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Expanded polystyrene (EPS) geofoam (geofoam block) is commonly used as a lightweight fill for many
civil engineering applications. However, when used for slope remediation, the behavior of geofoam block
for slope systems undergoing seepage flow is not well known. In this study, a total of 36 laboratory
lysimeter experiments (dimensions of 60 cm height, 20 cmwidth, and 200 cm length) were conducted to
investigate the behavior of sandy slopes containing geofoam blocks as a lightweight fill material. These
experiments were conducted with three different values of constant water pressure in the water
reservoir located at one end of the lysimeter. In addition, three different configurations of geofoam block
were tested with geofoam blocks placed on the face of the packed sandy slope. The dimensions of the
geofoam blocks were 2.5 cm high, 5 cm wide, and 15 cm long to achieve a 1:20 scale corresponding to
actual block size that is commonly manufactured. Laboratory physical test results were quantified by
coupled seepage flow and slope stability models showing the adverse effect of seepage on the factor of
safety (FS). Geofoam block configurations were found to be stable against seepage conditions which
would cause a shallow-seated failure of the slope in the absence of the geofoam blocks. This is due to the
fact that the geofoam blocks could completely fill the mass of the existing slope material subjected to
failure. However, the geofoam block configurations were unstable against seepage conditions that
resulted in deep-seated failures of marginally stable, sand slopes.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Expanded polystyrene (EPS) geofoam (geofoam block) is a
lightweight, closed, cellular, geosynthetic material which is used
for many civil engineering applications, e.g., compressible in-
clusions (Negussey and Sun, 1996; Horvath, 1997), seismic buffers
(Bathurst et al., 2007; Zarnani and Bathurst, 2007), lightweight
embankment fills (Beinbrech and Hillmann, 1997; Bartlett et al.,
2000, 2001; Aabøe, 2011), railway embankments (O’Brien, 2001),
settlement mitigations (Farnsworth et al., 2008), ground vibration
isolations (Murillo et al., 2009), and pipeline protections against
earthquakes (Lingwall, 2011; Bartlett et al., 2011). The strength and
dynamic properties of geofoam blocks have been extensively
investigated in previous research (Duskov, 1997; Elragi, 2000;
Trandafir et al., 2010; Ossa and Romo, 2010), and recommended
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design guidelines for highway embankments have been provided
by Stark et al. (2004a, b).

Nonetheless, slope stability has been one of themajor challenges
for geotechnical engineers. Seepage and piping are the common
causes of reported slope failures for embankments, levees, earth
dams, hillslopes, and streambanks (Fox and Wilson, 2010). Reme-
diation of such failures costs billions of dollars per year (e.g., con-
struction of retaining walls, soil-nail walls, land acquisitions for the
right-of-ways to flatten the slopes, etc.). Reducing the driving force
of the potential slide is a viable and economical option for increasing
the factor of safety of slopes. For this reason, several lightweight fill
materials such as tyre bales (Prikryl et al., 2005), shredded tires
(Read et al., 1991), wood chips (Coulter, 1975; Kilian, 1984), pumice
(Sharma and Buu, 1992), and geofoam blocks (Yeh and Gilmore,
1989; Jutkofsky, 1998; Jutkofsky et al., 2000; Sheeley, 2000; Reuter
and Rutz, 2000; Reuter, 2001; Negussey, 2002; Mann and Stark,
2007) have been successfully used to remediate slopes.

Application of geofoam blocks for slope stabilization was
implemented in projects in Japan, largely in the mid-1980s to the
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mid-1990s (EDO, 1996). The Japanese design procedure for the use
of geofoam blocks for slope stabilization includes many of the steps
included in the recommended design guideline for stand-alone
EPS-block geofoam embankments over soft soil by Stark et al.
(2004a, b). In addition, although Tsukamoto (1996) and Negussey
(2002) provided general design guidance for the use of geofoam
blocks in slope stability projects, these authors do not provide
specific guidelines or procedures.

The National Cooperative Highway Research Program (NCHRP)
funded a study to develop design guidelines for use of geofoam
blocks for slope stabilization and repair projects (NCHRP Project
24-11(02)). Based on this study, the framework for interim design
guidelines (Arellano et al., 2009, 2010) and the recommended
design procedures (Arellano et al., 2011a,b) were presented for
geofoam block for slope stabilization and repair. In these studies,
major components of geofoam block slope systems have been
defined and external, internal and pavement system failure modes
have been conceptually studied. Complete design procedure algo-
rithms for geofoam block slope fills were presented based on
conceptual failure modes.

As a result of NCHRP Project 24-11(02), Arellano et al. (2011a)
presented a comprehensive document that provided design guid-
ance to facilitate the use of geofoam blocks for slope stabilization
and repair. This design procedure is based on the assumption that
the adjacent slope is self-stable; however, supporting structures
such as structural facing wall, retaining wall or anchored facing
systems can be considered to prevent horizontal sliding of the
geofoam blocks due to a non-stable adjacent slope. In addition, this
design procedure does not address the presence of hydraulic (i.e.,
seepage) forces acting on the geofoam blocks. Many of the geofoam
slope case histories evaluated in the NCHRP 24-11(02) project
included the use of underdrain systems below the geofoam blocks,
and in some cases drainage system between the adjacent upper
slopematerial and the geofoam blocks were implemented to collect
and divert seepage water and thereby alleviating such forces
(Arellano et al., 2011a). Based on this current design philosophy and
precedent, the design guidelines recommended that all geofoam
block slope systems incorporate permanent drainage systems to
prevent water from accumulating above the base of the geofoam
blocks (lowest level of geofoam blocks). However with time,
groundwater tables may rise due to clogging of drainage systems
resulting from improper design and/or maintenance, and this could
adversely affect the stability of the slope. Therefore, this situation
should be evaluated for the long-term behavior of geofoam block
slope systems subjected to seepage flow.

There is an uncertainty about selecting the strength properties
of geofoam block for external slope stability analysis (Stark et al.,
2004a; Arellano et al., 2011a). Until now, these analyses were not
studied using laboratory physical geofoam block slope models.
Arellano et al. (2011a) recommended conducting further research
using numerical modeling, physical testing, and/or observation of
full-scale structures to determine whether or not an external slope
stability failure induces failure through individual geofoam blocks,
or whether the geofoam blocks remain intact and displace as in-
dividual elements as a result of slope instability.

The overall objective of this study is to evaluate the stability of
geofoam blocks with seepage forces present. This is accomplished
by observing the behavior of geofoam block slope systems under
seepage using scaled, laboratory experiments with a marginally
stable, adjacent, sand slope. For this purpose, small scale (1:20)
laboratory physical slope modeling technique under normal gravity
(1-g model test) has been adopted. This method has been success-
fully performed by various researchers (Leshchinsky and Lambert,
1991; Yoo, 2001; Dash et al., 2003; El Sawwaf, 2007; Latha and
Somwanshi, 2009; Choudhary et al., 2010; Kousik et al., 2011).
Even though the 1-g small scale laboratory physical model test is a
valuable technique, because of the scale effect it may not represent
the same behavior of the field prototype (Choudhary et al., 2010)
due to the differences in stress levels (El Sawwaf, 2007). Therefore,
while the results of this research are relevant to revealing insights of
failure mechanisms of sandy slopes remediated by EPS-block geo-
foam under seepage forces at 1:20 scale, they cannot be directly
used for field prototypes. Nonetheless, this research also includes
coupled seepage and stability numerical modeling to aid in the se-
lection of the hydraulic and strength properties required of geofoam
block used in external stability analysis under seepage.

Sandy slopes are known to be susceptible to instability resulting
from seepage flow (Fox et al., 2006, 2007; Wilson et al., 2007).
Physical laboratory slope models have been successfully performed
to evaluate seepage and infiltration induced slope stability prob-
lems (Fox et al., 2006; Lourenço et al., 2006; Chu-Agor et al., 2008;
Ching-Chuan et al., 2009; Jia et al., 2009; Yan et al., 2010;
Schnellmann et al., 2010; Lee et al., 2011). It is essential that po-
tential seepage-induced instability of geofoam block slope systems
is well understood by exploring behavior of physical models in
order to design appropriate remedial solutions.

2. Materials and methods

2.1. Laboratory lysimeter studies

A total of 36 lysimeter experiments were performed in this
study. Following Fox et al. (2006) and Wilson et al. (2007), the
lysimeter was constructed using 1-cm-thick Plexiglas and had the
dimensions of 200 cm length, 20 cm width, and 60 cm height to
mimic field conditions of a slope under seepage in the laboratory
(Fig. 1a). The reason for choosing a 200-cm lysimeter, which is
longer than the 100-cm length slope used in the experiments
(Fig. 1b), was to better represent the real field conditions where the
failed mass of the slope often displaces to the toe of the slope and
provides additional resistance to further displacement. The longer
lysimeter also prevented the failed soil mass from exiting the soil
compartment, thus allowing an accurate dischargemeasurement of
seepage flow that was free of any suspended sediment at the outlet
section. Such measurements were acquired using a digital scale
placed at the outlet section of the lysimeter.

The lysimeter had a water reservoir located at one end. This
reservoir was used to supply a constant water pressure head
creating a hydraulic gradient in the slope and inducing seepage
through the slope. Experiments started at the time water was
supplied to the reservoir. Three different constant water pressure
heads (25 cm, 38 cm, and 50 cm water pressure head) were sup-
plied by overflow openings located on the wall of the water
reservoir. Constant water pressure heads were maintained by
feeding water into the reservoir via an inflow tube during the ex-
periments. A stainless steel mesh having an opening size of
0.063 mm (equivalent to No. 230 sieve size) and a perforated 1-cm-
thick Plexiglas plate with 8-mm diameter holes was placed be-
tween the reservoir and the soil compartment of the lysimeter. This
type of a divider combination allowed resistance against the lateral
forces created by these two compartments while preventing any
soil entry into the water reservoir from the soil compartment
during the sand placement and execution of the experiments.

During the experiments, pore-water pressures (h) generated by
seepage flow inside the slope were measured by 22 pencil-size
tensiometers (Soil Measurement Systems, Tucson, AZ, USA)
installed on one side of the lysimeter (Fig.1a). The porous cup of the
tensiometers had an outside diameter of 0.67 cm and a length of
2.54 cm andwas attached to a tubewhichwas 7.5 cm long. The tube
had a three-way valve with a pressure transducer attached on the



Fig. 1. (a) Laboratory setup included lysimeter, tensiometer, pressure transducer, and datalogger (b) soil packing in the lysimeter.
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other end. These tensiometers were used in previous soil column
studies and were effective for monitoring pore-water pressure
dynamics (Akay and Fox, 2007). All tensiometers were equipped
with bi-directional pressure transducers (ASDXRRX005PDAA5,
Honeywell Sensing and Control, Golden Valley, MN, USA) capable of
measuring pressure heads in a range from �345 cm-H2O
to þ345 cm-H2O (�5 psi). The data measured by the pressure
transducers were collected at 10-s intervals by a datalogger
(CR1000 w/multiplexer, Campbell Scientific, Logan, UT) for pro-
cessing and storage. The locations of the tensiometers and their
assigned numbers are given in Fig. 2. Experiments were performed
until the tensiometer readings reached steady-state.

In addition to the soil pore-water pressure data collected by the
datalogger and cumulative discharge collected by the digital scale,
elapsed time from the start of an experiment to seepage initiation
at the slope face (time of seepage) and time of final failure of a slope
Fig. 2. Lysimeter showing location of tensiometers (x
were recorded during an experiment. During the experiments, the
physical condition of the slope was monitored with time using
digital photography taken at preset intervals of one minute.

The soil was air-dried before each experiment to a moisture
content value of 6e10 percent (measured according to ASTM
D2216) to ensure uniform compaction. The soil placed in the soil
compartment of the lysimeter was uniformly compacted in 2.5-cm
lifts to obtain a single-layered slope with a dry density of 14 kN/m3.
The basal sand lift was compacted to a higher relative density for
providing a leveling course (bedding sand) for geofoam blocks. The
constructed slope had a 45� slope angle (1:1 horizontal:vertical)
with the following dimensions: 100 cm length, 55 cm height, and
20 cm width (Fig. 1).

The sand properties were selected to be representative of
granular fill material typically used in slopes and other civil engi-
neering embankment applications (Table 1). The specific gravity
, y) given reference to the toe of the slope (0, 0).



Fig. 3. Soil moisture characteristic curve of van GenuchteneMualem model (van
Genuchten, 1980) obtained by RETC using 100 test points.

Table 2
Laboratory measured saturated hydraulic conductivity, Ksat, and soilewater reten-
tion parameters of sand and calibrated Ksat for lysimeter experiments.

Ksat

(cm s�1)
van Genuchten parametersa

qs [e] qr [e] a (cm�1) n [e]

Laboratory measured
parameters

0.0285 0.45 0.0 0.0944 2.3093

Calibrated Ksat for
lysimeter experiments
Matrix25cm10042012 0.0276 e e e e

OneRow25cm13042012 0.0195 e e e e

OneRowPartial
Top25cm13042012

0.0222 e e e e

OneRowPartial
Bottom25cm10042012

0.0279 e e e e

a qs ¼ saturated water content, qr ¼ residual water content, a ¼ inverse of air-
entry pressure (bubbling pressure), n ¼ pore-size distribution index.

Table 1
Material properties of soil and geofoam blocks used in the laboratory lysimeter
experiments.

Property Description & unit Value

Material: sand
Classification Unified soil classification system SP
Particle size distribution Sand (%), Silt (%), Clay (%) 99.5, 0.5, 0.0
Effective size D10 (mm) 0.2
Uniformity coefficient Cu [e] 3.2
Coefficient of curvature Cc [e] 1.2
Specific gravity Gs [e] 2.60
Dry unit weight gd (kN/m3) 14
Cohesion c0 (kPa) 0
Angle of internal friction f0 (degrees) 35
Material: EPS-block
Dry unit weight gd (kN/m3) 1
Cohesion c (kPa) 35
Angle of internal friction f (degrees) 30
Compressive strength @ 5% strain (kPa) 142e148

@ 10% strain (kPa) 160e167
Corrected initial young modulus E (MPa) 7.0e7.1
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was determined according to ASTM D854. The particle size distri-
bution of the sandwasmeasured according to ASTMD6913. Triaxial
shear strength tests (TX) were conducted on both grab samples and
undisturbed core samples extracted from the packed lysimeter via
20-cm long and 7.26-cm diameter undisturbed tubes according to
ASTM D4767 to determine the strength properties of the material.
Grab samples were compacted in the laboratory to achieve a dry
density of 14 kN/m3, which was the compaction effort used for the
lysimeter physical slope models. The geotechnical properties of the
sand were derived from triplicate samples and average values are
presented in Table 1.

The hydraulic properties of the sand were determined from six
undisturbed core samples (20-cm long, 7.26-cm diameter) extrac-
ted from the compacted lysimeter. The undisturbed samples were
extracted randomly. Because of this, a simple internal control
mechanism could be performed for quality assurance and quality
check of the lysimeter compaction. Constant head permeability
tests were conducted according to ASTM D2434 on the six cores
which resulted in an average saturated hydraulic conductivity, Ksat,
of 0.0285 cm/s (standard deviation, s ¼ 0.003 cm/s). The average
dry density was equal to 13.97 kN/m3 (s ¼ 0.08 kN/m3).

The unsaturated soil hydraulic properties were determined by
using the soil pore-water pressure head data collected from six
undisturbed core samples (6.4-cm long, 7.26-cm diameter)
extracted from compacted lysimeters, which were also selected
randomly. In this method, the undisturbed cores were laboratory
air-dried for one week before measuring their total weight using a
digital scale and pore-water pressure head measurements ob-
tained by a tensiometer inserted into the core. Following that, the
water content of each core sample was gradually increased by
slowly adding 5 mg of water using a syringe inserted into the core.
The core sample was allowed to reach equilibrium (steady tensi-
ometer readings) after each dose of water. Once at equilibrium, the
pore-water pressure value was recorded, and another 5 mg of
water was added to the core. This procedure was repeated until the
cores were saturated (i.e., reached a condition where no more
water could be injected without over spilling). After measuring the
saturated weights, samples were oven dried and weighed to
calculate the air-dried water content and the water content values
for each step. The pairs of the measured pore-water pressures and
the water content of the core samples (a total of 100 measure-
ments from six cores) are presented in Fig. 3. The RETC (RETention
Curve) computer code (van Genuchten et al., 1991) was used to
predict the unsaturated soil hydraulic parameters of the soil. The
curve fit of RETC (water retention curve) given in Fig. 3 was
generated by adapting the van GenuchteneMualem model (van
Genuchten, 1980):

qðhÞ ¼

8><
>:

qr þ qs � qr�
1þ jahjn�m h < 0

qs h � 0

9>=
>;

K hð Þ ¼ KsatSle 1� 1� Se
1
m

� �mh i2

m ¼ 1� 1
n
; n > 1

where qs is the saturated water content; qr is the residual water
content; a [L�1] is the inverse of the air-entry pressure (bubbling
pressure); n is the pore-size distribution index; l is the pore-
connectivity parameter (taken as 0.5); and Se ¼ (q � qr)/(qs � qr)
is the effective saturation.

The R2 value for the regression of measured versus fitted values
was 0.94, which demonstrates a reasonable fit (Fig. 3). The van
Genuchten parameters of the water retention curve used in nu-
merical models are given in Table 2.
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In addition to the soil used to construct the back-slope of the
laboratory physical models, EPS-block geofoam was used as a
lightweight fill material. The compressive resistance of geofoam
block was determined using a series of three standard 50-mm cube
samples according to ASTM D1621. Corrected initial Young
Modulus, and the compressive resistance at 5 and 10% strains are
given in Table 1.

Arellano et al. (2011a) have suggested that conventional limit
equilibrium methods can be used to determine the factor of safety
against slope failure of geofoam block slope systems. However,
selection of the strength properties of geofoam block for numerical
stability analysis has some uncertainties (Stark et al., 2004a;
Arellano et al., 2011a). The modeling uncertainty is simply based on
the fact that the geofoam block is not a traditional soil material. It is
formed of discrete blocks that have a relatively high cohesive
Fig. 4. Configurations tested during laboratory lysimeter experiments: (a) “One Row”, (
experiment).
strength and a unique stressestrain behavior, including strain
hardening and time-dependency, both of which are primarily
based on the applied stress level. In addition, because the geofoam
is placed as discrete blocks in the slope, there is a potential for
relative block movement and interaction, which is not easily rep-
resented in limit equilibrium techniques. Complex failures,
involving slip planes that engage both soil and geofoam block, may
require more elaborate analysis methods (e.g., discrete element
modeling), as discussed later.

Nonetheless, in order to evaluate a geofoam block slope system
in using conventional limit equilibrium analysis, Arellano et al.
(2011a) present five different alternatives for the selection of
strength properties of the geofoam blocks. Our study selected
‘Alternative 5’ where both cohesion and internal friction angle was
defined for the geofoam blocks. This alternative is based on
b) “One Row Partial Top”, (c) “One Row Partial Bottom”, and (d) “Matrix” (control



Table 3
List of the laboratory lysimeter tests.

Configuration Constant Water Head Level

25 cm 38 cm 50 cm

Matrix 29112011 06122011 25112011
30122011 03012012 07032012
10042012a 20042012a 04042012a

One Row 02122011 20122011 01112011
05012012 05012012 13022012
13042012a 08052012a 04052012a

One Row
Partial Bottom

08122011 28122011 15112011
10012012 18012012 17012012
10042012a 20042012a 04042012a

One Row
Partial Top

13122011 13122011 15122011
26012012 16122011 31012012
13042012a 27042012a 27042012a

a Last set of the triplicate experiments were tested with the pore-water pressure
measurement setup installed.
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assuming that failure occurs through individual geofoam blocks as
well as between geofoam blocks in a complexmanner. Although not
optimal, this alternative appeared to be the best alternative to
represent the physical behavior of the laboratory slopemodels using
simple limit equilibrium techniques. For the case where failure oc-
curs through the EPS-blocks, Stark et al. (2004a) recommend using a
cohesion value equal to one-quarter of the compressive strength at
ten percent strain of the geofoam. If sliding occurs between EPS-
blocks, EPSeEPS interface friction angle of 30� is recommended for
routine design applications (Stark et al., 2004a). The geofoam block
strength parameters used in this study are summarized inTable 1. In
addition, Stark et al. (2004a) recommend using a conservative value
of 1 kN/m3 for the unit weight of EPS-blocks (actual unit weight was
0.24 kN/m3) to take into account potential weight gain from long-
termwater absorption.

As discussed later, the presence of the geofoam blocks caused no
restriction to the flow pattern during the experiments. Although
geofoamblocks are essentially impermeable individually, theyhave a
high transmissivity along block-to-block interfaces. The interfaces
(joints) between the geofoam blocks resemble fractures inside an
impervious rock or as apertures/macropores in a low permeable
clayey soil medium. It is known that that fluid flow takes place pre-
dominantly through fractures in many geological formations with
low matrix permeability (Zimmerman and Bodvarsson, 1996).
Similarly, field studies showed that fractured clay and macroporous
soils (dual-porositymediumcomprised ofmacropore and soilmatrix
domains) have much larger composite saturated hydraulic conduc-
tivity compared tomatrix domain alone (McKayet al.,1993; Villholth
et al., 1998; Shipitalo et al., 2004; Baram et al., 2012). For these rea-
sons, itwas hypothesized that the composite (EPSþ joints) hydraulic
properties of the geofoam block system, as a whole, are similar to
those of sand (Table 2) and therefore, sand’s hydraulic parameters
have been assigned to geofoam block domain in numerical models.

2.2. Slope configurations

Various geofoam block configurations are utilized to stabilize
slopes (Arellano et al., 2011a,b). Three different configurations were
tested in this study where the geofoam blocks were placed on the
face of the compacted sandy slope. The block layouts used in this
study were selected based on typical construction practice and
conceptual alternatives for block placement. The geofoam blocks
used in the laboratory lysimeter tests were: 2.5-cm high, 5-cm
wide, and 15-cm long to ensure a 1:20 scale of a geofoam block
which corresponds to a commonly manufactured size.

The first configuration tested in the laboratory is referred to as
“One Row” (Fig. 4a). This type of usage is encountered in the con-
struction of geofoam block fills placed adjacent to existing side
slope in hilly areas, or adjacent to an existing roadway embank-
ment which has a trapezoidal cross-section. This case was repli-
cated in the laboratory by placing the geofoam blocks on top of each
other along the slope face.

Another common remediation strategy used in construction of
highway embankments is to replace the upper portions of the
earthen fill with geofoam blocks to reduce the driving forces
available for slope instability. This remediation technique was used
in slope stability problem encountered in Trunk Highway A located
within Bayfield County in northern Wisconsin (Reuter and Rutz,
2000) and Route 23A, Jewett County, New York (Jutkofsky et al.,
2000). This case was reproduced by placing the geofoam blocks
on the upper portion of the slope face. This configuration is referred
to as “One Row Partial Top” (Fig. 4b).

Severe seepage can cause subsurface erosion resulting in un-
dercutting of slopes (Fox and Wilson, 2010). Seepage forces inten-
sify at the toe of the slopes and can be of sufficient magnitude to
initiate particle movement that can lead to a global failure. Since
geofoam block is a non-erodible material, a third layout referred to
as “One Row Partial Bottom” was tested in which geofoam blocks
were placed at the toe of the slope where the seepage forces
intensify (Fig. 4c).

To compare and evaluate the behavior of these three systems, a
control experiment was also conducted in which single-layered
sand was compacted into the lysimeter with no geofoam blocks
placed on the slope face. This configuration is referred as to “Ma-
trix” (Fig. 4d).

It should be noted that all configurations were run in triplicate
to ensure the repeatability of the experimental setup. The list of the
36 lysimeter experiments can be found in Table 3. A naming
conventionwas used to distinguish the experiments so that the title
of the experiment included the configuration type, constant pres-
sure head of the boundary condition, and the date of the experi-
ment (ddmmyyyy), respectively.
2.3. Numerical model simulations

Numerical model simulations (variably saturated flowmodeling
and slope stability modeling) were performed to quantify the re-
sults observed in the laboratory lysimeter experiments. For this
reason, calibration of the hydraulic parameters of the soil used in
variably saturated flow modeling is necessary. Calibration was
performed to match the observed hydrological response of the
laboratory lysimeter experiments to the computed response of the
numerical models by adjusting the hydraulic parameters of the soil.
In this study, this was achieved by the inverse estimation of only
Ksat so that the computed cumulative discharge matched the
measurements taken during the experiments. The other soil pa-
rameters defining the unsaturated characteristics of the soil (van
Genuchten (1980) model parameters) were fixed to their labora-
tory measured values and hence excluded from the inverse esti-
mation process.

For initial flow modeling to calibrate Ksat, the HYDRUS finite-
element computer model was used which solves the Richards
equation for saturatedeunsaturated water flow and convectione
dispersion type equations for heat and solute transport (�Sim�unek
et al., 2012). HYDRUS executes the inverse estimation of the hy-
draulic properties by implementing a MarquardteLevenberg
nonlinear method which has become a standard in nonlinear
least-square fitting among soil scientists and hydrologists
(�Sim�unek and van Genuchten,1997). During the inverse estimation,
the initial estimates of the soil parameters are iteratively improved
to minimize an objective functionwhich expresses the discrepancy



Fig. 5. Observed versus HYDRUS predicted cumulative discharge for four lysimeter
experiments before calibration on saturated hydraulic conductivity (Ksat).
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between the observed values and the predicted system response
(�Sim�unek and van Genuchten, 1996). In this study, an objective
function comprised of deviations between measured and predicted
cumulative discharge across the seepage boundary was minimized
by adjusting only Ksat. HYDRUS iteratively improved the initial es-
timate of Ksat (laboratory measurement of 0.0285 cm/s given in
Table 2) as long as the sum of squared deviations decreases (i.e.
Fig. 6. Cumulative discharge curves for four lysimeter experiments befo
minimization of the objective function) until a local minimum is
reached, then optimization was stopped.

NasheSutcliffe model efficiency coefficient (NS), a quantitative
statistic, was calculated to assess the predictive ability of the cali-
bration model for each configuration. NS indicates how well the
plot of observed versus simulated data fits the 1:1 line (Moriasi
et al., 2007). Also known as the coefficient of determination, the
non-dimensional NS model efficiency coefficient was calculated as
follows:

NS ¼ 1�
Pn

i¼1

�
Yobs
i � Ysim

i

�2

Pn
i¼1

�
Yobs
i � Ymean

�2

where Yi
obs is the ith observed cumulative discharge, Yisim is the ith

simulated cumulative discharge, and Ymean is the mean of observed
cumulative discharge. Root mean square error (RMSE) of measured
and HYDRUS simulated soilepore-water pressure head was
calculated for each tensiometer as follows:

RMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
Tobsi � Tsimi

�2

n

vuut

where Tiobs is the ith observed pore-water pressure head, and Ti
sim is

the ith simulated pore-water pressure head.
Following the calibration process, the lysimeter experiments

were simulated using the coupled SEEP/W (saturated/unsaturated
re and after calibration on saturated hydraulic conductivity (Ksat).
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flow model) and SLOPE/W (slope stability model) computer pro-
grams. SEEP/W, similar to HYDRUS, is a finite-element model
solving Richards equation for two-dimensional variably saturated
flow (Geo-Slope International, 2009). Using the calibrated Ksat
values for each configuration and the unsaturated soil hydraulic
parameters (Table 2), transient seepage simulations were per-
formed using SEEP/W in order to predict the location of the phre-
atic surface and pore-water pressure distributions during the
experiments.

In order to perform transient seepage analyses, the initial
pressure head distribution needed to be defined for SEEP/W and
HYDRUS. This was achieved by prescribing a single pore-water
pressure head for the computational domain that was con-
structed to represent the geometry of the lysimeter. The initial
pressure head of the computational domain to start the simulation
was calculated by averaging the tensiometer pressure head read-
ings collected at the start of the laboratory experiments.

The boundary condition types for the numerical models were
selected according to the physical conditions of the lysimeter setup.
A constant pressure head boundary was used for the water reser-
voir of the lysimeter. The prescribed pressure heads were 25 cm-
H2O, 38 cm-H2O, and 50 cm-H2O (hydrostatic pressure head
measured to the reference plane passing through the base of the
slope) which were constant during the execution of the models. A
seepage face boundary conditionwas specified along the face of the
slope (1:1 Horizontal:Vertical). A seepage face boundary acts as a
zero pressure head boundary for nodes that are saturated and a no-
flux boundary for nodes that are unsaturated (Akay et al., 2008). A
no-flux boundary was selected for the bottom of the computational
domain to simulate the impervious base of the lysimeter. The
simulation times of the numerical models were the same as their
associated laboratory lysimeter experiment.

After the transient seepage analyses were completed, the results
were imported into SLOPE/W which uses a conventional limit
equilibrium analysis to determine slope stability (Geo-Slope
International, 2008). SLOPE/W implements various limit equilib-
rium models (LEM). For LEM practice, Krahn (2003) recommended
using Morgenstern and Price (1967) or Spencer (1967) methods
since these methods satisfy both force and moment equilibrium.
Also, the Spencer’s (1967) method was recommended by Wright
Table 4
Root mean square error (RMSE), in cm H2O, between measured and simulated soil pore
bration and after calibration on saturated hydraulic conductivity, Ksat.

Lysimeter experiment (Configuration, Water Head & Date) Tensiometers

1 2 3

12 13 1

(a) Prior to calibration
Matrix25cm10042012 2.6 4.1 1

0.7 0.6 1
OneRow25cm13042012 4.6 0.8 1

3.7 3.6 3
OneRowPartialBottom25cm10042012 9.6 9.6 2

1.8 1.1 2
OneRowPartialTop25cm13042012 2.1 3.4 2

1.0 1.3 1
(b) Calibration on Ksat

Matrix25cm10042012 2.7 4.1 1
0.9 0.7 1

OneRow25cm13042012 3.5 0.9 1
2.0 2.3 2

OneRowPartialBottom25cm10042012 9.6 9.6 2
1.9 1.2 2

OneRowPartialTop25cm13042012 2.3 3.4 1
1.3 0.9 1

a Some tensiometers were not used depending on the configuration tested. Please refer
each of the configuration.
(1969) after examining eight different LEM. In addition, Duncan
and Wright (1980) indicated that Spencer’s method provides the
best estimate of Factor of Safety (FS). In this study, all the reported
FS values using LEM are calculated using the Spencer method.

The auto-locate function of SLOPE/W was first utilized to define
the potential failure surface. The auto-locate function’s tendency to
find the most probable slip surface with the minimum FS value
resulted in discrepancies compared to observed laboratory failure
planes. Therefore, the entryeexit function of SLOPE/W was used in
which the ranges of entry and exit locations of trial slip surfaces
were specified to run slope stability models. Based on the observed
laboratory failure planes, entry range with specified increments
either on the crest or along the face of the slope and an exit point at
the toe of the slope were selected. As a result, SLOPE/W generated
potential slip surfaces that are comparable with observed labora-
tory failure planes. The FS of the failure plane which closely
matched the actual laboratory failure plane was reported in this
study.

3. Results and discussion

3.1. Model calibration

Cumulative discharge measurements were acquired only for
experiments which failure did not cause a drastic change in the
slope face compared to its initial condition (1:1 slope angle). There
are two reasons for this selection: 1) since these measurements
would be used for the calibration of Ksat using HYDRUS, the
computational domain geometry should be the same as the labo-
ratory slope packed in the lysimeter. However, a failed slope would
be much different than its associated numerical model. For this
reason, experiments with only small, if any, deviations compared to
the computational domain were used; 2) cumulative discharge
measurements were taken by using a digital scale located at the
outlet section of the lysimeter which weighed the seepage flow
exiting from the slope. Failure of a slope increases the probability of
sediment influx at the outlet of the lysimeter. For this reason, the
sediment influx should be minimal in order to convert the weights
directly to volumes of water. For the experiments selected for
calibration of each configuration (Table 2), various measurements
-water pressure at tensiometer locationsa in each lysimeter experiment before cali-

4 5 6 7 8 9 10 11

4 15 16 17 18 19 20 21 22

.4 1.0 1.1 11.9 5.9 0.7 1.5 1.8 1.2

.0 1.5 2.7 1.1 1.7 2.4 7.1 1.3 2.6

.6 1.6 2.2 2.2 2.5 2.6 3.1 4.1 e

.3 3.6 e 3.4 2.6 e 4.9 e e

.1 1.2 1.5 1.1 1.4 1.2 2.4 3.8 7.4

.1 1.8 e 3.5 1.7 e 3.6 e e

.0 0.9 1.3 1.1 0.6 0.7 2.1 5.1 e

.5 2.3 e 1.7 1.6 2.5 1.3 2.1 1.3

.4 0.9 1.1 11.8 5.7 0.7 1.5 1.7 1.1

.0 1.4 2.8 1.3 1.9 2.5 7.1 1.4 2.8

.1 0.8 1.3 1.0 1.1 1.3 1.8 3.4 e

.1 2.5 e 3.4 2.6 e 2.9 e e

.1 1.2 1.5 1.2 1.5 1.2 2.4 3.7 7.4

.0 1.7 e 3.5 1.7 e 3.7 e e

.6 0.4 0.8 0.6 1.2 1.1 1.2 4.3 e

.6 1.3 e 1.7 1.3 1.9 2.3 1.3 2.1

to Fig. 2 for the location of tensiometers 1e22 and Fig. 4 for the tensiometers used for
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of sediment concentrations in the seepage flow at the outlet section
of the lysimeter revealed negligible amounts of sediment entrap-
ment (as low as 1.24 g/L).

Because the changes in slope physical conditions were min-
imal for the experiments with 25 cm-H2O constant pressure
head boundary condition, experiments listed in Table 2 were
chosen for the calibration of each configuration. The calibration
model of HYDRUS consisted of a finite-element grid of 1275
mesh nodes and 2437 triangular mesh elements. Minimum time
step used during the execution of the model was 0.1 s. For the
initiation of the calibration process outlined earlier, the labora-
tory measurement value of 0.0285 cm/s was used as the initial
estimate of the Ksat value. HYDRUS computed discharge values
using the initial estimate versus laboratory observed discharge
Fig. 7. Slope physical conditions and representative failure surfaces at the end of the triplica
pressure head boundary conditions.
measurements are presented in Fig. 5. Strong linear dependence
(Pearson product moment correlation coefficient value almost
equal to 1) between the measured and the model values of the
seepage discharge were observed for each configuration (Fig. 5).
Considering this strong relationship, the most essential param-
eter that effects the time to seepage and magnitude of the
seepage discharge (flux rate), Ksat, was selected as the only soil
parameter to be calibrated.

The calibrated values of Ksat for each configurationwere given in
Table 2. The resultant cumulative discharge curves are presented in
Fig. 6. Using the calibrated values of Ksat, the numerical model made
good predictions for both the time of seepage and the cumulative
discharge. High values of NS (a value of 1 reveals a perfect match of
modeled discharge to the observed data) for all configuration tests
te experiments of Matrix configuration under (a) 25 cm- (b) 38 cm-, and (c) 50 cm-H2O



Fig. 8. Tensiometer readings during four lysimeter experiments.
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revealed an acceptable level of performance of the calibration
model of HYDRUS (Fig. 6).

The calibration process also helped to better predict the pore-
water pressures that developed within the slope during the ex-
periments. Accurate pore-water pressure values are essential to
compute reliable FS values for each configuration under certain
constant pressure head boundary condition. RMSEs are outlined
in Table 4 for prior calibration and after calibration on Ksat. Since
the pre-calibration and post-calibration value of Ksat is similar
(Table 2), no noticeable improvement has been detected for
Matrix and One Row Partial Bottom experiments. Overall,
Fig. 9. Direction and magnitude of seepage flow simulated for the saturated
calibrating only on Ksat also provided a reasonable fit for pore-
water pressures that developed within the slope (average
RMSE ¼ 2.3 cm-H2O).

3.2. “Matrix” configuration

The final slope faces of the “Matrix” configurationwere digitized
at the end of the experiments for each boundary condition (Fig. 7).
As a result, triplicate experiments showed that the ‘final slope
surfaces’ (refers to the physical condition of the slope at the end of
the experiment) were similar for a specific pressure head boundary
zone under 25 cm-H2O pressure head boundary condition by HYDRUS.



Fig. 10. Factor of safety (FS) of the “Matrix” configuration and the location of the phreatic surface at three different time intervals under (a) 25 cm-, (b) 38 cm-, and (c) 50 cm-H2O
pressure head boundary conditions.
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condition and proved that the results of the experiments were
repeatable. Associated with the final slope surfaces, representative
failure surfaces (the failure surface for which FS values were
calculated) were also depicted. The experiments were terminated
Fig. 11. Change in Factor of safety (FS) with time under three different boundary conditions
Bottom” configurations.
(termination time) after the support of failed soil mass at the toe of
the slope equilibrated with the driving forces (time of final slope
failure), hence nomore progressive failure occurred. At this stage of
the experiments, tensiometer readings also reached steady-state as
for the (a) “Matrix”, (b) “One Row”, (c) “One Row Partial Top”, and (d) “One Row Partial
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demonstrated in Fig. 8a. In this figure, four tensiometers were
selected to monitor the pore-water pressure time-series near the
inflow reservoir of the lysimeter (Tensiometer 5), approximately
half the distance from the inflow reservoir to slope face (Tensi-
ometer 12), and at the toe section of the slope (Tensiometers 20 &
22).

For a 25 cm-H2O pressure head boundary condition, the final
slope surface entered at the face of the initial 1:1 slope (Fig. 7a);
whereas for the 38 cm-H2O and 50 cm-H2O boundary conditions,
the failure surface entered at the crest (distance to slope break was
approximately 9.5 cm, and 19.5 cm, respectively) (Fig. 7b and c).
The exit location of the failure surfaces created by each boundary
conditionwas selected as the toe of the slopewhere the initiation of
all failures was started because of the intensified seepage forces at
the toe section as seen in Fig. 9. By extending the upper portion of
the final slope surface to the toe of the slope, failure surfaces were
created (Fig. 7). Since the failure surface of the 25 cm-H2O pressure
head boundary condition enters from the slope and exit at the toe
(Fig. 7a), this type of failure was referred to as ‘shallow-seated
failure’, whereas the other failure surfaces which entered from the
crest and exited at the toe (Fig. 7b and c) were referred to as ‘deep-
seated failures’.

The FS values were calculated for the failure surfaces that were
obtained from laboratory experiments (Fig. 7) by using SLOPE/W
slope stability model. The progress of the phreatic surface and
associated FS values at three different times are given in Fig. 10. The
decrease in FS can immediately be realized as soon as seepage flow
enters into the failure plane and failure (i.e. FS < 1) coincides with
initial daylighting of seepage at toe of slope. Since the steady-state
Fig. 12. Slope physical conditions and hypothesized failure surfaces at the end of the triplica
H2O pressure head boundary conditions. (d) Representative failure surfaces for each bound
phreatic surface generated by the 50 cm-H2O boundary condition
enveloped a larger zone inside the slope and so the removal of the
suction pressures, its failure surface extends more into the slope
compared to other failure surfaces (Fig. 10). The change in FS
throughout the experiment can be found in Fig. 11a. The variance in
FS at the beginning of the experiment was due to the difference in
the failure surfaces and initial suction conditions.

3.3. “One Row” configuration

The final slope surfaces of the triplicate experiments of the “One
Row” configuration are given in Fig. 12. The repeatability of the
lysimeter experiments was noted since the final slope surfaces
were similar for each boundary condition (Fig. 12aec). Considering
the final slope surfaces obtained at the end of the experiments,
hypothesized failure surfaces (entering from the crest and exiting at
the toe of the slope) were indicated for each experiment with
38 cm-H2O and 50 cm-H2O boundary conditions. In contrast to the
“Matrix” configuration which showed a shallow-seated failure
(Fig. 7a), the slope stayed intact under seepage force effects created
by the 25 cm-H2O pressure head boundary condition for each of the
triplicate experiments (Fig. 12a). When the representative failure
surface of the “Matrix” configuration under 25 cm-H2O boundary
condition (Fig. 7a) was superimposed onto the “One Row” config-
uration (Fig. 12d), it can be seen that the shallow-seated failure
surface stayed within the geofoam blocks. Confirming the labora-
tory observations which showed no failure (Fig. 12a), SLOPE/W
calculated relatively high FS for this failure surface since the
strength properties of geofoam block (Table 1) governs the
te experiments of “One Row” configuration under (a) 25 cm-, (b) 38 cm-, and (c) 50 cm-
ary condition.
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calculation of FS (a cohesive failure through geofoam blocks is
unlikely) in the simplified approach. This experiment showed that
replacement of the soil mass that is typically dislodged during a
shallow-seated failure with the lightweight and non-erodible EPS-
block geofoam, significantly improves the stability of the slope.

Since both laboratory lysimeters experiments (Fig. 12a) and
SLOPE/W did not show a failure through geofoam blocks under a
25 cm-H2O pressure head boundary condition, a failure surface
which was located immediately behind the geofoam blocks was
selected (indicated as “25 cm**” in Fig. 12d). FS values were re-
ported for this more “deep-seated” failure surface in Fig. 13a. The
change in FS with time during the experiment for this failure sur-
face can be found in Fig. 11b. It can be seen that the FS value
remained above 1.0 throughout the experiment (Fig. 11b), even
when steady-state conditions were well established (Fig. 8b).

Similar to the “Matrix” configuration, failure surfaces resulted
from 38 cm-H2O and 50 cm-H2O pressure head boundary condi-
tions were “deep-seated” failures as shown by hypothesized failure
surfaces given in Fig. 12b and c, respectively. The FS values calcu-
lated by SLOPE/W for the representative failure surfaces (repre-
sentation of the hypothesized failure surfaces of the triplicates)
given in Fig. 12d at the end of the experiments were 0.50 and 0.48
for the 38 cm-H2O and 50 cm-H2O pressure head boundary con-
ditions, respectively (Fig. 13b and c).
3.4. “One Row Partial Top” configuration

The final slope surfaces of the triplicate experiments of the “One
Row Partial Top” configuration are given in Fig.14. The repeatability
of the lysimeter experiments was noted since the final slope sur-
faces were similar for each boundary condition (Fig. 14aec).
Considering the final slope surfaces obtained at the end of the ex-
periments, hypothesized failure surfaces were indicated for each
experiment. Similar to the “Matrix” configuration, shallow-seated
failure was observed at the end of the triplicate experiments,
only this time the entrance of the representative failure surface on
Fig. 13. Factor of safety (FS) of the “One Row” configuration and the location of the phreatic s
pressure head boundary conditions.
the slope face went down about 5 cm when compared to the
entrance point of the “Matrix25cm” representative failure surface
(Fig. 14d). This entrance point coincided with the base of the geo-
foam block layer located in lysimeter layer 11 (Fig. 14d). Apparently,
the final slope surface adjusted itself so that the shallow-seated
failure would not go through the geofoam blocks. Confirming the
laboratory observations, SLOPE/W calculated FS >1.0 for the
“Matrix25cm” representative failure surface which passed partially
through the geofoam blocks (Fig. 14d) for the “One Row Partial Top”
configuration under a 25 cm-H2O boundary condition. The FS
values given in Fig. 15a were calculated for the representative
failure surface of the 25 cm-H2O boundary condition (Fig. 14d). The
change in the FS value during the experiment was given in Fig. 11c,
where the FS value of 1.02 calculated at the initial condition
decreased to 0.98 at the time of seepage, and to 0.58 at the end of
the experiment. It should be noted that steady-state conditions
were reached at the end of the experiment (Fig. 8c).

Similar to “Matrix” and “One Row” configurations, failure sur-
faces for the 38 cm-H2O and 50 cm-H2O pressure head boundary
conditions were also deep-seated failures as shown by hypothe-
sized failure surfaces given in Fig. 14b and c, respectively. The FS
values calculated by SLOPE/W for the representative failure sur-
faces given in Fig. 14d at the end of the experiments were 0.63 and
0.40 for 38 cm-H2O and 50 cm-H2O pressure head boundary con-
ditions, respectively (Fig. 15b and c).
3.5. “One Row Partial Bottom” configuration

The final slope surfaces of the triplicate experiments of the “One
Row Partial Bottom” configuration are given in Fig. 16. The
repeatability of the lysimeter experiments was noted since the final
slope surfaces were similar for each boundary condition (Fig. 16ae
c). Similar to “One Row” configuration, the slope was stable and
showed no failure for a 25 cm-H2O boundary condition. When the
representative failure surface of the “Matrix” configuration under a
25 cm-H2O boundary condition (Fig. 7a) was superimposed onto
urface at three different time intervals under (a) 25 cm-, (b) 38 cm-, and (c) 50 cm-H2O



Fig. 14. Slope physical conditions and hypothesized failure surfaces at the end of the triplicate experiments of “One Row Partial Top” configuration under (a) 25 cm-, (b) 38 cm-, and
(c) 50 cm-H2O pressure head boundary conditions. (d) Representative failure surfaces for each boundary condition.

Fig. 15. Factor of safety (FS) of the “One Row Partial Top” configuration and the location of the phreatic surface at three different time intervals under (a) 25 cm-, (b) 38 cm-, and (c)
50 cm-H2O pressure head boundary conditions.
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Fig. 17. Factor of safety (FS) of the “One Row Partial Bottom” configuration and the location of the phreatic surface at three different time intervals under (a) 25 cm-, (b) 38 cm-, and
(c) 50 cm-H2O pressure head boundary conditions.

Fig. 16. Slope physical conditions and hypothesized failure surfaces at the end of the triplicate experiments of the “One Row Partial Bottom” configuration under (a) 25 cm-, (b)
38 cm-, and (c) 50 cm-H2O pressure head boundary conditions. (d) Representative failure surfaces for each boundary condition.
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the “One RowPartial Bottom” configuration (Fig.16d), it can be seen
that the shallow-seated failure surface stayed within the geofoam
blocks similar to the situation of the “One Row” configuration
(Fig. 12d). Confirming the laboratory observations which showed
no failure at the end of the triplicate experiments (Fig. 16a), SLOPE/
W calculated FS >1.0 for this failure surface since the strength
properties of geofoam block (Table 1) governs the calculation of the
FS.

Since both laboratory lysimeters experiments (Fig. 16a) and
SLOPE/W did not show a failure through EPS-block geofoam under
25 cm-H2O pressure head boundary condition, a failure surface
which is located immediately behind the geofoam blocks was
selected (indicated as “25 cm**” in Fig. 16d). FS values were re-
ported for this deep-seated failure surface in Fig. 17a. The change in
FS with time during the experiment for this failure surface can be
found in Fig.11d. It can be seen that the FS value remained above 1.0
throughout the experiment (Figs. 11a and d) where steady-state
conditions were established (Fig. 8d). In addition, having almost
identical tensiometer readings at the toe of the slope (Tensiometer
20) for all configurations suggested that the effect of the geofoam
blocks on the hydrodynamics of the back-slope seepage flow was
negligible. Therefore, during the numerical modeling of the
seepage flow by SEEP/W, the hydraulic parameters of the back-
slope soil were used for the geofoam blocks. The pore-water
pressures calculated by SEEP/W were then used by SLOPE/W for
the calculation of FS.

The FS calculated for the representative failure surface under
38 cm-H2O pressure head boundary condition decreased from 1.41
(at initial condition) to 0.95 at the end of the experiment (Fig. 17b),
which demonstrates a marginally stable condition (FS z1). This
situation was also observed during the triplicate experiments by
the failure of the two slopes (experiments: 38 cm28122011 and
38 cm18012012) and no failure of the third experiment
(38 cm20042012). The change in FS during the experiment can be
found in Fig. 11d.

Similar to “Matrix”, “One Row”, and “One Row Partial Top”
configurations, the failure surface for the 50 cm-H2O pressure head
boundary condition was also deep-seated as shown by the hy-
pothesized failure surfaces given in Fig. 16c. The FS values calcu-
lated by SLOPE/W for the representative failure surface given in
Fig. 16d at the end of the experiments was 0.84 (Fig. 17c), and the
variation of FS during the experiment can be found in Fig. 11d.

The hypothesis of using the hydraulic properties of sand for the
geofoam block domain in the numerical models can be considered
as valid, since the steady-state readings at the toe section of the
slope (Tensiometer 20 in Fig. 8) recorded during laboratory tests
remained unchanged (approximately around 8 cm-H2O pressure
head) for all configurations. This suggests that geofoam block sys-
tem does not restrict groundwater flow within the back-slope and
does not cause a pore-water pressure build-up as it would be the
case if geofoam block system had a lower saturated hydraulic
conductivity than that of sand.

4. Summary and conclusions

Considering all the failure surfaces obtained from the lysimeter
experiments, it is important to note that none passed through the
geofoam blocks due to their relatively high cohesive strength. Nu-
merical models also confirmed this observation by computing
relatively high factors of safety (FS >1.0) for the failure surfaces
completely enclosed by geofoam blocks. All failure slope surfaces
observed at the end of the lysimeter experiments were due to the
global stability involving a “deep-seated” slip surface except for the
shallow-seated failures which occurred in “Matrix” and “One Row
Partial Top” configurations for the 25 cm-H2O pressure head
boundary condition. In addition, no floatation (uplift and sliding) of
geofoam blocks was observed during the experiments. As a result,
the prevailing behavior of the steep marginal stable sandy slope
investigated in this study was controlled by the strength properties
of the back-slope material and the pore-water pressure build-up
resulting from the seepage behind the geofoam block
configuration.

Thus it was concluded that geofoam block slope systems are a
viable alternative remediation technique for shallow-seated fail-
ures under seepage in which the failed mass of the existing slope
material could be replaced entirely with geofoam blocks. This may
have a practical application at locations where spatial constraints
do not permit slope flattening and land uses below the toe of the
slope do not pose a significant risk to human life or property should
the geofoam block remedial measures not perform as well as
intended. However, the configurations tested in this study seemed
to be ineffective to prevent “deep-seated” failures of a marginally
stable steep slope. For “deep-seated” failures, it may not be feasible
to replace the entire failed mass with geofoam blocks. This is due to
the fact that the “deep-seated” failure surfaces tend to propagate
towards the back-slope once the failed mass has been replaced by
geofoam blocks.

For future work, we recommend that additional configurations
of geofoam block not only be tested in the laboratory using 1-g
small scale laboratory physical model test, but also be tested in the
field by using fully instrumented prototype models in order to
develop preventive strategies for “deep-seated” slope failures. In
addition, it may be useful to investigate the possible interlocking
effect of geofoam blocks in configurations where more than one
stack of blocks are placed in a manner where vertical and hori-
zontal joints are not continuous. In addition, more elaborate nu-
merical modeling techniques will be required for complex failures
that involve both shearing and sliding of the geofoam blocks that
are part of a complex failure surface.

Based on the results of this study, it appears that a geofoam
block system can be implemented for the remediation of seepage
undercutting problems occurring in layered streambanks where
shallow-seated failures cause significant soil loss provided that
flotation (i.e., buoyancy uplift and block sliding) of geofoam blocks
is not a concern, or where such a mechanism can be guarded
against using other engineering countermeasures. In addition,
geofoam block might be applied to remediate shallow-seated slope
failures occurring due to seepage at the toe of an embankment, cut
slope, and levees.
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