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ABSTRACT 

A nonlinear effective stress method for the seismic response analysis of sheet pile 
walls is validated using data from centrifuge tests on a model wall with dry backfill. The 
method is then applied to estimate bending moments and displacements when the backfill 
is saturated. The moments and displacements are highly dependent on the level of 
porewater pressure developed during shaking. The application of the widely used 
Mononobe-Okabe pseudo-static approach appears to overestimate the peak moments at 
high levels of shaking for saturated backfills. 

1 INTRODUCTION 

The seismic response of sheet pile walls is being studied at the University of 
British Columbia using dynamic effective stress finite element analysis and data from 
centrifuge tests conducted on the large geotechnical centrifuge at Cambridge (Steedman, 
1984; Steedman and Zeng, 1990). This paper presents preliminary findings from this 
study. 

Sheet pile walls are widely used in port facilities and their performance during past 
earthquakes has not been very satisfactory. Kitajima and Uwabe (1979) have critically 
evaluated the behaviour of 110 anchored sheet pile walls in Japan during major 
earthquakes. About two-thirds of the walls suffered significant damage including a 
number of complete failures. A major factor contributing to damage or failure was the 
development of high porewater pressures in the backfill. In some case complete 
liquefaction occurred. High porewater pressures result in increased pressures against the 
wall, loss of passive resistance against the buried portion of the sheet piling and reduced 
anchor resistance. 

Seismic design of sheet pile walls is usually based on seismic forces and pressures 
estimated by the Mononobe-Okabe method of analysis (Okabe, 1926; Mononobe and 
Matsuo, 1929). The method which was developed for rigid walls is based on a 
modification of Coulomb's classical earth pressure theory for dry sands to account for the 
inertial forces corresponding to uniform horizontal and vertical accelerations, khg and 
kvg, respectively. The magnitudes of the seismic coefficients kh and kv are based on 
local or regional experience of earthquake damage to retaining structures. 

The Mononobe-Okabe method has been validated for dry sands by both shaking 
table (Sherif et al., 1982; Sherif and Fang, 1984) and centrifuge tests (Steedman, 1984). 
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In the case of a vertical wall retaining a horizontal backfill, the dynamic active 
earth pressure coefficient, KAE, is given by 

cos2 (¢ -lf!) 
KAE = ----------------~~------------

[ 
sin(A•+8)sinfA>-Hr) ]

2 
COSlf! COS(l/f + 0) 1 + '+' \'+' y 

cos(8 + l/1) 

(1) 

where </J is the soil friction angle, o is the wall friction angle, and tf; , the seismic inertia 
angle, is given by 

(2) 

The seismic inertia angle represents the angle through which the resultant of the 
gravity force and the inertial forces is rotated from vertical. The Mononobe-Okabe 
relationship for P AE for dry backfills is equal to 

(3) 

and acts at an angle o from the normal to the back of the wall of height H. 

The location of the active pressure force P AE is generally higher than one-third of 
the height of the wall (H/3) above the base of the wall. Sherif and his colleagues found the 
resultant reached a height of 0.45 ft in their tests. The Mononobe-Okabe theory gives no 
guidance on the nature of the pressure distribution so that the location of the active and 
passive forces during an earthquake are somewhat uncertain. 

Anchored sheet pile walls in harbour facilities do not satisfy the basic assumptions 
of the Mononobe-Okabe theory in two important ways: the backfill is saturated and the 
deformation conditions do not satisfy the kinematic conditions of the sliding failure wedge 
in the underlying Coulomb theory when the wall has adequate penetration into the subsoil. 
The estimation of the pressures exerted by saturated backfill against either rigid or sheet 
pile walls is a controversial matter, because of uncertainty about how to deal with the 
water. In these preliminary studies the sheet pile wall system was simplified as much as 
possible to facilitate the analysis of the effects of the backfill water. For this reason a 
cantilever sheet pile wall rigidly fixed at its base was used in both centrifuge tests and for 
analysis. This model removed all experimental and analytical difficulties associated with 
the anchoring system, passive pressures at the toe and the action of any free water on the 
outside face of the wall. 

2 METHOD OF ANALYSIS 

The dynamic response analyses were computed using the computer program 
TARA-3 (Finn et al., 1986; Finn, 1985). The program incorporates a method for 
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nonlinear dynamic effective stress analysis for the soil which can model the development 
of seismic porewater pressures. The response in shear is assumed to be nonlinear and 
hysteretic. The response to changes in all-round pressure, defined by the bulk modulus, is 
assumed to be nonlinear and dependent on the mean normal effective stress. In effect 
hysteresis under hydrostatic pressure is neglected in comparison with the pronounced 
hysteretic response in shear. TARA-3 conducts both static and dynamic finite element 
analyses. 

Dynamic analysis starts from the static stress-strain condition in each finite 
element. This procedure gives the most realistic representation of subsequent permanent 
deformations. 

3 VALIDATION OF ANALYSIS 

The first step is to check how well the program can simulate the dynamic and 
residual moments and deformations in the sheet pile wall for the simplest case of the 
cantilever wall with dry backfill using centrifuge test data from a model wall (Steedman, 
1984). 

3.1 Model test 

The model of the cantilever wall is shown in Figure 1. The wall is bolted to the 
floor of the centrifuge model container. The height of the wall is 78 mm and it has a 
thickness of 2.04 mm. When tested at a nominal centrifuge acceleration of 90 g, the 
model corresponds to a prototype wall 7.0 m high and 184 mm thick. The elastic modulus 
E = 6.4 x I07kNfm2, the cross-sectional area A= 0.184 m2, and moment of inertia I= 
5.2 x I0-4m4fm run. 

The wall is backfilled with dry Leighton-Buzzard sand, 14/25, poured to a void 
ratio e = 0.51 corresponding to a relative density Dr = 96%. The effective angle of 
internal friction, cf>' = 40° and the unit weight is 'Y d = 18.8 kN/m 3. 

The peak input acceleration is 42.7% of gravity acceleration and the duration at 
prototype scale is 12s. The input is predominantly sinusoidal with varying amplitude and 
has a dominant frequency of 1.42 Hertz at prototype scale. This is the scale at which the 
calculations are carried out. 

The accelerations were recorded near the top of the wall at SGmSl. Displacements 
of the wall were measured at the top of the wall. Full bridge strain gauge circuits were 
used to record the dynamic and residual bending moments at seven locations along the 
height of the wall from SGmSl to SGmS7. 

3.2 Finite element analysis 

Beam elements were used to model the sheet pile wall. Four node isoparametric 
finite elements were used in modelling the backfill. The finite element mesh is comprised 
of 127 finite elements and 140 nodes. 

A static analysis of wall and backfill was first conducted to establish the stress­
strain field prior to earthquake excitation. The program simulated the gradual construction 
process of the model. 
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Figure 1. Instrumented model cantilever wall. 
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Figure 2. Measured and computed bending moments at SGmS7. 

3.3 Measured and computed responses 

Computed and measured bending moments are shown in Figure 2 for location 
SGmS7, where the bending moments are greatest. The agreement between measured and 
computed dynamic and residual moments is very close. The residual bending moments 
reflect the permanent deformations imposed on the wall by the backfill due to its nonlinear 
hysteretic response. The close agreement between measured and computed residual 
moments indicates that the analysis is properly simulating the response of the backfill. 

The measured and computed displacements at the top of the wall are shown in 
Figure 3. The agreement appears satisfactory for engineering purposes. 
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Figure 3. Measured and computed displacements at top of wall. 

On the basis of these data, TARA-3 appears to simulate the seismic response of the 
wall with an accuracy adequate for engineering purposes. 

4 SUBMERGED BACKFILL: DYNAMIC ANALYSIS 

To investigate the behaviour of saturated backfill, dynamic response analyses were 
conducted on the same prototype wall with the same input using TARA-3. The backfill 
was assumed to be fully saturated over its entire depth. Three cases were considered. First 
is the case where the backfill does not develop any significant porewater pressures during 
shaking. This corresponds to a total stress nonlinear analysis using properties based on the 
initial effective stress regime. 

Then effective stress dynamic analyses were conducted in which porewater 
pressures were generated during the analysis at rates leading to average porewater pressure 
ratios, u/ <J' vo , in the backfill of 40% and 60% where u = seismic pore water pressure and 
(J' vo = initial vertical effective stress. A typical porewater pressure development curve is 
given in Figure 4. 

The distribution of the dynamic increments in moment along the wall are given in 
Table 1. There is a steady increase in bending moments with increasing porewater 
pressures. The peak moment at SGmS7 doubles over the range in porewater pressures 
analyzed. The moment distributions are plotted in Figure 5. The time histories of the 
dynamic moments at location SGmS7 near the bottom of the wall for two levels of 
porewater pressure are given in Figure 6. The substantial residual moments may also be 
read from Figure 6. 

The time histories of displacements are given in Figure 7 from which the residual 
displacements at the end of the earthquake may also be obtained. It may be seen that both 
the cyclic and permanent displacements increase with increasing porewater pressures in the 
backfill. 
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Figure 4. Development of porewater 
pressures during earthquake shaking. 

Figure 5. Peak dynamic moments for 
porewater pressure ratios of 0%, 40% 
and 60% in the saturated backfill. 

Table 1. Dynamic moment increments for various porewater pressure ratios 
in saturated backfill. 

Peak Pore Pressure Ratio (%) 
Moments 0% 40% 60% 
SGmSl 4 5 6 
SGmS2 30 39 47 
SGmS3 65 87 102 
SGmS4 69 112 142 
SGmS5 99 176 224 
SGmS6 170 290 360 
SGmS7 243 400 490 

5 SUBMERGED BACKFILL: MONONOBE-OKABE 

Common practice in the application of Mononobe-Okabe to submerged backfills 
follows the procedures described by Matsuzawa et al. (1985). They recognize two limiting 
cases; restrained water in which the water moves with the soil grains which is suitable for 
low permeability soils and free water in which the effects of soil and water are considered 
separately. This latter procedure is considered suitable for very free draining soils. 
Judgement is required for intermediate conditions. 

5.1 Restrained water case 

Here Matsuzawa et al. (1985) make the assumption that pore pressures do not 
change as a result of horizontal accelerations. Considering a Coulomb wedge and 
subtracting the static pore pressures, there is a horizontal inertia force proportional to the 
total unit weight "''t and a vertical force proportional to the buoyant unit weight "''b· Thus, 
in the absence of vertical accelerations, the equivalent seismic angle is: 

(4) 

398 



no PWP 
600~------------------------~ 

I 
500 ... 

i4aal 
Z3QO 
:::.::: 

c;200 
Ql 

§100 
E 

-1000 5 10 15 
time (sec} 

60% PWP 
sao~------------------------, 

500 

~400 
Z300 
:::.::: 

E200 
Ql 

§ 100 
E 

-1000 5 10 
time (sec} 

Figure 6. Moment time histories at 
SGmS7 for porewater pressure ratios 
of 0% and 60% in the saturated backfill. 

no ?WP 
0.25 ,-----------------------------: 

.... 0.2 
E 
::o.1s 
c: 
(!) 

~ 0.1 

!o.o5 . "'r-PfVIJV'JVv-
o 0 1-----.:...:rv~ ~-----------------1 

~051~-----~-------~-----~ 
. 0 5 10 15 

0.25 f 
0.2 

E 
-0.15 
c 
(!) 

E 0.1 
(!) 
u 
ca 
C.0.05 
In 

l5 

-o.o50 

time (sec} 

60% PWP 

5 10 15 

time (sec} 

Figure 7. Wall top displacements for 
porewater pressure ratios of 0% and 
60% in the saturated backfill. 

That is, the equivalent horizontal seismic coefficient is: 

(5) 

The variation of khe with level of shaking is shown in Figure 8. Clearly, in this 
method, the effects of submergence increase rapidly with increasing level of shaking. 

Using khe in the Mononobe-Okabe theory together with a unit weight 'Yb will 
give P AE , to which the static water pressures must be added. 

If vertical accelerations are present, Matsuzawa et al. (1985) recommend using: 

(6) 

When this procedure is applied to the prototype wall with o = ¢/2, the peak 
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Figure 8. Effect of saturation on the active seismic pressure coefficient K AE· 

dynamic moment increment at SGmS7 is 760 kNm/m which is much greater than the peak 
moment by finite element analysis even at 60% porewater pressure. 

5.2 Free water case 

Matsuzawa et al. (1985) suggest that the total active thrust is made up of: 
1) A thrust from the mineral skeleton, computed using: 

(7) 

and 

-1[ khe ] VIe= tan (1-kv) (8) 

where "t d is the dry unit weight, and G s is the specific gravity of the solids. The 
buoyant unit weight "tb is used in equation (3) for P AE· 

2) The hydrodynamic water pressure force for the free water within the backfill, P wd' 
is given by the Westergaard (1933) relationship 

7 2 
Pwd = 

12 
· kh · Yw H (9) 

and acts at 0.4 H above the base of the wall. 

The peak dynamic moment at SGmS7 for this assumption is 800 kNm/m, which is 
comparable to the moment (760 kNm/m) calculated using the restrained water concept. 
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The peak moment for a fully fluidized backfill is only 633 kNm/m. The dynamic moment 
increments were calculated by subtracting the moments due to static active pressures from 
the total Mononobe-Okabe moments. The latter moments are lower bound because they 
were calculated assuming the resultant seismic force acted 0.33H above the· base of the 
wall. The actual location may vary up to about 0.45 H. The contribution of the mass of 
the wall to the bending moment is not included in the Mononobe-Okabe calculations. 

6 CONCLUSIONS 

There are large differences between the peak dynamic moments in sheet pile walls 
with saturated backfills under very strong shaking estimated by the Mononobe-Okabe 
method (760-800 kNm/m) and finite element analysis (490 kNm/m). The Mononobe­
Okabe method would appear to be very conservative for very strong shaking. It gives the 
same peak moments inespective of the level of pore pressures developed in the backfill. 
One would expect the moments to vary with the level of porewater pressure. These 
conclusions are tentative and more detailed studies are being carried out. 
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