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ABSTRACT: The earth pressure on retaining walls is often considered to be the “active pressure” or the “at rest pres-
sure” and may involve the passive pressure. However, in the case of swelling soils and when the top of the wall is inundated
for a long period of time, the pressure can be much higher than the active pressure. In this article, the pressure on retaining
walls generated by inundated swelling soils is investigated based on well-documented case histories and numerical simula-
tions using unsaturated soil mechanics principles. Because the swell pressure plays a critical role in this case, the swell
pressure prediction methods are briefly evaluated. The results of the case histories analysis and associated numerical simu-
lations include the maximum potential pressure diagram, the influence of the wall movement, and the time-dependent pres-
sure diagram. The inundation time is a major influencing factor, and the concept of the 100-year inundation period is devel-
oped as a design inundation time. In the unusual case where the inundation period is sustained for a long period of time, the
pressure diagram for swelling soils shows a much higher pressure toward the top of the wall compared to non-swelling soils.
In this extreme case, a shallow anchor is suggested to resist the pressure on walls retaining swelling soils; a vertical com-
pressible layer to reduce the pressure between the wall and the soil when it swells is another possible solution.
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INTRODUCTION

Retaining walls can be classified into two main categories: bottom-up walls such as gravity walls or MSE walls, and top-
down walls such as tieback walls or slurry walls. In the case of bottom-up walls, the wall is built from the bottom up by
erecting the wall first as a free-standing structure and compacting the backfill in lifts behind the wall. In the case of top down
retaining walls, the wall is typically constructed in the ground and, when ready, the soil in front of the wall is excavated with
or without the placement of anchors as the excavation depth increases. Clean coarse-grained soils are the backfill of choice
for bottom-up retaining walls. However, at times, the retained soil behind a top down retaining wall is a swelling soil. The
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swelling pressure will impact the pressure on the wall should the soil become inundated and swell during the design life of
the wall. In this case, this pressure needs to be evaluated and considered. Previous contributions related to this topic include
the work of Abdollah and Vahedifard (2021), Fourie (1989), Habib and Karube (1993), Liu et al. (2021), Liu and Vanapalli
(2017, 2019), Gu (2005), Mohamed et al. (2013), Zhang et al. (2020), Clayton et al. (1991), Brown (2013), and Katti et al.
(1983). This published work represents a mix of theoretical studies, small laboratory tests, centrifuge tests, and a few full-
scale instrumented wall projects. These publications were studied in preparation for this research, but preference was given
to full-scale measurements.

This article aims to answer the question: what pressure can such walls be subjected to? At first glance, one might think about
the swell pressure of the soil. On the other hand, one might think that the movement of the wall would reduce such a pressure.
Furthermore, the length of time of inundation behind the wall and the associated change in water content of the soil should
affect that pressure. Those factors and more are addressed through a combination of analysis of published case histories and
numerical simulations by the finite difference/P-y curve method using RSPILE (2024) on one hand and by the finite element
method using CODE_BRIGHT (2023) on the other hand. Because the swell pressure plays an important role in the process,
equations to predict the swell pressure are evaluated as well.

GUIDELINES

The number of published guidelines to estimate the pressure on walls retaining swelling soils is very limited. The ones de-
scribed next are the Canadian Foundation Engineering Manual (2006) recommendations, and the NAVFAC (1986) recom-
mendations. Note that, consistent with classical earth pressure theories and no surcharge at the top of the wall, the total active,
passive, and at rest earth pressures at a depth z below the top of the wall are given by (Briaud, 2013a):

o = Ky0,, — 2¢ /K, + au,, (1)
opn = Kp00p + 2¢' /K, + auy, )
Oonh = Koo-z;v +auy, ©)

where oan is the total active earth pressure at depth z, K, is the coefficient of active earth pressure, 6’y is the vertical effective
stress at depth z, ¢’ the effective stress cohesion, o the water area ratio (1 for saturated soils), u. is the water stress at depth
z, Oph 18 the total passive earth pressure at depth z, K, is the coefficient of passive earth pressure, oon is the total at rest
horizontal stress at depth z, and K, is the coefficient of earth pressure at rest. The earth pressure coefficients are function of
the effective stress friction angle ¢’. For the simple case of a Rankine earth pressure with a horizontal backfill and no friction
between the soil and the wall, the earth pressure coefficients can be estimated as follows:

'

_ 1-sing
Ka - 1+sin¢’ (4)
K = 1+sin @’ 5
P 1-sing' ®)
K, = (1 — sing ")OCRs"¥’ (6)

Where OCR is the Over-Consolidation Ratio. The Canadian Foundation Engineering Manual (2006) provides a recommen-
dation of using an earth pressure coefficient of 1 for rigid walls retaining swelling soils. NAVFAC DM7-02 recommends
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using K, to calculate the earth pressure with due consideration to potential poor drainage conditions, swelling, and frost
action. NAVFAC further comments that the active earth pressure may be inadequate even for yielding walls, that the swelling
pressure may be evaluated based on laboratory tests and that the wall may have to be designed to withstand swelling pressures.
Hong et al. (2010) considered three profiles: a passive earth pressure profile, a swelling pressure profile, and an at rest earth
pressure profile. They suggest using the passive earth pressure from the ground surface to the point where it intersects the
swelling pressure profile, then following the swelling pressure profile until it intersects the at rest earth pressure profile, then
switching to the at rest earth pressure profile below that point. As will be seen later, this recommendation, although based on
sound principles, may be very conservative. Brown (2013) recommends using the active earth pressure of the fully softened
drained shear strength of the retained soil. All these recommendations are very different; thus the need for this article.

SWELL PRESSURE PREDICTIONS

Because the swell pressure plays an important role in the selection of the horizontal pressure for walls retaining swelling
soils, various equations to predict the swell pressure based on commonly measured soil properties are reviewed here. The
goal is to recommend the most accurate equation by comparing predicted and measured values of the swell pressure ps. The
following equations were identified.

Komornik and David (1969)
logps = —2.132 4+ 0.0208LL + 0.000665y,; — 0.0269w (7

where ps is in kg/cm2, LL is the liquid limit in percent, yd is the total unit weight in kg/m3, and w is the water content in
percent. This equation is based on 125 data records.

Nayak and Kristensen (1971)
2
p = 3.5817 x 10‘2P11'12% +3.7912 (8)

where ps is in psi, PI is the plasticity index in percent, and C is the clay fraction in percent. This equation is based on 18 data
records.

Schneider and Poor (1974)

logps = —0.1234w + 0.0316PI + 1.896 )
where p; is in tsf. This equation is based on 61 data records.

Komornik and David (1969)

logps = —2.89 — 7.00w + 6.65C (10)
where p; is in kg/cm?. This equation is based on 10 data records.

The equations above are empirical and calibrated against databases of measured swell pressures. By combining all the data
records associated with these equations and further searching for swell pressure data in the open literature, a database of 239
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data records of measured swell pressures and associated basic soil properties was assembled. Each equation could then be
evaluated against this expanded database. The scatter plots of predicted versus measured swell pressures on logarithmic scales
using the expanded database for each equation is shown in Figure 1. In each plot, less than the total number of data record
(239) is used because each data record did not possess all the data necessary for each equation being evaluated. A measure
of the scatter was obtained by forming the ratio of the predicted over measured swell pressure (Pspred/Psmeas) and calculating
the mean p and standard deviation o of that ratio according to the normal distribution equations. The values of p and ¢ for
each equation are shown on each scatter plot. In addition to these scatter plots, another plot was created by using the average
of the four predictions. This scatter plot is shown on Figure 2; it indicates that the average of the four equations gives a

superior prediction to the individual ones since it gives an improved mean and standard deviation of the predicted over
measured swell pressure ratio.

Note also that ps is the swell pressure obtained in the laboratory by preventing any swelling after inundation also known as
the no-volume change swell pressure. Allowing some volume change during the test will reduce the value of ps. Furthermore
the initial water content of the soil will have an impact on ps as shown in the equations. In essence, a relatively dry soil behind

a very rigid wall is likely to develop much higher horizontal pressures than a relatively wet soil behind a flexible wall. Thus
these factors need to be considered.
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Figure 1. Predicted versus measured swell pressure by four equations.
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Figure 2. Predicted versus measured swell pressure by the average of the four equations.

SOME PREVIOUS STUDIES ON WALLS RETAINING SWELLING SOILS

There are only a few previous studies related to walls retaining swelling soils. In the laboratory, researchers have worked on
estimating lateral swell pressures in instrumented consolidometers and special triaxial tests (Komornik and Zeitlen, 1965;
Ofer ,1981). Thomas et al. (2009) suggest that the wall pressure distribution in the case of swelling soils should include the
swell pressure and propose a triangular distribution increasing with depth. They show that the factor of safety against sliding
decreases significantly when including the swell pressure. They recommend a design limit to the swell pressure to satisfy a
reasonable factor of safety against sliding and add some recommendations to achieve such a limit. Bilgin and Mansour (2013)
performed a parametric design study of a fictitious anchored wall and showed that including the swell pressure in the design
has a drastic impact on the embedment depth, on the anchor force, and on the maximum bending moment. None of these
studies address the issue of waterfront-time propagation into the soil behind the wall which has a significant impact on the
swell pressure to be considered in design. That is considered in this study.

ANALYSIS OF CASE HISTORIES OF WALLS RETAINING SWELLING SOILS

Table 1 shows the case histories of walls retaining swelling soils selected from the literature. The basic criterion was to find
walls retaining fine-grained soils with a plasticity index higher than 20%. Only 3 relevant case histories or large-scale labor-
atory experiments were found (Table 1). All soils are high plasticity clays and silts with a CH (high plasticity clay) or MH
(high plasticity silt) USCS classification. Some walls are unyielding, and some are allowed to move. The retained soils are
artificially inundated by ponding or by keeping boreholes full of water. The period of observation and inundation varies from
two months to two years. The pressure distributions obtained from the case histories are shown in Figures 3, 4, and 5. The
case histories are analyzed one by one.

Katti et al. (1983) wall. This wall experiment is also described in Joshi and Katti (1980) and in Kate and Katti (1980). This
is a large-scale experimental bottom-up wall at the Indian Institute of Technology in India, which is 3.0 m high, 1.65 m wide,
and 1.2 m long (Figure 3). As such it represents a fairly narrow bin filled with soil. The backfill is known locally as “black
cotton clay”; it has a liquid limit of 71.4%, a plasticity index of 29.4%, a shrinkage limit of 10.4%, 55% clay fraction, and
classifies as an MH. The backfill was compacted in lifts at a water content of 7% and a total unit weight of 13.1 kN/m3; this
unit weight seems quite low. Direct shear tests gave ¢’ = 10 kPa and ¢’ = 210. Vane tests gave an undrained shear strength
varying from 6 kPa at 0.1 m depth increasing to 59 kPa at 2.5 m depth averaging 50 kPa from 1 m down. The swell pressure
was determined to be 225 kPa for the oven dry soil. Water to foster the swelling of the fine-grained soil was provided to the
backfill for 67 days through the base, through the side in the back of the backfill and by ponding on the soil surface at the
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top. The water content after inundation increased to 55% at the surface with an average of 40% below 1 m depth. The pressure
on the wall due to inundation for 2 months is much higher than that given by a K, or even a K, distribution (Figure 3). Indeed,
the pressure reaches 250 kPa at a depth of 2 m, which is close to the swelling pressure. This is thought to be due to the low
water content at which the soil was compacted, giving it significant swell potential, and to the narrow bin effect which gen-
erates significant confinement; this confinement allows for the development of the full no-volume change swell pressure
similar to the laboratory swell pressure.

Clayton et al. (1991) wall. This is a large-scale bottom-up experimental wall at the Transport and Road Research Laboratory
in the UK which is 3 m high, 5 m wide, and 6 m long (Figure 4). A flexible metal wall is on one side of the container and a
rigid 1 m thick concrete wall is on the other side. The backfill was London clay which had a liquid limit of 78%, a plasticity
index of 49%, 60% clay fraction, and classifies as CH. It was compacted in lifts at a water content of 28.5% and a total unit
weight of 18.1 kN/m3. Unconsolidated undrained triaxial tests gave an undrained shear strength averaging 125 kPa. Consol-
idated undrained triaxial tests with pore pressure measurements gave ¢’ = 15 kPa and ¢’ = 190. The laboratory one-dimen-
sional swell pressure ps was 375 kPa. Forced inundation was induced by 2 m deep saturated boreholes (Figure 4) for 623
days. The maximum pressure on the walls was observed after 210 days of inundation; at that point the pressure distribution
was closer to being constant with depth than triangular and had values ranging from 21-26% of ps (Figure 4). This small
fraction of ps is attributed to the fact that, while ps is measured with unyielding confinement in the consolidometer, the ground
surface of the wall backfill can swell vertically. This reduces the horizontal swell pressure on the wall to an upper limit equal
to the passive earth pressure. In Figure 4, in addition to the measured pressure, several calculated profiles using Egs. 2 and 3
are shown. They are the total at rest pressure and the total passive pressure. For each one, two assumptions are made: a full
hydrostatic pressure starting at the ground surface and zero water stress in the soil mass. The passive pressure profiles match
the long-term profiles best. Note that the pressure on the wall decreased from 210 days to 692 days while inundation contin-
ued; this is likely due to softening of the London clay.

Brown (2013) wall. This is a full-scale outdoor top down retaining wall project in Manor, Texas, conducted by the University
of Texas at Austin (Figure 5). This research wall was built by constructing a row of 25 drilled shafts 0.61 m in diameter, 10.7
m in length, and with a center to center spacing of 0.76 m. Once the drilled shafts were constructed, one side of the row of
drilled shafts was excavated down to 4.6 m, leaving 6.1 m of embedment below excavation. The soil behind the wall was a
high plasticity clay with a liquid limit averaging 80% within the excavated soil depth and a corresponding plasticity index of
more than 40%, leading to a USCS classification of CH. The average water content within the retained depth averaged 25%
before excavation and inundation, and the average unit weight was 19.2 kN/m3. The undrained shear strength within the
retained depth averaged 72 kPa. The effective stress cohesion and the effective stress friction angle were 55 kPa and 17.70
respectively for the peak strength, and 6.5 kPa and 240 for the fully softened strength. The hydraulic conductivity was meas-
ured to be between 1 x 10-14 and 3 x 10-14 m/s. The no-volume change swell pressure was 57 kPa at a depth of 1.5 m, and
182 kPa at a depth of 4.6 m; therefore, the swell pressure increased approximately linearly with depth while being less than
the passive pressure. Many more details on the soil properties can be found in Ellis (2011).

The wall was instrumented primarily with inclinometer tubes in the drilled shafts to obtain the wall deflection profile, and
strain gages on the reinforcing bars of the drilled shafts to obtain the bending moment profile in the drilled shafts upon
excavation. The top of the wall deflected 25 mm toward the excavation during the 4.6 m excavation, after which it was
subjected to the natural weather for 580 days and deflected an additional 19.5 mm. Then the back of the wall was inundated
for 60 days and the wall deflected an additional 58.3 mm. Then after 210 days without inundation and no appreciable wall
movement, the back of the wall was inundated again for 120 days, during which the top of the wall deflected an additional
30 mm. In total, the top of the wall moved 132.8 mm or 2.9% of the retained height. The pressure on the wall was not
measured but inferred by differentiation from the measured deflection and moment profiles; the best fit inferred pressure
profile leads to pressures much smaller than the swell pressures. Based on all measurements and numerical simulations,
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Brown (2013) recommends designing such walls for the effective active earth pressure using the fully softened effective

strength parameters plus the hydrostatic pressure of the maximum realistic water table height.

Table 1. List of case histories of walls retaining swelling soils.

Authors . Wall dimensions and
No. and date Soil type Wall type water table (WT) Comments
MH, Pl =29.4%, ps = 220 . Compacted soil, in-
| Kattietal.  kPa, w = 7% before test, yare =  Bottom up, un- vj{c(i)emlhégr};, li)fs r:o undation from top,
(1983) 13.1 kN/m?, ¢’ = 10 kPa, ¢’ = yielding ’ .WT & side and bottom of
21°, s, =50 kPa tank for 67 days
Compacted soil
= 0, = - s
Clayton et Cj{’ Pl o 49%, ps 375E<Pa, W Bottqm up, un 3 m high, 5 m wide, 6 saturated with 2 m
2 = 28.5% before test, y = 18.1 yielding, yield- .
al. (1991) N , . m long, no WT deep sand drains for
kN/m°, ¢’ = 15 kPa, ¢’ = 19° ing
623 days
CH, PI1 > 40%, ps =27.2 to
181.9 kPa, waye = 25% before Top down can-  Drilled shaft 0.61 m di-  Water table at 2.44
3 Brown et test, ¢’peak = 55 kPa, ¢’ peak = tilever wall, ameter, 0.762 m center ~ m depth. Inundated
al. (2013) 17.7°, ¢ sofiencd = 6.5 kPa, ¢’ sof: row of drilled  to center, 4.6 m excava-  for 6 months in to-
tened = 24°, Sy ave =72 kPa, k = shafts tion, 6.1 m embedment tal
10 m/s

(a) Wall cross section (b) Pressure distribution
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Figure 3. Measured pressure distribution for Katti et al. (1983) wall:
(a) wall cross section, (b) pressure distribution (after Katti et al., 1983).
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(a) Wall cross section
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Figure 4. Measured pressure distribution for Clayton et al. (1991) wall: (a) wall cross section,
(b) pressure for metal wall (yielding), (c) pressure for concrete wall (unyielding) (after Clayton et al., 1991).
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Figure 5. Measured pressure distribution for Brown (2013) wall: (a) wall cross section,
(b) top of wall deflection versus time, (c) Deflection profile, (d) best fit inferred pressure profile (after Brown, 2013).

NUMERICAL SIMULATIONS OF WALLS RETAINING SWELLING SOILS

To better understand the influence of various key factors on the pressure against walls retaining swelling soils and to com-
plement the case histories studied, a series of simulations were undertaken using the fully coupled finite element program
CODE_BRIGHT (Olivera et al., 1996, CODE_BRIGHT Manual 2023). To represent the mechanical behavior of swelling
soils, a modified version of the Barcelona Basic Model (BBM) (Alonso et al., 1990) was adopted. A brief model description
is presented in the Appendix, and more details can be found in Sanchez et al. (2012). The Appendix also presents the hydraulic
models used in this research. The next section describes the modeling of swelling pressure tests (used to estimate the model
parameters) and the simulation of retaining wall cases.
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Simulation of Swell Test in Consolidometer

The behavior of the sample in the consolidometer for a constant volume swell test was simulated assuming a 2D Y-
axisymmetric geometry. Furthermore, considering the mechanical and flow conditions in a standard oedometer cell, only the
top half of the sample height was modeled. Figure 6 shows the 31.5 mm diameter and 9 mm high mesh adopted in this study
to represent a standard 63 mm x 18mm consolidation sample. An initial suction sy = 12MPa was assumed. The boundary
conditions prevented any movement in all directions. Water inflow at the top of the mesh was imposed by establishing a zero
suction boundary condition. Table 2 lists the BBM parameters adopted in this work. These parameters were obtained by
matching the swell pressure of 350 kPa, measured in an experiment conducted on a local natural shrink/swell soil (Figure 7).
The main clay properties are also listed in Table 2.

A c Water inflow boundary (s = 0 MPa)

/ r=31.5mm -

» 4

Al

Sp = 12 MPa
L0 RN
< Impermeable boundaries >
_____________ A A
Figure 6. Mesh dimensions and boundary conditions for the consolidometer swell test.
Table 2. Soil BBM model parameters and clay properties.
Kio Kso Knin V ass Ay a; Asp  Pref Liquid limit (%) 65
(MPa) (MPa) <o

001 002 10 03 005 00 00 00 001 i [t (V0 22

USCS classification CH
A r B k  Pso Dry unit weight (kN/m?%) 13.53

(1/MPa) (MPa) Initial water content (%) 14

011 07 125 003 001 Initial degree of satura- 41

tion (%)
pc M a €o Po- Saturated unit weight 17.47
(MPa) (MPa) (kN/m?)
01 103 06 0.95 0.2 Initial suction (MPa) 12
Permeability (m/s) 4.82 x 10!
P 0 A ko Pp b Fricti ()
riction angle 26
e ) gle ()
- Cohesion (kPa) 10
1 0.26 4.917x107  0.465 65
Overconsolidation ratio 2
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Figure 7. Constant volume consolidometer swell test: vertical pressure vs. time from the experiment.

The horizontal stress on the side of the consolidometer is plotted in Figure 8, along with the horizontal stress after removing
the vertical constraint at the top of the sample (free swell test). As expected, the horizontal stress is much lower for the free
swell test than for the no-volume change experiment. A free swell top boundary is much like a retaining wall boundary
condition where the top boundary is allowed to move/swell vertically. The reason the horizontal pressure on the vertical wall
of the consolidometer ring in the free swell test is much lower than the swell pressure in the no-volume change swell test is
that it is limited by the passive earth pressure of the soil, which is quite small for an 18 mm high consolidometer “retaining
wall” ring. Indeed, in this case, the passive wedge is able to form and move upward behind the steel ring wall.

For the parameters and conditions considered in this work, the no-volume change model predicts a lateral stress slightly
higher than the measured swelling pressure of 350 kPa. The literature reports lateral stresses both higher (e.g., Fourie, 1989;
Liu et al., 2021) and lower than the vertical stress (e.g., Zhang et al., 2020). It is also noted that the distribution of lateral
stresses is not uniform along the height of the sample. This is because we model this test as a boundary value problem. It is
worth highlighting that the adopted bulk modulus (i.e., equation A12 in the appendix) is not constant but depends on the
mean stress and void ratio. The clay is more compressible at the beginning of hydration than at the end because of the increase
in p during wetting, which induces a non-uniform distribution of void ratios and stress.
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Figure 8. Constant volume consolidometer swell test: lateral pressure on vertical wall from the simulation.
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Retaining Wall Simulation

Maximum pressure distribution

To study the development of the pressure behind a wall retaining a swelling soil subjected to wetting, a generic retaining wall
was adopted with a plane strain condition. The same swelling soil discussed in the swell test of the previous section was
adopted (i.e., same BBM parameters). The wall was 5 m high, and the outer boundaries were as shown in Figure 9. All
boundaries were prevented from moving, including the wall, except for the top boundary which was free to move. A ground
water level was set 10 m below the bottom of the wall. The initial suction in the soil was set at 12 MPa. The simulation was
performed by keeping the free surface at the top of the wall inundated (suction = 0).

i 25m L
5m Waterontop-
EESia meeeee s -
- g / /( i /,/ i \\Wi \\\\\\\\\\\\\t E\\“\f\\\\ AL \ - i,\

| ] f L ‘ Aais = ‘:: :\ Vo
AT ;NIRRT OO |
ST NN\
TR AL ERATATANA RN NN RN R

1 40 m J

Figure 9. Boundaries for wall simulation.

The output of the simulations was the pressure profile on the wall as a function of the time required for the wetting front to
propagate downward in the soil mass. Figure 10 shows the pressure profiles as a function of time. These pressure profiles are
bounded by two earth pressure profiles. The lower bound is the at rest earth pressure profile and the upper bound is the passive
earth pressure profile as the swell pressure cannot be larger than the passive earth pressure. The horizontal at rest earth
pressure Gon profile is calculated according to Eq. 3 with u,, equal to zero as the suction decreases to zero because of ponding,
and with Ko expressed as follows:

K, = (1 —sin¢@")OCRS™¥" = (1 —sin26) x 25"26 = 0,761 (11)
At the bottom of the 5 m high wall, this gives (Figure 10):

Oon = 0.761 x (13.53 x (1 + 0.14) X 5) = 58.7kPa (12)
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The horizontal passive earth pressure op, profile is calculated according to Eq. 2 with uy, equal to zero as the suction decreases
to zero because of ponding, and with K, expressed as follows:

1+sin @/ 1+sin 26
Kp = - g . = 2.561 (13)
1-sin @/ 1-sin 26

At the bottom of the 5 m high wall, this gives (Figure 10):
Opn = 2.561 X (17.47 x 5) + 2 X 10v¥2.561 = 255.7kPa (14)

Figure 10 shows that the pressure against the wall increases as the wet front propagates downward and the soil swells. The
maximum pressure is limited by the passive earth pressure and decreases to join the at rest earth pressure below the waterfront.
After 5 days, the highest pressure is 1 m deep and equal to 75 kPa, but after 40 days the pressure profile approaches the
passive pressure profile. In this case, the swell pressure is not reached, since it is 350 kPa, while the maximum passive
pressure is 255.7 kPa.

Figure 11 shows the same case, except with a swell pressure of 150 kPa. In this case, the bottom part of the pressure profile
does not reach the passive earth pressure and is limited by the swell pressure equal to 150 kPa. Figure 12 shows the same
case, except with a swell pressure of 81 kPa. Again, in this case, the bottom part of the pressure profile is limited by the swell
pressure equal to 81 kPa after 40 days of inundation. These cases show that the maximum pressure that can develop against
a wall retaining a swelling soil is as shown in Figure 13. This figure can serve as a guide for the maximum pressure that can
be exerted against a wall retaining a swelling soil.
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Figure 10. Pressure on 5 m wall with 350 kPa swell pressure and 4.82x10-10 m/s permeability as a function of time.
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Figure 11. Pressure on 5 m wall with 150 kPa swell pressure and 4.82x10-10 m/s permeability as a function of time.
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Figure 12. Pressure on 5 m wall with 81 kPa swell pressure and 4.82x10-10 m/s permeability as a function of time.
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Figure 13. Suggested maximum pressure distribution for walls retaining swelling soils.

Pressure distribution versus time

The maximum pressure distribution of Figure 13 requires a long period of inundation which may not be realistic. As such,
there is a need to develop a time-dependent pressure distribution behind such retaining walls. To regroup all the results of the
simulations, a non-dimensional time factor £ was defined as:

p== (15)

where k (m/s) is the soil permeability or hydraulic conductivity, t (s) is the elapsed time after inundation starts, and H (m) is
the wall height. For example, the time factor § for the 1 m deep point on Figure 10 would be:

-10
ﬁ — 4.82X10 >5<5><24><3600 =416 X 10_5 (16)

This time factor allowed for the regrouping of simulation results for different soil permeability, soil swelling pressures, and
elapsed time. The recommendations are then shown in Figures 14a, 14b, 14c for a 2 m high, 5 m high, and 10 m high wall
respectively. Note that these figures were generated for a high swelling pressure and thus the vertical swelling pressure lines
represent limits to be applied to the pressure diagrams.
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Figure 14. Suggested time-dependent pressure distributions for walls retaining swelling soils.
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Influence of wall movement.
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The 5 m high bottom-up wall was simulated after allowing for a 50 mm, a 15 mm, and a 0 mm (unyielding) horizontal
movement respectively. As can be seen in Figure 15, the wall movement decreases the 10-day pressure distribution. However,
the pressure distribution increases with time, as shown in Figure 16(a). A comparison between Figures 16(a) and 16(b) shows
that, overall, the pressure on the wall moving 50 mm is anywhere from 30-50% less than the pressure on the unyielding wall.
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Figure 15. Influence of wall movement on pressure against wall (after 10 days of inundation).
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Figure 16. Comparing (a) time-dependent pressure on unyielding wall and (b) time-dependent pressure on wall moving 50 mm.

Comparison with case histories

Two wall case histories were then simulated to verify that the numerical simulation could match the measured pressures. The
first case was Katty et al. (1983). The soil data given for that case history (Table 1) were used to develop the CODE_BRIGHT
parameters. This process included matching the swelling pressure of 225 kPa. The simulations were performed until the
inundation time of 67 days was reached. The results are shown in Figure 17 and indicate a good agreement between the
simulated pressures and the measured pressures. Again, the pressure against the wall reached the swell pressure, and more,
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because the bin effect provided by the narrow container (width over height ratio = 0.55) used in the experiment prevented the
passive earth pressure wedge to develop and limit the pressure against the wall except at the very top of the bin

0
L] E——
I M
0.5
£’ -
[ ]
~ s » Katti (1983) measuyred pressures\
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)
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' \
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Pressure on wall (kPa)

Figure 17. Measured and simulation pressures on wall for Katti (1983) experiment

The second case was Clayton et al. (1991). The soil data given for that case history (Table 1) were used to develop the
CODE BRIGHT parameters. This process included matching the swelling pressure of 375 kPa. The simulations were
performed until the inundation time of 692 days was reached. The results are shown in Figure 18 and indicate a reasonable
agreement between the simulation pressures and the measured pressures. In this case, the container was much larger for its

height (width over height ratio = 1.64) and allowed the earth pressure wedge to develop, thus limiting the pressure on the
wall to the passive earth pressure and not the swell pressure

0
\ \
\ \Q —e— Day 692 - Measured
\ .
\ - M- Day 692 - Simulation
0.5 1
\ KO (Zero water tention)
\
\ Kp (Zero water tention)
1 3
1 \‘ : = = = KO (Full hydrostatic)
s \ = . = Kp (Full hydrostatic)
\
£ \
\
£ 15 .
Q
Q \
o \
\
\
2 \
\
\
\
o \
2.5 \ ;
\
\ i \
\
: \
3 \ \
0 50 100 150 200
Total Horizontal Stress (kPa)

Figure 18. Measured and simulation pressures on wall for Clayton et al. (1991) experiment.
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NUMERICAL SIMULATIONS OF TOP-DOWN WALLS RETAINING SWELLING SOILS

Top-down wall simulations were performed using two approaches: the finite difference method associated with the P-y curves
analysis (RSPILE software) and the finite element method (CODE_BRIGHT software). In both cases, the simulated wall was
the Brown (2013) cantilever wall case history described earlier.

Top-downRretaining Wall Simulation
Finite difference approach with RSPILE

The top-down cantilever wall of Brown (2013) was simulated using the finite difference technique with the RSPILE software
(2024). A pressure diagram was applied above the excavation and P-y curves were input in the embedded portion of the wall.
The goal was to match, as closely as possible, the final measured deflection (Figure 19). Seven different cases were simulated
and are summarized in Table 3. The pressure diagram above the excavation level considered different possibilities, including
the active earth pressure, the swell pressure, superposition of both, and a fraction of the swell pressure. The P-y curves below
the excavation included two different approaches: pressuremeter P-y curves (Briaud, 2023b) and Reese P-y curves (Brown,
2013). The case which gave the best fit of the measured deflection profile (Figure 19) was Case 7 in Table 3. It was obtained
by trial and error (7 cases in Table 3), while adhering to earth pressure principles and realistic judgement. Case 7 is described
next in some detail.

The wall was simulated by using the reproducible wall section which is 0.762 m wide (drilled shaft diameter plus window
between shafts) with the bending stiffness of a 0.61 m diameter drilled shaft. This bending stiffness was calculated to be 9.08
x 107 kN.m for the uncracked section, and 2.44 x 107 kN.m for the cracked section. The pressure above the ground water
level (2.44 m depth) was chosen to be independent of the displacement (flat P-y curve). Since the measured swell pressure
profile increased linearly with depth, the pressure within the top 2.44 m was chosen to be a linearly increasing profile of a
fraction (21%) of the laboratory measured swell pressure. The 21% fraction was obtained by trial and error of a best match
between the measured and predicted profile of deflection versus depth. The pressure profile below the ground water level
(GWL) but above the excavation was the active earth pressure (effective pressure plus hydrostatic below GWL) using the
intact soil properties (not fully softened) as shown in Table 3, Case 1.

The P-y curves below the excavation level were pressuremeter (PMT) P-y curves estimated from the undrained shear strength
profile according to Briaud (2023) with one modification. The modification was to use a zero resistance P-y curve at the
excavation level. This was necessary because the measured deflection profile indicated a fair amount of deflection at the
excavation level; it was not possible to create such a deflection with a regular stiff clay PMT P-y curve, as it would lead to a
smaller deflection. The PMT P-y curves (Briaud, 2023b) for a cylindrical pile are elastic and perfectly plastic with a plastic
plateau value equal to pL X Bpie and a slope equal to 2.3 X Epm. The PMT limit pressure pL was estimated as 7su (Briaud,
2023a) and the PMT modulus Epy as 120s, (Bahmani, Briaud, 2021). The P value of these PMT P-y curves were then
multiplied by 0.5 to include the in-line group effect of the drilled shaft wall (Briaud, 2013b).
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Table 3. Finite difference cases to match Brown (2013) cantilever wall experiment.

Pressure diagram ncret . . Measur
CASE essure diag . P-y curves below Co crete Soil properties Calculated top easured
above excavation . section . top deflec-
No. excavation level used deflection (mm) .
level modulus tion (mm)
Swell pressure psw 160.8 mm for
. =57kPaatz=1.5 uncracked section,
Full swell pressure Pressuremeter elastic -
. . . . mm and psw =182 more than 300 mm
diagram increasing  plastic P-y curves us- i . 132.8 mm at
. . . _ L Uncracked kPaatz=4.6 m. for cracked section.
linearly with depth ing pL = 7suand ini- . ; o top of wall
. . _ section and Undrained shear 41% of swell pres-
1 corresponding tothe  tial slope P/y =276 and 72.6 mm
then cracked strength sy =76.6 sure matches the top .
lab-measured swell sy further reduced by . . at excavation
LESSUTES — 1o active 50% for in-line section kPa at excavation deflection fpr the level
p ressure ol level and su=287.3  cracked section but '
p ’ group kPa at bottom of not the complete de-
wall flection shape
Fully softened
shear strength fric-
Active triangular e i 132.8 mm at
el Uncracked zero cohesion to be 48.0 mm for ’
earth pressure plus . . . . top of wall
. section and consistent with uncracked section
2 hydrostatic water Same as Case 1 and 72.6 mm
. then cracked Brown 2013 final and 110.7 mm for .
pressure with GWL . . . at excavation
section recommendations. cracked section
at ground surface . level
Undrained shear
strength same as
case 1
Uncracked 32.1 mm for ! 3) 2‘?) " wal?t
3 Same as Case 2 but Same as Case 1 section and Same as Case 2 uncracked section an dp72 6
GWL at 2.4 m depth then cracked and 71.7 mm for .
N . at excavation
section cracked section
level
Same as Case 1 with peEsCamy 1l it 132.8 mm at
Uncracked swell pressure. 83.0 mm for
full swell pressure . . top of wall
. section and Same as case 2 for uncracked section
4 but plus active earth Same as Case 1 . and 72.6 mm
then cracked active pressure. and 222.0 mm for .
pressure and hydro- . . at excavation
. section Same as case 1 for cracked section
static pressure level
P-y curves
Same as Case 2 but sﬁgs\fzif};y c= 30i 2011;1 1328 at
¢ Elastic-plastic ~ Initial slope of P-y ~ 88.5 mm for the elas- top of wall
the P-y curves below a group reduction - . .
5 : cracked sec- curve =101.8 tic plastic cracked and 72.6 mm
excavation are those factor equal to 0.62 . 3 . .
tion KN/m?. section at excavation
of Brown (2013) as suggested by level
Brown (2013)
(s s 133 mm for the elas-
Reduced swell pres- meter P-y curves. . . 132.8 mm at
. . . . tic plastic cracked
sure diagram with Same as Case 1 but  Elastic plastic section. The whole top of wall
6 21% of lab measured ~ with zero resistance cracked sec- Same as Case 1 " and 72.6 mm
. . deflection profile .
swell pressure above at the excavation tion at excavation
. matches well the
the excavation level and 50% of pL level
measurements
at wall bottom
Reduced swell pres-  Same as case 6. Re-
sure diagram with duced pressuremeter 133 mm for the elas-
o . . 132.8 mm at
28% of lab measured ~ P-y curves. Same as . . tic plastic cracked
. Elastic-plastic ; top of wall
7 swell pressure above  Case 1 but with zero cracked sec- Same as Case 1 section. The whole and 726
GWL and active resistance at the ex- . deflection profile .
. tion at excavation
earth pressure plus cavation level and matches very well level
hydrostatic water 50% of pLat wall the measurements
pressure below that bottom
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Figure 19. Measured and fitted profiles for Brown (2013) wall corresponding to Case 6 in Table 3: (a) Deflection,
(b) Bending moment (measured data from Brown, 2013).

Finite element approach with Code Bright

The top-down cantilever wall tested by Brown (2013) was also simulated by using the software CODE_BRIGHT. The input
parameters for the simulation were obtained by matching the field and lab tests results, such as particle size distribution, in-
situ moisture content and total unit weight, permeability tests and direct shear tests. The model parameters were validated
against swelling pressure laboratory tests. The mesh dimensions are shown in Figure 20. The loading and subsequent
inundation sequences followed the full-scale wall testing sequence. To impose the wall’s mechanical boundary conditions,
we adapted the mixed von Neumann and Cauchy type boundary conditions available in CODE_BRIGHT (CODE_BRIGHT
Manual, 2023). These conditions allow us to address situations that fall between the two typical extreme cases of “no
movement” and “free to move,” as in the example analyzed here.

The top deflection of the wall versus time shown in Figure 5b is repeated in Figure 21, along with the simulation results.
Point O to Point A corresponds to the 4.6 m excavation. Point A to Point B corresponds to time-dependent movement only
without any weather simulation. Point B to Point C to Point D corresponds to the first forced inundation (2 months). Point D
to Point E corresponds to a no-action period with only time-dependent movement. Point E to Point F corresponds to the
second forced inundation (4 months). The measured data shows, and the simulation confirms, that apart from the initial
excavation, it is the inundation which created most of the deflection. As such, any guidelines should be based on the soil
swelling process.
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Figure 21. Measured and predicted movement of the top of the wall (measurements from Brown, 2013).
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CHOICE OF A DESIGN EVENT FOR CALCULATING THE WALL PRESSURE

As was shown, the pressure developed against the wall by swelling depends on the time of inundation and on the permeability
of the soil. The permeability of the soil can be obtained by testing. The question is to know what a reasonable period of
inundation is for design purposes. To answer this question, the concept of the return period for a rainy period was developed
as follows. The 100-year flood is a flood which has a probability of 0.01 or 1% in any one year of being exceeded. Similarly,
the 100-year rainy period is defined here as the number of consecutive rainy days, which corresponds to a probability of
exceedance of 0.01 in any one year. A rainy day is defined in a number of ways:

1. aday with a precipitation larger than zero

2. aday with a precipitation larger than 25 mm
3. aday with a precipitation larger than 50 mm
4. aday with a precipitation larger than 75 mm

A simple way to obtain this 100-year rainy period is described next by using an example. It follows the semi log plot approach
for flood frequency analysis. Figure 22 presents the daily precipitation record in Houston from 1950 to 2023, or for a span of
73 years. For each year, the longest number of rainy days in a row is tabulated. Then, the longest annual rainy periods are
organized and ranked in the descending order of number of days for the 73 years. The probability of exceedance is calculated
for each year as the rank divided by the number of observations plus 1. A plot of the number of yearly rainy periods (number
of rainy days) versus the decimal logarithm of the probability of exceedance is prepared (Figure 23). A regression line is
fitted to the data, and the number of days corresponding to a chosen probability of exceedance can be obtained (Table 4). If
one wishes to be consistent with many hydraulic designs, the 100-year return period can be chosen; for Houston, the 100-
year rainy period would be 10 days with any rain, 4 days with at least 25 mm of rain, 3 days with at least 50 mm of rain, and
2 days with at least 75 mm of rain. The FEM simulations for the bottom-up wall and the top-down wall considered an
inundation period, which means that water is ponded behind the wall for that many days. The question is how much rain per
day would lead to a 24-hour inundation. It seems reasonable to assume that a significant amount of rain would be necessary;
thus, the rainy period in Houston would be, at most, a few days.
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Figure 22. Daily rainfall in Houston, Texas, from 1950 to 2023 (NOAA records).
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Figure 23. Continuous rainy period in days versus probability of exceedance in percent for Houston, Texas (1950-2023).

Table 4. Number of rainy days for Houston, Texas, for the 100-year return period.

Anv rain Days with > 25 mm of Days with > 50 mm of Days with > 75 mm of
y rain rain rain
10 4 3 2

DISCUSSION AND CONCLUSION

The pressure on walls retaining low water content swelling soils which become inundated can be much higher than the
pressure on walls retaining non-swelling soils. The maximum possible pressure is the passive earth pressure of the soil. Above
the ground water level, this passive earth pressure should be calculated by assuming zero water stress as the inundation
decreases the suction to zero. The swell pressure is another limiting pressure. A review of four correlating equations to predict
the swell pressure from common laboratory soil properties helps to identify the best correlation equation. The best predictions
are given by the average predictions of the four selected equations.

The maximum pressure at any depth above the ground water level for a very long period of inundation is the smaller of the
passive earth pressure and the swelling pressure. The minimum pressure at any depth is taken here as the at-rest earth pressure
with zero water stress. The maximum pressure diagrams are illustrated in Figure 13. The time duration of the inundation
period is critically important and the concept of a design inundation period corresponding to a chosen recurrence interval is

ISSMGE International Journal of Geoengineering Case Histories © Vol. 8, Issue 4, p.24



N GEOENGINEERING
RWYZ CASE HISTORIES DOI: 10.4417/lJGCH-08-04-01

proposed. This concept is similar to the selection of a flood such as the 100-year flood for design purposes. The process to
obtain the 100-year inundation period is outlined and is found to be between 2 and 10 days for Houston, Texas, depending
on how much rain is considered to be sufficient to create complete around-the-clock inundation.

A non-dimensional time factor is proposed to regroup the influence of the soil permeability, the inundation time, and the wall
height. Plots of pressure against the wall as a function of the time factor are suggested, and an example pressure diagram
using that concept is presented. The wall movement is found to reduce the wall pressure by 30-50%. However, the wall
pressure does increase with time and, for very long inundation periods, can go back to the no-movement condition.

Based on matching the measured and simulated displacement profile of a full-scale instrumented cantilever wall, it is shown
that even after 6 months of inundation, only 21% of the swell pressure is applied by the soil to the wall. Therefore, for a
reasonable number of rainy days and for a soil permeability consistent with high swelling potential soils, it is unlikely that
the pressure behind a wall retaining low water content swelling soils will lead to a significantly higher pressure compared to
non-swelling soils.

All in all, the major difference in pressure distribution between a wall retaining non-swelling soils and a wall retaining
inundated swelling soils with low initial water content is that the pressure near the top of the wall can be larger in the latter
case. If such a situation is not addressed, this could lead to the wall tipping over (Figure 22). In this case, the best solution is
to place an anchor near the top of the wall to resist the added pressure if the soil swells. Another solution is to place a thick
vertical compressible joint material immediately behind the wall to absorb, by compression, the pressure generated by the
soil and thus not transfer the pressure to the wall.

Figure 22. Wall retaining swelling soil with long-term inundation by a lawn watering system.
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APPENDIX

Example Calculations

The following example helps explain how to use the proposed guidelines. The wall height is 5 m, the soil is a swelling soil
with a permeability of 5x107'° m/s and a swell pressure is 150 kPa, and the inundation time is 2 days. The time factor £ is:

-10
ﬁ — 5x10 X';‘><24><3600 =26X 10_5 (17)

The position of the pressure diagram for § = 2.6x10-5 is estimated from Figure 14(b) and represents the pressure diagram.
The increase in pressure is located close to the ground surface and is quite small. If the increase in pressure was significant,
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a shallow anchor would help minimize the wall from moving in a tip-over displacement. This anchor capacity could be
calculated to resist the shallow pressure in excess of the at-rest earth pressure.

Mechanical Constitutive Model

The Barcelona Basic Model (BBM) was adopted to represent the mechanical behavior of the soil (Alonso et al., 1990). The
model is formulated in terms of the three stress invariants (p; J; 8) and suction, defined as,

1
p= g (O'X-i—O'y-l-O'z) (A1)
J=h trace(sz) (A2)
0= —%sin_l(l.S\/g det s/J3) (A3)
with:
s=o0—-pl (A4)

where I is the identity tensor.

The trace of the yield function on the isotropic p-s plane is called the LC (Loading-Collapse) yield curve because it represents
the locus of activation of irreversible deformations due to loading increments or wetting (collapse compression). The position
of the LC curve is given by the value of the hardening variable p,*. The BBM yield surface (F) is then expressed as:

F =3~ 22 M2 + p) (o ~ 1) = 0 (A3)
—aon] M@ +p)(po—p

When yielding takes place, the increment of plastic deformations is evaluated through:
po— 5%
=1 (A6)
where G is the plastic potential as follows:

9 2
G = ag3)? = [-22] M2 (p + p)(po —p) = 0 (A7)

where a,; is the material parameter that controls the degree of non-association, determined according to (Alonso et al., 1990).

The hardening law is expressed as a rate relation between the volumetric plastic strain and the saturated isotropic pre-
consolidation stress ‘p”y’, according to:
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Ly _ —( & (A8)

The dependence of the tensile strength on suction is given by:
ps = ks (A9)
The dependence of py on suction is given by:

A(O)—K

Po = Pe (g)l“)_" (A10)

The compressibility parameter for changes in net mean stress for virgin states of the soil (4(5)) depends on suction according
to:

Aisy = Aoyl + (1 =) exp(—Ps )] (A11)

The bulk modulus (K) for changes in mean stress is evaluated with the following law:

K= (1+e)

p (A12)

The bulk modulus for changes in suction is computed according to the following law:

1+ +
ARCIIETN -

5

The variation of stress-stiffness with suction and the variation of swelling potential with stress and suction have been
considered. The resulting elastic volumetric strain is obtained through:

o K é Ks s

& = qrep T (1ve) (s+0) (AlD)

and the elastic deviatoric strain is obtained as:

< ;

&&= — (A15)
Gt
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where (CODE_BRIGHT Manual, 2023):

Kk = Kk;(1 + ags) (A16)

Ks = K50(1+ Asp lnp/pref) (A17)
_3(1-2wK

G, = 2t (A18)

Constitutive Models Related to the Hydraulic Behavior

Advective fluxes are computed using the generalized Darcy’s law, expressed as:

q, = -K,(VP, — pg); (A19)
The permeability tensor is evaluated according to:

K, = k2 (A20)
The dependence of intrinsic permeability on porosity has been based on Kozeny’s law (Sanchez et al.., 2012b):

k = kyexp[b(ny — ng)]I (A21)
The well-known power law has been adopted to describe the dependence of liquid permeability on degree of saturation:

ke =S (A22)

A value of ns = 3 was adopted. The water retention curve relates the degree of saturation of the material with suction. The
law adopted is based on the van Genuchten model (van Genuchten, 1978), as follows:

s, = [1 + (P—)lll] (A23)
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