PROBABILISTIC ANALYSIS OF EXIT GRADIENTS
DUE TO STEADY SEEPAGE

By D. V. Griffiths,' Member, ASCE, and Gordon A. Fenton,” Member, ASCE

ABSTRACT: The traditional approach for estimating the exit gradient i, downstream of water retaining structures
due to steady seepage is to assume homogeneous soil properties and proceed deterministically, perhaps using
flow-net techniques. Once the exit gradient is estimated, a large safety factor of at least five or six is applied.
The reason for this conservative approach is twofold. First, the consequence of piping and erosion brought about
by i, approaching the critical value i, can be very severe, leading to complete and rapid failure of civil engineering
structures with little advance warning. Second, the high safety factors reflect the designer’s uncertainty in local
variations of soil properties at the exit points and elsewhere within the flow domain. This paper presents an
alternative to the safety factor approach by expressing exit gradient predictions in the context of reliability-based
design. Random field theory and finite-element techniques are combined with Monte-Carlo simulations to study
the statistics of exit gradient predictions as a function of soil permeability variance and spatial correlation. Both
two- and three-dimensional boundary-value problems are considered. The approach enables conclusions to be
drawn about the probability of critical conditions being approached and hence failure at a given site. The
reliability approach is thought to represent a more rational methodology for guiding designers in the decision-

making process.

INTRODUCTION

The work presented in this paper brings together finite-el-
ement analysis and random field theory in the study of a sim-
ple boundary-value problem of steady seepage. The aim of the
investigation is to observe the influence of statistically variable
soil permeability on the exit gradient i, at the downstream side
of a water retaining structure in both two and three dimensions
(2D and 3D). Smith and Freeze (1979, Parts 1 and 2) were
among the first to study the problem of confined flow through
a stochastic medium using finite differences where flow be-
tween parallel plates and beneath a single sheet pile was pre-
sented. Other workers, including the present writers [see, e.g.,
Griffiths and Fenton (1993, 1997)] have considered further the
probabilistic seepage problem using finite-element methods for
a range of boundary-value problems.

In addition to defining the soil mass as having a randomly
distributed permeability k (defined here in the classical geo-
technical sense as having units of length/time), the current
study also includes the ability to vary the spatial correlation
of the field. Spatial correlation is known to impact the results
of probabilistic analyses yet rarely is taken into account in a
systematic way [see, e.g., Li and Lo (1993), Mostyn and Li
(1993), and White (1993)].

The use of random fields (Vanmarcke 1984; Fenton and
Vanmarcke 1990) gives considerable versatility to the model
in that the soil property at each location within the soil mass
is itself a random variable. The random field approach there-
fore can appropriately take into account the positive correla-
tion that is observed between soil properties measured at lo-
cations that are “close’’ together.

In previous studies of confined seepage through random
soil, the seepage quantity Q has tended to be the focus of the
investigations. This partly was caused by the added complexity
of interpreting the first derivative of the total head (or “poten-
tial’’), itself a random variable, with respect to length at the
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exit points. In this paper the exit gradients are studied in more
detail for a range of parametric variations of the input per-
meability statistics. For the purposes of this initial study, a
simple boundary-value problem has been considered—that of
seepage beneath a single sheet pile wall penetrating to half the
depth of a soil layer. Both 2D and 3D studies are presented.
In 2D, it is assumed that all flow occurs in the plane of the
analysis. More realistically, the 3D model has no such restric-
tion allowing flow to occur in any direction. This particular
problem has been chosen because it is well understood, and a
number of theoretical solutions exist for computing flow rates
and exit gradients in the deterministic (constant permeability)
case [see, e.g., Harr (1962), Verruijt (1970), and Lancellotta
(1993)]. Related work on hydraulic gradients within free-sur-
face flow problems has been reported by Fenton and Griffiths
(1997).

BRIEF DESCRIPTION OF FINITE-ELEMENT MODEL

In this paper a random field generator called the local ay-
erage subdivision method (Fenton 1990) is combined with the
finite-element method, which naturally is suited for modeling
spatially varying soil properties.

The 2D finite-element mesh and dimensions are shown in
Fig. 1 and the outer boundaries and dimensions of the 3D
mesh are shown in Fig. 2. The 3D mesh has the same cross
section in the x, y-plane as the 2D mesh (12.8 X 3.2 m) and
extends by 3.2 m in the z-direction. The 2D mesh consists of
square elements (0.2 X 0.2 m) and the 3D mesh consists of
cubic (0.2 X 0.2 X 0.2 m) elements. The boundary conditions
are such that there is a deterministic fixed total head on the
upstream and downstream sides of the wall. For simplicity the
head difference across the wall is set to unity. The outer
boundaries of the mesh are “no-flow”’ boundary conditions.

In all cases, the sheet pile wall has a depth of 1.6 m, which
is half the depth of the soil layer.

The finite-element program used for the solutions of La-
place’s equation presented in this paper was obtained by com-
bining Programs 5.9 and 7.0 from the modular code published
in the text by Smith and Griffiths (1988). Because of the con-
stant size elements used, an explicit form of the conductivity
matrix in both 2D and 3D was employed avoiding the need
for numerical integration.

Fig. 3 shows the classical smooth flow net in 2D corre-
sponding to a constant permeability field, and Fig. 4 shows a
typical case in which the permeability is distributed randomly
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FIG. 1. Finite-Element Mesh Used for 2D Seepage Analyses
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FIG. 2. Finite-Element Mesh Used for 3D Seepage Analyses
(Not to Scale)

FIG. 3. Flow Net for Deterministic Analysis

FIG. 4. Typical Flow Net with Random Permeability for Case
8,=2mand COV,=1

in space. In the latter case each element of the mesh has been
assigned a different permeability value based on an underlying
statistical distribution. Note how the flow net becomes ragged
as the flow attempts to “‘avoid’’ the low permeability zones.

The exit gradient against the downstream side of the wall
is computed using a two-point numerical differentiation
scheme as shown in Fig. 5. The gradient is computed adjacent
to the wall because this location always has the highest exit
gradient in a constant permeability field and also will give the
highest expected value in a random permeability field. In the
3D analyses, the exit gradient was computed at all 17 down-
stream locations (16 elements in the z-direction along the wall)
although values computed at the center and outside edge of
the wall have been the main focus of this study.

BRIEF DESCRIPTION OF THE RANDOM FIELD
MODEL

Field measurements of permeability have indicated an ap-
proximately lognormal distribution [see, e.g., Hoeksema and
Kitanidis (1985) and Sudicky (1986)]. The same distribution
has therefore been adopted for the simulations generated in
this paper.

FIG. 5. Numerical Calculation of [,

Essentially, the permeability field is obtained through the
transformation

k= exp{iumr T e} ¢))]

where k; = permeability assigned to the ith element; g, = local
average of a standard Gaussian random field g over the domain
of the ith element; and p,; and oy, = mean and standard
deviation of the logarithm of k (obtained from the ‘“‘point’’
mean and standard deviation p, and o).

The local average subdivision technique (Fenton 1990; Fen-
ton and Vanmarcke 1990) generates realizations of the local
averages g;, which are derived from the random field g having
zero mean, unit variance, and a spatial correlation controlled
by the scale of fluctuation 8,. As the scale of fluctuation goes
to infinity, g, becomes equal to g, for all elements i and j—
i.e., the field of permeabilities tends to become uniform on
each realization. At the other extreme, as the scale of fluctu-
ation goes to zero, g; and g, become independent for all i # j
—the soil permeability changes rapidly from point to point.

In the 2D and 3D analyses presented in this paper, the scales
of fluctuation in the vertical, horizontal, and depth directions
are taken to be equal (isotropic) for simplicity. It should be
noted that for a layered soil mass the horizontal scale of fluc-
tuation 6, generally is larger than the vertical scale 8, because
of the natural stratification of many soil deposits. This anisot-
ropy can be transformed to a problem with isotropic scales of
fluctuation through a simple shrinking of the horizontal di-
mensions by the ratio of the vertical to horizontal scales of
fluctuation, i.e., by scaling the horizontal coordinate by 0./6,.
Such a scaling is strictly only valid for so-called ellipsoidal
correlation structures, but is a reasonable approximation in any
case. Thus the assumption of isotropy employed here is not a
serious limitation. However, the actual spatial correlation
structure of soil deposits usually is not well known, especially
in the horizontal direction; hence in this paper a parametric
approach has been employed to study the influence of 8, [see,
e.g., Asaoka and Grivas (1982), de Marsily (1985), and
DeGroot and Baecher (1993)].

‘The input to the random field model therefore comprises of
the three parameters (u, oy, 0,). Based on these underlying
statistics, each of the elements (1,024 elements in the 2D case
and 16,384 in the 3D case) is assigned a permeability from a
realization of the permeability random field. A series of real-
izations is generated, each with the same underlying statistics,

790/ JOURNAL OF GEOTECHNICAL AND GEOCENVIRONMENTAL ENGINEERING / SEPTEMBER 1998



but each having quite different spatial permeability patterns.
The analysis of sequential realizations and the accumulation
of results comprises a Monte-Carlo process. In the current
study, 2,000 realizations were performed for each of the 2D
cases and 1,000 in the 3D cases. The reduced number of re-
alizations in 3D was chosen to allow a greater number of par-
ametric studies to be performed in a reasonable time.

Following Monte-Carlo simulation of each parametric com-
bination, 2,000 (or 1,000) values of the exit gradient i, were
obtained, which were then analyzed statistically to give the
mean, standard deviation, and probability of high values oc-
curring that might lead to piping.

The 2D model used here implies that the out-of-plane scale
of fluctuation is infinite—soil properties are constant in this
direction—which is equivalent to specifying that the stream-
lines remain in the plane of the analysis. This is clearly a
deficiency; hence comparison with the 3D results will be of
particular interest. An important question will be to what ex-
tent the 2D analyses represent a “‘reasonable’’ approximation.

Comparison of 2D and 3D analyses in relation to seepage
quantities through spatially random soils have been reported
by Griffiths and Fenton (1997).

SUMMARY OF RESULTS FROM SEEPAGE ANALYSES

The deterministic analysis of this seepage problem with a
constant permeability throughout gives an exit gradient of
around iy, = 0.193, which agrees closely with the analytical
solution for this problem [see, e.g., Lancellotta (1993)].

Given that the critical exit gradient i, (i.e., the value that
would initiate piping) for a typical soil is approximately equal
to unity, this deterministic value implies a factor of safety of
around five—a conservative value not untypical of those used
in design of water retaining structures [see, e.g., Harr (1962)
and Holtz and Kovacs (1981)].

In all analyses the point mean permeability was fixed at
fe =1 X 107° m/s whereas the point standard deviation and
spatial correlation of permeability were varied in the ranges
0.03125 < o/p, < 32.0 and 0.5 m < 6 < 16.0 m. For each of
these parametric combinations the Monte-Carlo process led to
estimated values of the mean and standard deviation of the
exit gradient given by m;, and s,, respectively. The following
two sections give a summary of the results obtained in 2D and
3D, respectively.

2D

Graphs of m, versus coefficient of variation (COV,) and
m;, versus 8, for a range of values have been plotted in Figs.
6 and 7, respectively. Fig. 6 shows that as COV, tends to zero,
the mean exit gradient tends, as expected, to the deterministic
value of 0.193. For small scales of fluctuation the mean exit
gradient remains essentially constant as COV, is increased, but
for higher scales of fluctuation, the mean exit gradient tends
to rise. However, the amount by which the mean exit gradient
increases is dependent on 6, and appears to reach a maximum
when 6, =~ 2 m. This is shown more clearly in Fig. 7 where
the same results have been plotted with 9, along the abscissa.
The maximum value of m;, = 0.264 recorded in this particular
set of results corresponds to the case when COV, = 8 and
represents an increase of 37% over the deterministic value,

The return to deterministic values as 6, increases is to be
expected if one thinks of the limiting case where 8, = =, In
this case each realization would have a constant (although dif-
ferent) permeability, thus the deterministic exit gradient would
be obtained.
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FIG. 7. Exit Gradient Mean (m,) versus Scale of Fluctuation
(8,) in2D

Graphs of s;, versus COV, and S;. versus 8, for a same range
of values have been plotted in Figs. 8 and 9, respectively. Fig,
8 shows that as COV, increases, so the standard deviation of
the exit gradient also increases. However, as was observed
with the mean value of i, the standard deviation increases
more substantially for some values of 6, than others as shown
more clearly in Fig. 9. The peak in s, again occurs around
6, ~ 2 m.

Therefore, it would appear that there is a ““worst-case’’
value of 6, from a reliability-based design viewpoint in which
both the mean and the standard deviation of the exit gradient
reach a local maximum at the same time. At this critical value
of 6, the higher m,, implies that on the average i, would be
closer to the critical value i, and to make matters worse, the
higher s, implies greater uncertainty in trying to predict i,.
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FIG. 9. Exit Gradient Standard Deviations (s,) versus Scale of
Fluctuation (8,) in 2D

3D

An identical set of parametric studies was performed using
the 3D mesh shown in Fig. 2. The flow is now free to meander
in the z-direction as it makes its primary journey beneath the
wall from the upstream to the downstream side. Although the
exit gradient is computed at 17 locations adjacent to the down-
stream side of the wall (16 elements) initial results are pre-
sented for the central location because this is considered to be
the point where the effects of 3D will be greatest. Figs. 1013
are the 3D counterparts of Figs. 6-9 in 2D.

Fig. 10 shows the variation in m;, as a function of COV, for
different 8, values. For low values of 6,, the mean remains
constant and even starts to fall as COV, is increased. For
higher 6, values, the mean exit gradient starts to climb, and,
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FIG. 10. Exit Gradient Mean (m,) versus COV, of Permeability
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FIG. 11. Exit Gradient Mean (m,) versus Scale of Fluctuation
(8,) in 3D

as was observed in 2D (Fig. 6), there is a critical value of 6,
for which the greatest values of m;,, are observed. This is seen
more clearly in Fig. 11 in which m, is plotted as a function
of 8,. The maxima in m,, are seen clearly and occur at higher
values of 8, ~ 4 m than in 2D (Fig. 7), which gave maxima
closer to 6, =~ 2 m. The maximum value of m, = 0.246 re-
corded in this particular set of results corresponds to the case
(COV, =8, 8, = 4 m) and represents an increase of 27% over
the deterministic value. This should be compared with the 37%
increase observed for the same case in 2D.

Figs. 12 and 13 show the behavior of s, as a function of
COV,; and 6,. Fig. 12 indicates that the standard deviation of
the exit gradient increases with COV, for all values of 6,, but
the extent of the increase is again dependent on the scale of
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FIG. 13. Exit Gradient Standard Deviations (s,) versus Scale
of Fluctuation (6,) in 3D

fluctuation as shown in Fig. 13, with the maxima occurring in
the range 9, = 24 m.

REPRODUCIBILITY

Before proceeding it is appropriate to show evidence of the
reproducibility of the results. This seems particularly important
when results are presented in statistical form. In this context,
the question of reproducibility is aimed at two main areas.

1. If an analysis involving a particular parametric combi-
nation and a particular number of realizations is repeated,
are similar results obtained?

2. Are 1,000 realizations sufficient for statistically stable
results in 3D?

In Figs. 14(a and b), two completely independent sets of
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FIG. 14. For Case 8, =16 m in 3D (1,000 Realizations) Repro-
ducibllity of: (a) m,; (b) s,

10"

results for a range of COV, values, all obtained using 1,000
realizations, are presented for the case when 8, = 16 m (the
highest value used in the present study). This particular value
of 6, was chosen because larger values of 6, generally require
more realizations for stability. The close reproducibility of
both the mean and the standard deviation of the exit gradient
is indicated. Reproducibility studies of a wide range of geo-
technical applications with Monte-Carlo simulations have been
reported by Paice (1997).

COMPARISON OF 2D AND 3D

Compared with 2D analysis, 3D allows the flow greater
freedom to avoid the low permeability zones. The influence
of 3D is therefore to reduce the overall “randomness’’ of the
results observed from one realization to the next. This implies
that the sensitivity of the output quantities to COV, will be
reduced in 3D as compared with 2D. In a study of seepage
quantities (Griffiths and Fenton 1997) the expected flow rate
was reduced as COV, was increased; however, this reduction
was more pronounced in 2D than in 3D. Similarly, in this
study of exit gradients, the change in m,, over its deterministic
value with increasing COV, is less than it was in 2D.

For the case of 8, = 2 m, Fig. 15 presents results for m,, in
both 2D and 3D. An additional 3D result corresponding to the
mean exit gradient at the edge of the wall also is included. A
consistent pattern is observed in which the 3D (center) result
shows the smallest increase in m,, and the 2D result shows the
greatest increase. An intermediate result is obtained at the edge
of the wall where the flow is restrained in one direction. The
boundary conditions on this plane will ensure that the edge
result lies between the 2D and the 3D (center) results.

Fig. 16 presents results for s;, for the same three cases. These
results are much closer together although the 3D (center) stan-
dard deviations record the lowest values,

In summary, the effect of allowing flow in 3D is to increase
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the averaging effect discussed earlier within each realization.
However, the difference between the 2D and 3D results is not
that great and it could be argued that a 2D analysis is a rea-
sonable first approximation to the “‘true’” behavior. In relation
to the prediction of exit gradients, it also appears that 2D is
conservative, in that the increase in m,;, with COV, observed
for intermediate values of 8, is greater in 2D than in 3D.

RELIABILITY-BASED DESIGN INTERPRETATION

A factor of safety applied to a deterministic prediction is
intended to eliminate any serious possibility of failure but
without any objective attempt to quantify the risk. Reliability-
based design attempts to quantify risk by seeking answers to
the following questions:

1. What is the probability that the actual exit gradient will

exceed the deterministic prediction (based on constant
properties throughout)?

2. What is the probability that the actual exit gradient will
exceed the critical value, resulting in failure?

The Monte-Carlo scheme described in this paper enables
probabilistic statements to be made. For example, if out of
1,000 realizations, 50 gave an exit gradient i, = 1, it could be
concluded that the probability of piping or erosion was of the
order of 50/1,000, or 5%. In general though, a histogram can
be plotted and the probabilities computed via standard tables
of the area beneath a normal curve.

2D

A typical histogram of exit gradient values corresponding
to 8, = 2 m and COV, = 1 for a 2D analysis is shown in Fig.
17. The ragged line comes from the frequency count obtained
over the realizations and the smooth dotted line is based on a
lognormal fit to that data. The lognormal fit has been scaled
such that the area beneath it equals unity. The good agreement
suggests that the actual distribution of exit gradients is indeed
lognormal. The mean and standard deviation of the underlying
normal distribution of In i, also is printed on the figure. It
should be noted that the relationships between the statistics of
ln i, and i, are given by

1
i, = eXp {}Lm.-, +3 O'fnr,} 2

o; = pifexp(oh) — 1} (3)

Because Fig. 17 shows a fitted lognormal probability den-
sity function, probabilities can be deduced directly. For ex-
ample, in the particular case shown, the probability that the
actual exit gradient will exceed the deterministic value of i,
= 0.193 is approximated by

#)

: + 1.
P 5 G103 = — & (mo 193 17508)

0.6404

where &(-) = cumulative normal distribution function. In this
case ®(0.17) = 0.57, thus

Pli, > 0.193] = 0.43 &)

and there is a 43% probability that the deterministic prediction
of g, = 0.193 is unconservative.
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FIG. 17. Histogram of Exit Gradients in 2D for Case 8,=2 m
and COV,=1
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A similar calculation has been performed for all the para-
metric variations considered in this study, In each case the
following probability was calculated:

Pli, > aiy] (®

where a = a simple scaling factor on the deterministic exit
gradient. When o = 1 [as in (5)], the result is just the proba-
bility that the actual exit gradient will exceed the deterministic
value. Larger values of o are interesting for design purposes
where a prediction of the probability of failure is required. In
the current example, the deterministic exit gradient is approx-
imately equal to 0.2, so it would be of interest to know the
probability of the actual exit gradient exceeding the critical
hydraulic gradient i, = 1. For this comparison therefore o
would be set equal to 5.

A full range of probability values in 2D has been computed
in this study and some selected results will now be described.
A set of probabilities corresponding to 8, = 2 m is presented
in Fig. 18. The mean and standard deviation of the exit gra-
dients reached a local maximum at this value (Figs. 7 and 9).

It should be noted that irrespective of the 6, or COV,,
P[i. > is] is always less than 50%. This is a reassuring result
from a design standpoint. The probabilities that approach 50%
correspond to a very low COV, and are somewhat misleading
in that the computed exit gradients have a very low variance
and are approaching the deterministic value. The 50% merely
refers to an equal likelihood of the actual exit gradient lying
on either side of an essentially normal distribution with a small
variance and a mean of i, For small COV,, this is shown
clearly by the sudden reduction to zero of the probability that
i, exceeds i, scaled up by a small factor (say 10% as indicated
by a = L.1).

As o is increased further, the probability consistently falls,
although each curve exhibits a maximum probability corre-
sponding to a different value of COV,. This interesting obser-
vation implies that there is a worst-case combination of 8, and
COV, that gives the greatest likelihood of i, exceeding iy,

In consideration of failure conditions, the value of P[i, =
11, as indicated by the curve corresponding to a = 5, is small
but not insignificant, with probabilities approaching 10% for
the highest COV, cases considered. In view of this result, it
is not surprising that for highly variable soils a factor of safety
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0,=2min2D

against piping of up to 10 has been suggested by some com-
mentators [see, e.g., Harr (1987)].

3D

An examination of the central exit gradients predicted by
the 3D analyses indicates that they are broadly similar to those
obtained in 2D,

Fig. 19 shows a typical histogram of the central exit gradient
value corresponding to 8, = 2 m and COV, = 1 for a 3D
analysis, This is the same parametric combination given in Fig.
17 for 2D. The fitted curve again indicates that the actual dis-
tribution of exit gradients is lognormal. The mean and standard
deviation of the underlying normal distribution of In i, also is
printed on the figure. In the case illustrated by Fig. 19, the
probability that the actual exit gradient will exceed the deter-
ministic value of i, = 0.193 is equal to 42% and is virtually
the same as the 43% given in 2D.

The probability of an unconservative design based on 3D
studies of a full range of COV, values with 8, = 2 m is shown
in Fig. 20 together with the corresponding results in 2D (o =
1). Although there are some fluctuations in the 3D results, the
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overall trend indicates a slight reduction in probability values
as compared with 2D. It appears that simpler and computa-
tionally less intensive 2D analysis of exit gradients will gen-
erally give sufficiently accurate and conservative reliability es-
timates of exit gradients.

CONCLUDING REMARKS

In this paper, random field methodology has been combined
with the finite-element method to study the exit gradient
caused by steady seepage beneath a single sheet pile wall em-
bedded in a layer of random soil. The influence of spatial
correlation of soil properties has been incorporated fully
through a scale of fluctuation parameter 6,. Both 2D and 3D
conditions have been considered.

The spatial correlation and the COV, of the input permea-
bility were varied over a wide range of values. For each par-
ametric combination, a Monte-Carlo process led to values of
exit gradients on the downstream side of the wall, which were
then processed statistically in the context of reliability-based
design.

Generally speaking the computed variance of the exit gra-
dient was considerably higher than other quantities of interest
in the flow problem such as the flow rate. This is hardly sur-
prising when one considers that the exit gradient is a derivative
quantity, which is dependent on the total head value computed
at a very specific location within the mesh at the downstream
exit point.

An interesting result was that the computed exit gradient
was found to reach a maximum for a particular value of the
scale of fluctuation, which lay in the range 6, = 2-4 m. The
higher end of this range was observed in the 3D studies and
the lower end in 2D.

When the results were interpreted in the context of reliabil-
ity-based design, conclusions could be reached about the prob-
ability of exit gradient values exceeding the deterministic
value or even reaching levels at which stability and piping
could occur. In 2D and for the particular case of 8, = 2 m, the
probability of the actual exit gradient exceeding the determin-
istic value could be as high as 50%, but generally lay in the
40% range for moderate values of COV,. The probability of
an unconservative deterministic prediction generally was
found to exhibit a maximum point corresponding to a partic-
ular combination of 8, and COV,. From a design point of view
this could be considered a worst-case scenario leading to max-
imum uncertainty in the prediction of exit gradients.

With regard to the possibility of piping, erosion, and even-
tual failure of the system, a relationship was established be-
tween the traditional factor of safety and the ‘‘probability of
failure.”” For the particular case mentioned earlier and assum-
ing that the critical exit gradient is of the order of i, ~ 1, a
factor of safety of five could still imply a probability of failure
as high as 10% if COV, also is high. This result suggests that
factors of safety as high as 10 may not be unreasonable for
critical structures founded in highly variable soil.

The 3D studies were considerably more intensive compu-
tationally than their 2D counterparts but had the modeling ad-
vantage of removing the requirement of planar flow. In 3D,
the flow has greater freedom to avoid the low permeability
zones; thus there is less randomness associated with each re-
alization. This was manifested in a reduced mean and standard
deviation of the exit gradient as compared with 2D. However,
the differences were not that great and indicated that 2D exit
gradients studies in random soils will lead to conservative re-
sults while giving sufficient accuracy.
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APPENDIX Il. NOTATION

The following symbols are used in this paper:

b = finite-element side length;
COV, = coefficient of variation (o/p.);
g, & = local average over ith element of standard Gaussian
field;
hi, hi—; = total head values at exit point;
i, = critical exit gradient;
ise = deterministic exit gradient;
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k;

Lx, Ly; Lz
My, Si,

Pli, > il

X2

i

exit gradient;

permeability of kth element;

mesh dimensions;

estimated mean and standard deviation of exit gra-
dient;

probability that exit gradient will exceed determin-
istic value;

Cartesian coordinate directions;

o

B,

ew Bh
Mers Oy
I—Lm O-f-
Minie Tinie
@

scaling factor on exit gradient;

scale of fluctuation of In k;

vertical and horizontal scales of fluctuation;

target mean and standard deviation of permeability;
mean and standard deviation of exit gradient;
mean and standard deviation of logarithm of exit
gradient; and

cumulative normal distribution function.
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PERFORMANCE OF DIAPHRAGM WALL CONSTRUCTED USING
Tor-DoOwN METHOD

By Chang-Yu Ou,' Member, ASCE, Jui-Tang Liao,” and Horn-Da Lin,” Member, ASCE

ABsTRACT: This paper presents the performance of an excavation using the top-down construction method.
Strut loads, wall displacement, wall bending moment, ground surface settlement, pore-water pressure and bottom
heave were measured. Results obtained from those observations are correlated with the construction activities.
Field observations indicate that strut loads, wall displacement, and ground surface settlement correspond to those
reported in the literature. Bending moments of the wall are studied based on the results of the rebar strain gauge
and inclinometer measurements. The supported wall and the soil near the wall have a deep inward movement,
which accounts for the magnitude of the lateral earth pressure acting on the wall. The behavior of the supported
wall and soil over time is consistent with the variation of pore-water pressure during excavation. Analysis of
excavations in soft clay should therefore consider the creep factors and/or pore-water pressure dissipation.

INTRODUCTION

Deep excavation in soft clay normally causes a large wall
deflection and large ground surface settlement. Excessive
ground surface settlement frequently damages the adjacent
property in urban areas. The characteristics of wall deforma-
tion and ground movement must be thoroughly understood to
protect the adjacent properties. Many investigators have pro-
vided studies of case histories, e.g., Karlsrud (1981), Mana
and Clough (1981), and Ou et al. (1993), to understand these
deformation characteristics. Furthermore, Finno et al. (1989)
developed an extensive monitoring program on the Chicago
subway excavation HDR-4 project. The observation items in-
cluded surface and subsurface three-dimensional soil move-
ments, pore-water pressures, sheet-pile deformations, and strut
loads. The strength and stress-strain behaviors of the soil at
the site were also studied thoroughly (Finno and Nerby 1989).
In that case, high pore-water pressures were monitored during
the sheet-pile driving, and very large ground movements were
observed. This study enhances the knowledge of braced ex-
cavations in soft clay.

Most of the cases reported in the literature were constructed
using the bottom-up excavation method. This method uses
temporary steel struts to support the excavation wall. Instal-
lation of the struts requires a relatively short period of time
(generally one to two weeks), depending on the size of the
excavation. The displacement behavior of the supported wall
and soil may change little during the period of strut installation
because the pore-water pressure in the clay typically does not
dissipate quickly. On the other hand, the top-down excavation
method uses concrete floor slabs to support the wall and some-
times requires long periods of time between two successive
excavation stages to construct the floor slab. Dissipation of
excess pore-water pressure or creep behavior in the soil can
have significant effects on the deformation behavior of the
wall and soil. For these reasons, a comprehensive monitoring
system was installed on the Taipei National Enterprise Center
(TNEC) excavation project, which was completed using the
top-down construction method. The TNEC structure is an 18-
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story building and has five basement levels. The site occupies
an area of about 3,500 m? as shown in Fig. 1. This paper
discusses strut loads, wall displacements, wall bending mo-
ments, ground movements, pore-water pressures, and bottom
heaves associated with construction.

GROUND CONDITIONS

As shown in Fig. 2, the subsurface conditions at the site
consist of six layers of alternating silty clay and silty sand
deposits overlying a thick gravel formation. The first and sec-
ond layers are a 5.6-m-thick silty clay (CL) and a 2.4-m-thick
silty sand (SM), respectively. The third layer is a 25-m-thick
silty clay (CL), and it is mainly this layer that affects the
excavation behavior in this case. The liquid limit for this layer
of clay ranges from 29 to 39, and the plastic index ranges
from 9 to 19. The silt and clay contents are in the range of
40% to 55% and 45% to 60%, respectively. The coefficient of
permeability (k) from one-dimensional consolidation tests is
around 4 X 107° cm/s. The coefficient of consolidation (c,)
ranges between 3 X 107 cm®s and 1.1 X 107* em?¥s. The
fourth and fifth layers are a 2-m-thick medium dense fine sand
and 2.5-m-thick medium to stiff clay. The sixth layer is an 8.0-
m-thick medium to dense silt or silty sand. A gravel formation
is located 46 m below the ground surface and has a standard
penetration resistance N value greater than 328 blows/m.

Fig. 3 shows variation of water content, effective overbur-
den pressure, and preconsolidation pressure with depth. The
preconsolidation pressure appears to correspond well with the
water content. The undrained shear strength was obtained from
unconsolidated-undrained (UU) triaxial tests, field vane shear
(FV) tests, triaxial Kj-consolidated undrained compression
(CK,U — AC) tests, and extension tests (CK,U — AE), as
shown in Fig. 4. The drained friction angle (¢') equals 30°.
In addition, three cone penetration tests with pore-water pres-
sure measurement (CPTU) were performed at the site. The
variation in undrained shear strength computed using the for-
mula provided by Roberston and Campanella (1989) from one
of the CPTU tests is also shown in Fig. 4, in which the em-
pirical cone factor, N,, is equal to 15.

Because creep behavior of the silty clay may affect exca-
vation behavior, a series of triaxial compression and lateral
extension creep tests was conducted. Both types of these were
consolidated isotropically prior to the creep test. Singh and
Mitchell’s parameters (1968), such as A,, m, and «, can be
obtained from the regression analysis of the test results. The
results of the tests indicate that the parameters obtained from
lateral extension creep tests are close to those from compres-
sion creep tests. This finding implies that the parameters from
the compression creep test can be used in the excavation anal-
ysis while considering the creep effects, in which lateral de-
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