation

27 10 % b T P

Szan/H { x 1074 )

g. 12 Experimental Horizontal Earth Pressure Ceofficient Ky, Relative Height of
Resultant Pressure h/H, versus Wall Movement (data after Fang, 1983)

oint of Application

Coofficiant of Horizontal Sail Thrust. K,

The variation of point of application of the total thrust as a function of wal

\ ,

[T Veotem's satutten G5 = 1689 Coulonh’s Selution (4 = 32.2°) ovement for both RBT and RTT modes are shown in Fig. 13. From these data it
R To X Ta o o I o 2y bel seen that, undf:r the RB mode, due to the rapid drop of earth pressure at
S x 104 per elevations (see Fig. 4), the acting point of P, is lowered when the wall starts to

en

Fig., 11 Horizontal Earth Pressure Coefficient K;, versus wall Movement (RTT Moc]g

< JRTT mode

1 | Transtation

4§ R3T mode —RT :odz.'r'\-ﬂ

0,20 = —
Experimental variation of Ky, as a function of wall movement for RB,RT -4 ; - 50

T modes (Fang, 1983) are indicated in Fig. 12. The at-rest earth pressures employdd el
in the analysis are calculated following Jaky’s formula. The experimental at- = ne0
earth pressures are higher due to the effect of backfill compaction, as reported b i)
Sherif et al. (1984), and Duncan and Seed (1986). It is seen from Fig. 10 and 12 thy - AR r—
the analytical K}, versus s,,,,/H relationship for RB mode is in fairly good agreem : ' R s
with the test value, The horizontal active earth pressure coefficient obtained fi . J;ﬂa

both methods are (.25, It is clear from Fig. 10, 11 and 12 that the K, ;, value ca
estimated by the finite element method with reasonable accuracy. The Ky ve
Snax’H relationship for the translational mode constitutes the lower bound for b
the RBT and RTT type of wall movements. Therefore, if a special type of
motion occurs, the Coulomb’s theory, which assumes that the entite wall mo
sufficiently, tends to underestimate the total thrust acting on the wal‘.
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13 Relative Height of Resultant Pressure Application versus Wall Movement
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move. The gradual release of the concentrated stress near the base with further wa
movement raises the point of application of the total thrust to a limiting value
(H), = 0.30, A similar trend of h/H variation can be observed from the exper
mental results plotted in Fig. 12, although the (vH), determined from the model‘tes
is only 0.28. With the increase of n value, analytical results tend to converge to th
for translational mode. When an active state is reached, the analytical h/H valu
found to be 0.34 for T mode. As indicated in Fig. 3, the experimental high stress nea
the top and the low stress measured near the base cause the point of applicatio
Pa s to act at 0.40 H from the base of the wall.
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APPENDIX L. NOTATION

The following symbols are used in this paper:
B = bulk modulus
¢ = cohesion of soil
D, = relative density of soil _
Do, Dag, Dso, Dgo = soil diameters of which 10, 30, 50, and 60%, respectively, by,
weight is finer than
E = Young’s modulus
E; = Initial tangent modulus
E, = tangent modulus.
Caxs Emin = Maximum and minimum void ratio of sml
G, = specific gravity
h = distance between the point of application of the resultant
force and the wall base
H = height of backfill from the wall base
K = modulus number for primary loading
Kan = coefficient of active horizontal soﬂ thrust
K; = bulk modulus number
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K, = coefficient of horizontal soil thrust
K; = stiffness number

K, = normal stiffness

K, = coefficient of earth pressure at-rest
K, = shear stiffness

K, = initial stiffness modulus at interface
K = tangent stiffness number

m = bulk modulus exponent

n = parameter indicating location of the center of rotation of

wall
n;, n, = modulus exponents
P = resultant of earth pressure
P, = atmospheric pressure
P, = resultant of horizontal active earth pressure
P, = resultant of horizontal earth pressure
P, = resultant of vertical earth pressure
R; = failure ratio
Smax = maximum wall displacement
z = depth from the top of backfill
Y = unit weight
5 = wall friction angle
A = interface normal displacement
A, = interface shear displacement
E = normal strain

Ae, Ae, AY - strain increments
O, = major principal stress
O, = minor principal stress
0,0y = horizontal earth pressure

O, = normal stress
O, O, = vertical earth pressure
(0,-6,); = stress difference at failure
AC,, AG,AT - = stress increments
= shear stress
t = shear stress at failure
¢ = internal friction angle

131



