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SYNOPSIS
during earthgquakes has been developed.
dashpots.

S.A.

A mathematical model which considers simultaneous sliding and rocking of retaining walls
The wall-soil interaction is represented by springs and
Both geometrical and material damping are considered.

Nonlinear stress-deformation behavior

of the soil is considered, both, by 1) the degradation of the shear modulus and 2) increase in material

damping ratio, with increase in shear strain.

It is shown that properties of the base soil, horizontal

acceleration, earthquake magnitude, frequency of excitation and wall height have great influence on the

cumulative displacements.A design procedure based on a
Predicted and measured values of displacement for a section of a wingwall show good tally.

developed.

INTRODUCTION

During earthquakes, retaining wall and abutments
experience displacements. Richards and Elms
(1979) proposed a design procedure taking into
account only the sliding of the wall. Retaining
walls not only slide but tilt also (Rafnsson
1991). However no practical method for simulta-
neous solution of these two motions is available
(1993). Further, a design method for retaining
walls based on permissible displacements, is also
needed.

In this paper the following are included:

(1) A solution for simultaneous sliding and
rocking vibrations; (2) the effects of common
variables on displacements and (3) a design
procedure based on permissible displacements.

WALL-SOIL INTERACTION PROPERTIES

Retaining walls are subjected to soil reactions
and damping at both the base and the face of the
wall. Therefore, the soil parameters at the base
are; (1) Soil stiffness in sliding. (2) Soil
stiffness in rocking. (3) Geometrical damping in
sliding. (4) Geometrical damping in rocking.
(5) Material damping in sliding. (6) Material
damping in rocking. There are also six corre-
sponding quantities for the backfill.

Gazetas (1983) and Dobry and Gazetas (1986)
developed solutions for static spring constant

and damping for rigid strip footings. Dynamic
spring constant (k) is related to the static
spring constant _(k) through a dimensionless

stiffness ratio (k) as follows:

K=Kk (1)

The values of k are highly dependent on Poisson’s
ratio (v), geometry (L/B), and the dimensionless
frequency factor (a,). Similarly

cs=sé.c (2)
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permissible displacement has also been

A detailed description of the soil stiffnesses in
sliding and rocking and geometrical and material
damping for the base soil as well as the backfill
have been presented elsewhere (Rafnsson and
Prakash 1991, Rafnsson 1991).

NON-LINEAR BEHAVIOR OF SOILS

The stiffness and damping values of both base
soil and backfill are related to the strain
dependent shear modulus of soil. Normalized
shear modulus and shear strain have been ex-
pressed as:

1

/% " TR

3)

Where G is the shear modulus at strain v, G, is
the maximum shear modulus for < 10'6, and A, B,
C, and D, are constants depending upon soil type.
Similarly, the relationship of damping ratio ‘¢’
and shear strain is as:

+ G _
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The constants E, F, G, H, and I also depend upon
soil type. By applying Eq. (3) and Eg. (4) to
the solution of the displacement analysis of the
retaining wall, the non-linear behavior of both
the shear modulus and the damping ratio has been
accounted for (Rafnsson 1991).

DESCRIPTION OF MODEL

Retaining Wall and Mode of Vibrations

The following assumptions have been made: (1)
Retaining wall is rigid. (2) The wall is suf-
ficiently long and thz end effects are negligi-
ble. (3) The wall moves away from the backfill
(active condition) when the earthquake acceler-
ation is towards the backfill, and towards the
backfill (passive condition) when the earthquake
acceleration is away from the backfill. (4) The
wall displaces in a certain direction until the
velocity of the wall motion becomes zero and
reverses its direction. (5) The wall is assumed
to rotate about its heel. (6) The mass of the



backfill participating in the wall motion is

neglected. (7) Sliding and rocking vibrations
occur simultaneously. All these assumptions are
reasonable.

Ground Motion

Ground motion is sinusoidal and significant
cycles N_ associated with a certain earthquake
magnitude are (Seed et al 1983)

8.5
26

6.25 7.5
10 15

MAGNITUDE 5.25 6
N, 2-3 5-6

Base and Backfill Soil Properties are listed in
Table 1.

Table 1. Backfill and Base Soil Combinations,
and Dimensions of the Retaining Wall.
No. | Soil @° 4° ° y (pch) v Note
1 Back a3 22 0.65 100.2 0.313 RAoterence
Baso 33 22 0.65 100.2 0.313 wall
2 Back 30 20 0.75 94.5 0.333 Study the
Base 33 22 0.65 89.3 0.313 offoct of
various
3 Back 285 19 0.85 89.3 0.343 backfills and
Base 33 22 0.65 100.2 0.331
base sall
N Back 6 24 0.58 104.7 0.292 339
Bass 33 22 0.65 100.2 0.313
5 Back a3 22 0.65 100.2 0.313 Study the
Basa a0 20 0.75 94.5 0.333 effect of
various
] Back 30 20 0.75 94.5 0.333 packfills and
Base 30 20 0.75 94.5 0.333 ]
baso s0il
7 Back 265 19 0.85 9.3 0.343 1309
Bass 30 20 0.75 94.5 0.333
[ Back 36 24 0.8 104.7 0.292
Basa 30 20 0.75 94.5 0.333
9 Back 36 24 0.58 104.7 0.292 Study the
Baso 28.5 19 0.85 69.3 0.343 effect of
various base
10 | Back 36 24 0.58 104.7 0.292 wile
Base 36 24 0.58 104.7 0.292
1 Back 28.5 19 0.85 89.3 0.343
Baso 28.5 19 0.85 89.3 0.343
12 | Back 20.5 19 0.65 89.3 0.343
Base 36 24 0.58 104.7 0.292
1 2
Wall: Helght of wall: 16.40ft, 32.6R, B.2ft Top width of wall: 164,
3.28n, 0.82#t
Base width of wall: 6.35f1. 14.5f1. 3.62ft Unit waight of wall: gt
Ground Motion: @,=0.1, 0.2,0.3,0.4, 0.5 t,=1Hz, 2Hz

Notetions:
v = Poiseon’s ratio

@ =friction angle of the soil. §=wall-soll friction angle, e =void ratio, y=unit weight,

1. CASE13 2. CASE 14

EQUATIONS OF MOTION

Two equations of motion for simultaneous sliding
and rocking were written as
mﬁ.ocg’c.ok_x.omeé -c,,,é ~KysB=P, (t) 5

Mo +Cy8 +K {0y, Ky, =My (€) &
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In the above equations, m represents the mass of
the wall, M, - the mass moment of inertia, x,
the horizontal displacement, ¢ the angular
rotation, ¢ the dynamic damping. Subscript HS
and HR represent total damping for backfill in
sliding and rocking respectively, subscript x
sliding and R rotation. The equations of motion
are coupled. Three computer programs were writ-
ten: (1) First program calculates the wall
section necessary for static conditions, for a
given factor of safety. (2) Second program
calculates the displacements for a given ground
motion and revises wall section based on a
permissible displacements. (3) " The third
program checks the results for the new section
(Rafnsson 1991).

RESULTS AND DISCUSSION

The cumulative displacements have, been studied
for the wall (Figure 1) for the range of vari-
ables in Table 1.

Effect of Base Soils. The cumulative displace-
ment vs N, for case 1 and case 5 are presented in
Figure 2. Cumulative displacements increase as
the base so0il becomes weaker. For an earthgquake
magnitude of 7.5, the calculated cumulative
displacements are 12.1 inches (307 mm) and 14.2
inches (360 mm) for cases 1 and 5, respectively.
The results for case 2 and 6, case 3 and 7, and
case 4 and 8 are presented elsewhere (Rafnsson,
1991). In each pair the same backfill soil was
used.

Effect of Horizontal Acceleration. The results
for case 1 through 4 are shown in Figure 3 which
shows that the cumulative displacements are much
greater for the greater horizontal accelerations
which is obvious.

Effect of Earthquake Magnitude. 1In Figure 3 the
magnitudes of earthquakes corresponding to a
certain number of cycles have already been shown.
Figure 4 for cases 4 and 7 shows cumulative
displacements versus horizontal acceleration for
various magnitudes of earthquakes. For a value
of a;, the cumulative displacements increase with
magnitude in a characteristic manner.

Frequency of Excitation. The effect of frequency
of excitation on the cumulative displacements for
case 3 and case 7 are shown in Figure 5. Cumula-
tive displacements increase when the frequency of
excitation is increased from 1 Hz to 2 Hz. The
natural frequency of all the cases (1-8) is 2.2-
2.3 Hz. Therefore the cumulative displacements
are significantly larger for excitation frequency
of 2 Hz.

Effect of Wall Height Figure 6 shows the cumula-
tive displacements of the three sections studied.
The various geometries of the retaining walls
have a great effect on the displacements at the
top of the wall (Table 2). The increase in
displacement is non-linear with the increase in
height. It has been shown by Rafnsson (1991)
that as the wall height changes linearly, the
dynamic soil~-structure interaction changes
nonlinearly.
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Table 2. Displacements at Top of Wall for
Different Wall Heights.
Height Cumulative displacements
of wWall (inches (mm))
(ft(m))
M=5.25 M=6.00 M =750 M=8.60
6.2(2.46) 0.1(2.5) 0.5{12.5} 3.4(85) 6.701167)
16.4(4.96) 0.5(12.5) 2.2(55) 12.0(300) 22.0(550)
32.8(9.92) 2.5(62.5) 16.4{410) 52.0(1300) 87.8(2195)
By rearranging the data from Figure 6, the

relationship of cumulative displacements in 15
cyles (M 7.5) and wall height is shown in
Figure 7. The figure shows that the increase in
the cumulative displacements is strongly related
to the second power of the wall height.

Effect of Backfill Soils. The cumulative dis-
placement increases slightly as the backfill
becomes loose Figure 8. However, the increase in
displacement is small and, for all practical
purposes, this difference is of no significance.

DESIGN PROCEDURE

The design procedure, developed herein, consists
of the following steps (Rafnsson 1991):

1. Static design: A wall section is designed to
have a sufficient factor of safety in static
conditions in both sliding and overturning.

2. calculation of displacement: Displacements are
calculated for the above wall for a specified
ground motion,

3. Permissible displacement: If the calculated
displacement is less than the permissible dis-
placement, the above static design is adequate.
4. Revise design: If the calculated displacement
is greater than the permissible displacement, new
dimensions of the retaining wall are chosen in
the program and the displacement calculation is
repeated from Step (2). Iteration is continued
until the wall section undergoes smaller than the
permissible displacement.

5. Check new section: Determine static factor of
safety of the new section.

CASE STUDY FROM GREECE

A wingwall had developed a crack and its behavior
was studied during the 1981 earthquakes (see
Rafnsson 1991). The two shocks which contributed
to the wall movement had maximum acceleration of
0.22g for an earthquake of magnitude 6.2 and
0.07g for an earthquake of magnitude 6.6. The
estimated values of the predominant time periods
of the two earthquakes from different sources
were 0.55 sec and 0.30 sec, respectively. The
wingwall movement has been studied by the proce-
dure developed herein. The backfill soil parame-
ters were estimated since the soil was described
only as a soil "primarily composed of coarse-
grained material with a small admixture of silt".

The sum of the computed displacements from the
two earthquakes is 4.4 in (110 mm) compared to
5.1 in (130 mm) observed. This comparison showed
that the performance and predictions by the
method developed herein are of the same order for
this wall. However, more case studies need be
analyzed.
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CONCLUSIONS

Equations were developed to model the behavior of
retaining walls subjected to seismic loading. A
computer program has been written to determine
the displacements and a design procedure has been

developed. The following conclusions have been
drawn.
1. Relative density of base soil has significant

influence on the cumulative displacements.

2. The cumulative displacements increase with
horizontal acceleration .
3. Increase in earthquake magnitude results in
increased displacements.

4. The displacements increase, non-linearly with
the wall height.

5. As the frequency of excitation gets closer to
the resonant frequency of the wall-soil-systen,
the incremental cumulative

displacements in-
crease.
6. Cumulative displacements are not affected by

the backfill properties significantly.

7. A step-by-step design procedure based on
permissible displacement has been developed.

8. The magnitude of permissible displacements is
not known at this time (1993). Therefore,
attention must be paid by the profession to
obtain information on this question.
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