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Lateral Thrust Distribution of Column-Supported
Embankments for Limiting Cases of Lateral Spreading

Zhanyu Huang, A.M.ASCE1; Katerina Ziotopoulou, A.M.ASCE2; and George M. Filz, Dist.M.ASCE3

Abstract: Lateral spreading analysis of column-supported embankments (CSEs) requires an understanding of lateral thrust distribution.
This includes quantifying the portion of thrust that is resisted by tension in geosynthetic reinforcements installed in the load transfer platform.
Results from a three-dimensional (3D) numerical parametric study using a half-embankment domain and totaling 140 scenarios are presented
in terms of lateral thrust distribution. Forces examined include the lateral thrusts in the embankment and foundation soil, the geosynthetic
tension, and the base shear at depth, and results are presented for the limiting cases of lateral spreading (i.e., undrained end-of-construction
and long-term dissipated). Results show that lateral thrusts induced by embankment loading are significant in the embankment, foundation
soil, and base shear beneath the columns. However, the portion of lateral thrust carried by the geosynthetic is limited, though it increases
with the geosynthetic stiffness. Results also indicate that lateral spreading in CSEs is more critical at the undrained end-of-construction
condition than in the long-term condition after excess pore water pressures have dissipated. Correlations for the thrust distribution at these
limiting conditions and different embankment locations (i.e., centerline, shoulder, and toe) are provided. DOI: 10.1061/(ASCE)GT.1943-
5606.0002375. © 2020 American Society of Civil Engineers.

Introduction

In projects where embankments need to be constructed, column-
supported embankments (CSEs) are typically preferred when
project success is controlled by time constraints. Unlike traditional
methods of embankment construction on soft ground, such as
staged fill placement with the use of prefabricated vertical drains,
CSEs can be rapidly constructed without waiting for excess pore
pressure dissipation. The benefit of accelerated construction derives
from the transfer of embankment and service loading to a compe-
tent stratum at depth using foundation columns (CSE schematic
illustrated in Fig. 1). Owing to differences in stiffness and settle-
ment of the subsoil and columns, vertical loads are transferred to
columns through soil arching in the embankment and friction on
the column–soil interfaces. Often, a load transfer platform (LTP)
is included at the embankment base. The shear strength of the
LTP facilitates soil arching, and geosynthetic reinforcements may
be included in the LTP as they can develop tension with vertical
deflection and transfer additional loading to columns. Research
about vertical load transfer in CSEs has flourished globally in
the past few decades, advancing both fundamental understanding
and related design procedures for practice (DGGT 2012; Sloan
et al. 2014; BSI 2016; van Eekelen and Brugman 2016; Schaefer
et al. 2017).

In the Schaefer et al. (2017) CSE design recommendations for
US practice, and with reference to the British standards (BSI 2010),
consideration is given to vertical load transfer and settlement, as
well as lateral spreading. Herein, lateral spreading is defined as
the lateral displacements induced by lateral earth pressures in
the embankment and foundation. If excessive, lateral spreading
can lead to failure of the embankment, the piled foundation, or
the geosynthetic reinforcement in the LTP. Schaefer et al. (2017)
gives consideration to lateral spreading in CSEs via the ultimate
limit state design for lateral sliding. Assumptions are made for
the failure mechanism and the driving and resisting thrusts, includ-
ing the geosynthetic tensile resistance. In this paper, the current
procedure for lateral spreading analysis is first discussed. This is
followed by comparisons of the lateral thrust distribution assumed
in design with results from 140 CSE scenarios as obtained from a
three-dimensional (3D) numerical parametric study. The results and
discussions of lateral thrust distribution as presented in this paper
are intended to improve fundamental understanding of lateral
spreading mechanics in CSEs and thereby move toward improving
future design recommendations.

Design for Lateral Spreading

BSI (2016) and Schaefer et al. (2017) recommend the analysis of
lateral spreading in CSEs via the ultimate limit state of lateral slid-
ing, in which failure is assumed to occur by sliding of the embank-
ment fill over the foundation surface in response to active lateral
earth pressures in the embankment. The driving lateral thrust,
PLat, is calculated using Eq. (1), where Ka is the active lateral earth
pressure coefficient, γ is the unit weight of the embankment soil,
Hemb is the embankment height, and q is the surcharge pressure:

PLat ¼ Ka

�
γ

�
H2

emb

2

�
þ qHemb

�
ð1Þ

A resisting lateral force, Rls, is provided by the undrained shear
strength (su) of the foundation soil mobilized over the length
beneath the embankment slope (Ls), as follows:
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Rls ¼ Lssu ð2Þ
If a factor of safety of 1.5 is not achieved for the ratio of Rls to

PLat, then geosynthetic reinforcement is recommended using one
of two methods (Schaefer et al. 2017): (1) using a single layer, the
design tensile load is calculated as the sum of the demand from
vertical load transfer and lateral sliding (PLat); or (2) using two
layers, one biaxial layer carries the design tensile load from vertical
load transfer, and a second uniaxial layer carries PLat. Method 2 is
recommended by Schaefer et al. (2017) because both the properties
of the geosynthetic and the tensile demand are direction-dependent.
The ultimate tensile strength of the geosynthetic is reduced by a
safety factor of 1.5, as well as by factors accounting for durability,
installation damage, and creep, to result in an allowable tensile
strength that must equal or exceed the design tensile load.

Study Motivations

The analysis of lateral spreading via the ultimate limit state of lat-
eral sliding assumes failure is only in the embankment, and it thus
neglects lateral earth pressures in the foundation. However, only
part of the embankment and service loading is carried by the col-
umns, and the portion of vertical load carried by the subsoil be-
tween columns induces increased lateral earth pressures in the
foundation soil. The lateral earth pressures in both the embankment
and the foundation change with consolidation and development
of soil arching. Thus, whether the embankment thrust should be
calculated assuming an active condition and how the geosynthetic
responds in tension under the influence of a changing total lateral
thrust (i.e., from incremental earth pressures in both the embank-
ment and foundation soils) are uncertainties in CSE design.

Despite limitations in the design assumptions for CSE lateral
spreading analysis, limited research has been conducted to examine

the CSE lateral thrust distribution. Farag (2008) measured the hori-
zontal earth pressures in the embankment of a small-scale exper-
imental CSE, but the resulting thrust was lower than the theoretical
Rankine active thrust. Chen et al. (2016) examined the geosynthetic
tension in a full-scale experimental CSE at the end of construction
and before subsoil consolidation, in which the undrained subsoil
was modeled using water bags. They found the tension to be high-
est at the centerline and near zero at the shoulder and concluded that
the results were affected by inadequate development length in the
reinforcement. Research using numerical techniques has focused
on the CSE vertical load distribution between columns and subsoil,
but not on the lateral thrust distribution in the embankment, foun-
dation, and geosynthetic reinforcement (Ariyarathne et al. 2013a, b;
Bhasi and Rajagopal 2013, 2014, 2015; Borges and Marques 2011;
Han and Gabr 2002; Huang and Han 2009, 2010; Jamsawang et al.
2016; Jenck et al. 2009; Liu et al. 2007; Liu and Rowe 2016;
Mahdavi et al. 2016; Nunez et al. 2013; Rowe and Liu 2015;
Stewart et al. 2004; Yapage and Liyanapathirana 2014; Yapage
et al. 2014; Ye et al. 2016; Yu et al. 2016; Zheng et al. 2009;
Zhuang and Wang 2016). In this study, a numerical parametric
study was used to analyze the lateral thrust distribution of CSEs
for a wide range of conditions.

Definitions of Lateral Thrust

The lateral thrusts as discussed in this study differ from the active
embankment lateral thrust, PLat, from Eq. (1). Any discussion of
thrust henceforth refers to the following definitions:

Embankment thrust: the integration of the total lateral stress
along a vertical plane from the foundation surface to the embank-
ment surface (locations are annotated in Fig. 1).

Foundation thrust: the integration of the increment of lateral
stress produced in the foundation (due to the increment of vertical
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Fig. 1. CSE schematic including geometry of loosened zones in embankment.
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loading in the subsoil between columns) along a vertical plane from
the column base elevation to the foundation surface.

Lateral thrust: the sum of the embankment and foundation
thrusts, if the vertical plane examined is at the centerline or the
shoulder, or only the foundation thrust, if the vertical plane is at
the toe.

Geosynthetic tension: the tension in the transverse direction at
the location of interest (i.e., at the centerline or shoulder locations).

Parametric Study Using Undrained-Dissipated
Analyses

Complexities associated with the CSE lateral thrust distribution
require a computation method that can account for the effects of
time on soil arching and foundation pore water pressures. However,
the analysis of deformation and pore water pressure histories
could be computationally expensive, depending on the size of the
numerical domain and the material properties. Huang et al. (2018)
established that lateral spreading in CSEs can be instead analyzed
using limiting cases, based on case history records of vertical earth
pressure distributions and geosynthetic strains. The limiting case
of undrained end-of-construction calculates the largest increment
of earth pressure in the foundation. This is the result of limiting
subsoil settlement and development of soil arching in the embank-
ment under full embankment loading. The other limiting case of
long-term dissipated excess pore pressures produces the largest ge-
osynthetic strain and tension, as a result of increasing geosynthetic
vertical deflection with subsoil consolidation. Both the foundation
earth pressures, which contribute to the foundation thrust, and geo-
synthetic tension are quantities of interest in the analysis of CSE
lateral thrust distribution.

The two limiting cases can be represented numerically using
the undrained-dissipated approach (Huang et al. 2018), which com-
putes an undrained end-of-construction state and a long-term
dissipated state in succession. The method for computing consoli-
dation was validated in one of the authors’ previous works (Huang
et al. 2018) and is summarized here. First, undrained loading
occurs by excess pore pressure development in the clay during
embankment construction through the application of an effective
stress model (i.e., Modified Cam Clay). An undrained end-of-
construction state is computed after application of full embankment
loading. Next, all excess pore water pressures are dissipated by
manually returning pore pressures to the hydrostatic condition.
In this long-term dissipated state, consolidation deformations are
computed given the changes in effective stress. The manual dissi-
pation method and the resulting consolidation deformations were
validated using benchmark solutions for a one-dimensional (1D)
consolidation example and consolidation under a strip load of lim-
ited lateral extent.

Following validation, the undrained-dissipated approach was
applied for the calibration and analyses of a 3D half-embankment
slice model (Huang et al. 2019) using field instrumented data
from an embankment case history reported in Liu et al. (2007).
Calibrated material parameters that represent the loosening of select
embankment zones during development of soil arching are also ap-
plied to the long-term dissipated analyses in the current study. One
such loosened zone is shaded in Fig. 1. These domed regions in the
embankment above the subsoil have been observed in field-scale
embankments and bench-scale tests to experience shear, decrease
in normal stress and density with the redistribution of vertical load-
ing (McGuire 2011; Sloan 2011). The geometry of the loosened
zone, in terms of an angle inclined from the vertical (α), can be
determined using a correlation to the fill’s effective friction angle

(φ 0) (McGuire 2011). The properties of the loosened zones can be
represented using reduced values of Young’s modulus (Ereduced) and
reduced values of friction angle (φ 0

reduced). Using Ereduced ¼ 6 MPa
and φ 0

reduced ¼ 30° as the calibrated properties of the loosened
zones, calculations of settlements and vertical load distribution
at the subgrade level reached good agreement with long-term field
recordings. These same calibrated values were adopted in the dis-
sipated analysis of all CSE scenarios in the current paramet-
ric study.

Scope of Study

A parametric study totaling 140 scenarios was performed using a
half-embankment domain in FLAC3D 5.01. An undrained end-of-
construction and a long-term dissipated state was computed for
each CSE scenario using the undrained-dissipated approach
(Huang et al. 2018). Numerical parametric studies have been used
to examine CSE system response under change of individual
parameters (Bhasi and Rajagopal 2014; Borges and Marques 2011;
Chai et al. 2017; Farag 2008; Huang and Han 2010; Jennings
and Naughton 2011; Liu and Rowe 2016; Mahdavi et al. 2016;
Shrestha et al. 2015; Yapage and Liyanapathirana 2014; Zhuang
and Wang 2015, 2016). In this investigation, parameters were var-
ied individually and in combinations, as discussed subsequently.

This study used variations in 14 parameters that are integral to
CSE design. The range of parameter values are listed in Table 1,
and values of design parameters were obtained from an experienced
CSE designer (J. G. Collin, personal communication, 2018). Some
of the examined variables are illustrated in the CSE schematic
in Fig. 1.

It was impossible to investigate all scenarios using the range of
parameter values, and thus 10 base cases encompassing a wide
range of conditions were selected (Table 2). Parameters were typ-
ically varied one at a time from base case conditions. Some scenar-
ios varied from the base case by two or three parameters to examine
different combinations of geosynthetic design at different embank-
ment heights. Base case BC1 was recommended by Collin (J. G.
Collin, personal communication, 2018); BC2 to BC5 were devel-
oped to investigate the CSE response for different conditions of
subgrade support and column area replacement ratio (ARR) within
the typical range of 2.5%–10%; BC6 was designed to investigate
edge instability in a tall embankment (i.e., instability downstream
of outermost column); BC7 and BC8 were marginal cases for in-
vestigating global instability, using very low column ARRs; and
BC9 and BC10 used a ratio of Rls to PLat less than 1.5. Although
geosynthetic reinforcement was required in only BC9, BC10, and
corresponding variations for the purpose of mitigating lateral
spreading (Schaefer et al. 2017), it was included in the majority
of the 140 scenarios such that its response could be investigated
for a wide range of conditions. Interested readers are directed to
the supplemental materials file for a complete list of investigated
scenarios.

Some aspects of the model were kept constant as parameters
were varied. Above the bearing layer, the foundation thickness
was kept constant at 9.1 m (30 ft), such that the clay thickness var-
ied between 6.4 m (21 ft) and 9.1 m (30 ft) depending on variations
in the foundation fill thickness (Hfill). This range of clay thickness
has been reported in several CSE case histories (Almeida et al.
2007; Bell et al. 1994; Holmberg 1978; Lai et al. 2006; Reid and
Buchanan 1984) and was selected to avoid excessive computation
time associated with a larger numerical domain. The groundwater
table remained at a depth of 0.91 m (3 ft) from the foundation sur-
face. The columns had properties corresponding to unreinforced

© ASCE 04020126-3 J. Geotech. Geoenviron. Eng.
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concrete and a constant length of 9.1 m that extended to the bear-
ing layer.

Results are presented in terms of the lateral thrust distribution:
1. Comparison of lateral thrust in undrained end-of-construction

condition versus long-term dissipated condition;
2. Comparison of lateral thrust at different locations of embank-

ment in transverse direction (i.e., centerline, shoulder, and toe,
as annotated in Fig. 1);

3. Comparison of thrust in embankment versus thrust in
foundation;

4. Portion of lateral thrust resisted in foundation at embankment
toe, by tension in geosynthetic reinforcement, and by shear
at column base elevation (Fig. 1);

5. Comparison of computed embankment lateral thrust to theoreti-
cal active embankment thrust used in design [i.e., PLat from
Eq. (1)]; and

6. Comparison of computed geosynthetic tension to design tensile
load (i.e., PLat) for cases where geosynthetic reinforcement is
required in design to mitigate lateral spreading.
The analysis of thrust at different embankment locations and

pore water pressure conditions represents an extension, as well
as a point of comparison, to the analysis of driving thrust based
on an active condition in the embankment, as in Schaefer et al.
(2017). Select preliminary results from the parametric study are
presented in Huang et al. (2020). This paper presents the complete
analysis of lateral thrust distribution in CSEs as synthesized
from the same study. New results are provided for lateral thrust
at the shoulder location (i.e., expansion on Item 2), the comparison
of thrust in the embankment versus thrust in the foundation
(i.e., Item 3), the portion of lateral thrust resisted by tension in
the geosynthetic reinforcement (i.e., expansion on Item 4), the

comparison of computed embankment lateral thrust to PLat
(i.e., Item 5), and the comparison of geosynthetic tension to
PLat (i.e., Item 6).

Numerical Procedure

Validated numerical modeling procedures were selected (Huang
et al. 2018) and applied to the analyses of a field CSE case history
with calibration of material parameters (Huang et al. 2019). Many
aspects of the numerical model are inherited from the studies cited
and are summarized as follows.

Constitutive models and material properties are listed in Table 3
for the soils and columns and in Table 4 for the geosynthetic
reinforcement. The choice of constitutive models was made in con-
sideration of ease of adoption and computational efficiency. The
latter is important for computing a large number of CSE scenarios.
All soils, except for the clay, were modeled as linearly elastic and
perfectly plastic with the Mohr-Coulomb failure criterion. The clay
was modeled with the Modified Cam Clay model. The columns
were also modeled as linearly elastic and perfectly plastic with
the Mohr-Coulomb failure criterion, but including a tensile strength
(σt) (ACI 2011; Huang 2019; Pul et al. 2017; Schädlich and
Schweiger 2014). Huang et al. (2019) reported large bending
moments and tension due to flexure in linear elastic CSE columns,
and thus a failure criterion with a limit on the tensile strength
was adopted for the columns in this study. The geosynthetic
reinforcement was modeled using orthotropic linear elastic struc-
tural geogrid elements of the constant strain triangle type (Itasca
2013), which can sustain membrane stress but not bending.
The orthotropic model is representative of biaxial geogrids, which

Table 2. Base cases and corresponding parameter values

Base case Hemb (m) HLTP (m) Hfill (m) Scol (m) dcap (m) dcol (m) Slope (H:V) Lemb (m) Ncol Ngeo J (kN/m) φ 0
emb (degrees) σ 0

p q (kPa)

BC1 3.0 0.91 0.91 2.4 0.61 0.46 2:1 24 0 3 300 40 Case 2 0
BC2 3.0 0.91 2.7 1.8 0.61 0.61 2:1 24 0 0 — 40 Case 2 0
BC3 3.0 0.91 0 1.8 0.61 0.61 2:1 24 0 0 — 40 Case 1 0
BC4 4.6 0.91 2.7 3.0 0.61 0.61 2:1 24 0 0 — 40 Case 2 0
BC5 4.6 0.91 0 3.0 0.61 0.61 2:1 24 0 0 — 40 Case 1 0
BC6 6.1 0.91 0.91 1.8 0.61 0.61 2:1 22 0 2 8,000 40 Case 2 0
BC7 4.6 0.91 0 3.0 0.36 0.36 3:2 25 0 0 — 40 Case 1 0
BC8 6.1 0.91 0 3.0 0.61 0.46 3:2 25 0 0 — 40 Case 1 0
BC9 3.0 0.91 0 1.8 0.61 0.46 3:2 25 0 1 300 40 Case 4 14
BC10 4.6 0.91 0 3.0 0.61 0.61 3:2 25 0 1 2,000 40 Case 4 14

Table 1. Parameters and range of values investigated

Parameter Parameter values

Embankment height (Hemb) 1.5, 3.0, 4.6, and 6.1 m (5, 10, 15, and 20 ft)
LTP thickness (HLTP) 0.61, 0.91, and 1.2 m (2, 3, and 4 ft)
Foundation fill thickness (Hfill) 0, 0.91, 1.8, and 2.7 m (0, 3, 6, and 9 ft)
Center-to-center column spacing (Scol) 1.8, 2.4, and 3.0 m (6.0, 8.0, and 10.0 ft)
Cap diameter (dcap) 0.61 and 0.91 m (24 and 36 in.)
Column diameter (dcol) 0.36, 0.46, and 0.61 m (14, 18, and 24 in.)
Embankment slope 3H:2V, 2H:1V
Shoulder-to-shoulder embankment width (Lemb) 10, 24, and 40 m (�2 m) (32, 80, and 128 ft)
Column group lateral extent (Ncol) −1, 0, þ1, þ2 number of columns relative to column lateral group extent required for

preventing edge instability (BSI 2016)
Number of geosynthetic layers (Ngeo) 0, 1, 2, 3
Geosynthetic stiffness (J) 300, 2,000, and 8,000 kN=m (20,500, 137,000, and 548,000 lb=ft)
Embankment fill friction angle (φ 0

emb) 34°, 40°, and 50°
Young’s modulus, Poisson’s ratio, and unit weight (values in Table 3)

Foundation preconsolidation pressure (σ 0
p) Cases 1–4 (Fig. 1)

Service loading (q) 0 and 14 kPa (0 and 300 psf)

Note: Dependent variables are italicized.
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have stiffness mainly in orthogonal directions. The geosynthetic
reinforcement and columns can interact with surrounding zones
through interfaces, whose properties are described in detail in
the supplemental materials file.

The embankment model geometry, discretization, and boundary
conditions were selected to appropriately represent the physical
domain of the problem while ensuring computational efficiency.
The model consisted of a 3D half-embankment slice with zone dis-
cretization as illustrated in Fig. 2. The half-embankment geometry

is appropriate for the analysis of lateral thrust distribution in sym-
metric embankments. The discretization consisted of a minimum of
34,000 grid points (locations of displacement calculation), and the
lateral extent was 4 times the embankment width and at least 13
times the embankment height. These quantities were determined
from convergence studies conducted separately. Boundary condi-
tions consisted of a free surface at the top, a pinned surface at
the model base, and rollers on all other external surfaces.

Analyses were conducted using the large-strain mode in
FLAC3D 5.01 and the following loading sequence. In situ founda-
tion stresses were assigned and mechanical equilibrium was estab-
lished. Columns had the same density as the surrounding soils, and
zones in the LTP and embankment fill were assigned null material
properties. Column installation was then modeled by gradually in-
creasing the column density while solving for equilibrium. Next,
undrained loading and consolidation were modeled using the
undrained-dissipated approach (described in the section “Parametric

Table 3. Material properties of soils and columns

Material γ (kN=m3) Model φ 0 (degrees) c 0 (kPa) σt (kPa) E (MPa) ν λ κ M e1

Embankment fill
Loose sand 17.3 MC 35 0 — 17 0.30 — — — —
Dense sand 18.9 MC 40 0 — 36 0.26 — — — —
Gravel 22.0 MC 50 0 — 120 0.20 — — — —

LTP (gravel) 22.0 MC 50 0 — 120 0.20 — — — —
Foundation fill 18.1 MC 37 0 — 24 0.28 — — — —
Clay 16.5 MCC — — — — 0.37 0.17 0.017 0.98 2.75
Bearing sand 22.8 MC 45 0 — 43 0.23 — — — —
Concrete column 23.6 MC 43 3,700 1,580 21,500 0.20 — — — —

Note: MC = Mohr-Coulomb; MCC = modified cam clay; three different materials were investigated for the embankment fill and foundation fill; e1 is the void
ratio at a reference pressure of 0.048 kPa (1 psf); and E ¼ 6 MPa and φ 0 ¼ 30° were applied to select embankment zones in dissipated analyses to represent
loosening of fill due to vertical load distribution.

Coarse 
Grained Fill
(if Hfill  0 m)

4 times embankment width

LTP (4 zones thick)

Clay

Dense 
Sand

Column

Column (4 zones across diameter)Subsoil

6 to 8 zones between columns
depending on Scol

Embankment Fill

3 zones 
across
model 
slice

Fig. 2. Model discretization.

Table 4. Material properties of geosynthetic reinforcement

Model J (kN=m) ν G (kPa)

Orthotropic linear elastic 300, 2,000, and 8,000 0 1

Note: ν ¼ 0 in both longitudinal and transverse directions.
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Study using Undrained-Dissipated Analyses”). During undrained
embankment construction, drainage was disabled in the submerged
foundation clay and excess pore water pressures as induced by em-
bankment loading were computed. The LTP and embankment were
constructed in lifts, where zones were changed from null to Mohr-
Coulomb materials, and their density was gradually increased while
solving for equilibrium. The construction of the final lift marked the
undrained end-of-construction state. The subsequent dissipated
analysis consisted of applying Ereduced ¼ 6 MPa and φ 0

reduced ¼ 30°
in select embankment zones to represent the loosening of fill during
development of soil arching (Fig. 1, section view A-A 0). Excess pore
water pressures were dissipated in one step. Consolidation deforma-
tions and mechanical equilibrium were solved for the long-term dis-
sipated state.

Data Processing: Extraction of Thrusts

Computations provided lateral earth pressures and geogrid tensions
in discretized zones, and these quantities were further processed to
obtain thrusts. The embankment thrust was calculated by integrat-
ing the average total lateral stress at each zone elevation along a
vertical plane from the foundation surface to the embankment sur-
face. The foundation thrust was calculated in a similar manner, but
by integrating the average incremental lateral stress from the col-
umn base elevation to the foundation surface. The foundation and
embankment thrusts were summed to obtain the total lateral thrust
along a vertical plane. The geosynthetic tension was calculated by
averaging the tensile force in geogrid elements closest to the
vertical plane of interest. Note that the vertical planes at the center-
line and shoulder were mid-distance between columns, so the

geosynthetic tension at these locations had no vertical component
and were minimally influenced by column edge effects.

Results and Discussion

Computed results are provided for the lateral thrust distribution in
the embankment, geosynthetic, and foundation along vertical
planes at the embankment centerline, shoulder, and toe (locations
annotated in Fig. 1) for the two limiting cases (undrained end-of-
construction and long-term dissipated).

Comparison of Thrust in Transverse Direction
(Centerline, Shoulder, and Toe)

As shown in Figs. 3(a and b), the lateral thrust at the centerline in
the dissipated condition is approximately half that in the undrained
condition, and this correlation is not significantly affected by the
clay thickness for the range examined. Excess pore water pressure
dissipation directly reduces the total lateral thrust, and clay consoli-
dation transfers vertical loads from the clay to the columns and
thereby also reduces the lateral thrust.

The thrusts at the shoulder and toe locations also decrease
with excess pore pressure dissipation, and relative to the centerline
thrust, they are smaller in magnitude, with a few exceptions
[Figs. 4(a and b)]. The decrease in thrust with distance from the
centerline was found in all scenarios in the undrained condition

(a)

(b)

Fig. 3. Lateral thrust at centerline in dissipated versus undrained con-
ditions for (a) all scenarios; and (b) scenarios with clay thicknesses
of 6.4 and 9.1 m.

(a)

(b)

Fig. 4. Lateral thrust at shoulder and toe locations versus lateral thrust
at centerline for (a) undrained end-of-construction; and (b) dissipated
long-term.
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[Fig. 4(a)], with thrusts at the shoulder and toe locations being 82%
and 47% of the centerline thrust, respectively. More variation was
found for the dissipated condition. Although thrusts at the shoulder
and toe locations are respectively 89% and 57% of the centerline
thrust [Fig. 4(b)], 25 scenarios calculated the largest thrust at the
shoulder, and one scenario calculated the largest thrust at the toe.
These scenarios have in common a wide distance from the outer
edge of the outermost column to the embankment toe or large set-
tlement at the shoulder relative to that at the centerline.

The trends in the relative magnitudes of thrust at the centerline,
shoulder, and toe locations have several implications. In terms of
movement, the general trend of decreasing lateral thrust with in-
creasing distance from the centerline in the undrained condition
is consistent with reduced lateral restraint at the edge and move-
ment of the embankment away from the centerline. The magnitude
of thrusts at the toe is smaller than at the shoulder and centerline.
However, the thrusts at the toe still represent a significant portion of
the resistance to the driving thrust in both the undrained and dis-
sipated conditions, and more so in the dissipated condition. The
scatter in correlation between the thrusts at the toe and centerline
is significantly reduced when the data are grouped according to
foundation preconsolidation pressure (σ 0

p) and geosynthetic stiff-
ness (J). As illustrated in Figs. 5(a–d) for the preconsolidation pres-
sure distribution shown in Case 1 of Fig. 1, the thrust at the toe
relative to the thrust at the centerline decreased with increasing
J, indicating a redistribution of resisting thrust to the stiffer geo-
synthetics. However, the resisting foundation thrust at the toe re-
mained significant for all geosynthetic conditions.

Thrust Distribution in Embankment and Foundation

Figs. 6(a–d) illustrate the embankment thrust versus the foundation
thrust at the centerline and shoulder locations for the undrained and

dissipated conditions. Owing to scatter in the data resulting from
the wide range of parameter values investigated, results are dis-
cussed in terms of trends rather than correlations. In the undrained
condition, the foundation thrust exceeds the embankment thrust at
all locations across the embankment. The foundation thrusts are
larger in the undrained condition because the foundation supports
the greatest increment of loading when settlement and soil arching
are limited. In the dissipated condition, the embankment thrust in-
creases in magnitude and the foundation thrust decreases in mag-
nitude compared to the undrained condition. The embankment
thrust exceeds the foundation thrust in a number of scenarios, par-
ticularly for the smallest column spacing (Scol) of 1.8 m (6 ft). This
trend is explained by the development of soil arching and subsoil
consolidation in the long-term dissipated condition. The develop-
ment of arching results in larger lateral stresses in the embankment,
while the simultaneous increase in differential settlement at the
subgrade level facilitates vertical load transfer to columns and de-
creases the increment of loading in the subsoil. The ratio of em-
bankment thrust to foundation thrust is larger for smaller Scol
due to greater effectiveness in vertical load transfer to columns.
Figs. 6(c and d) also show that the embankment thrust is smaller
at the shoulder than at the centerline in the dissipated condition,
likely due to effects of the embankment slope on arching.

The question of whether the embankment thrust can be
appropriately represented by the design active thrust (Schaefer
et al. 2017) was investigated by comparing PLat [Eq. (1)] to the
range of calculated embankment thrusts. Results are presented
for scenarios with embankment heights of 3.0 m (10 ft), 4.6 m
(15 ft), and 6.1 m (20 ft) and for the centerline and shoulder loca-
tions [Figs. 7(a and b), respectively]. In all cases, the calculated
embankment thrust is larger than PLat, though the undrained
cases are closer, and marginal cases with developing global insta-
bility in the undrained condition are the closest. The calculated

(a) (b)

(c) (d)

Fig. 5. Thrust at toe versus thrust at centerline in undrained and dissipated conditions for scenarios with Case 1 preconsolidation pressure using
different number of geosynthetic layers (J ¼ 8,000 kN=mper layer).

© ASCE 04020126-7 J. Geotech. Geoenviron. Eng.

 J. Geotech. Geoenviron. Eng., 2020, 146(11): 04020126 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

"U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a,
 D

av
is

" 
on

 0
9/

13
/2

0.
 C

op
yr

ig
ht

 A
SC

E
. F

or
 p

er
so

na
l u

se
 o

nl
y;

 a
ll 

ri
gh

ts
 r

es
er

ve
d.



(a) (b)

Fig. 7. Comparison of calculated embankment lateral thrust versus design active thrust for different embankment heights.

(a) (b)

(c) (d)

Fig. 6. Embankment thrust versus foundation thrust at different locations and limiting conditions.
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embankment thrusts exceed PLat because full active conditions are
generally not developed in the embankment. Embankment thrusts
are larger in the dissipated condition due to the development of soil
arching and increase in lateral stresses in the embankment, corre-
sponding to trends in Figs. 6(a–d).

Geosynthetic Tension

Geosynthetic tension is examined at the embankment centerline
and shoulder locations for different column ARRs and geosynthetic
stiffness (J) [Figs. 8(a–f)]. Results are exclusive to embankments
with a height above the critical height, thereby satisfying the serv-
iceability limit for differential settlement. Each data set includes
many parameter variations besides geosynthetic stiffness and col-
umn ARR, which produces scatter. Nevertheless, the trends and
upper limits of the geosynthetic contribution to resisting lateral
thrust can be compared.

For all cases of J and column ARR, the geosynthetic tension is
higher in the dissipated condition (orange versus blue data points),

and the upper limit in the ratio of geosynthetic tension to lateral
thrust is approximately the same at the centerline and shoulder
locations (dashed lines in plots on the left versus on the right). Geo-
synthetic tension is larger in the dissipated condition due to subsoil
consolidation and increase in geosynthetic vertical deflection.

The upper limit in the ratio of geosynthetic tension to lateral
thrust is more affected by J than location and column ARR. For
typical column ARRs and J ¼ 300 kN=m, the geosynthetic resists
at most 2% and 7% of the thrust in the undrained and dissipated
conditions, respectively. Most scenarios calculated geosynthetic
tensions much lower than the upper limits, indicating that for cases
of practical importance, the geosynthetics typically used in the
US (J.G. Collin, personal communication, 2018) have limited
utility in resisting lateral thrust. For typical column ARRs and
J ¼ 8,000 kN=m, the tensile resistance is increased respectively
to 16% and 50%. The results in Figs. 8(a–f) and 5(a–d) all indicate
that more lateral thrust is distributed in the geosynthetic and less
thrust is distributed in the foundation at the toe when using geo-
synthetics of greater stiffness.

1 Layer

2 Layer
3 Layer

(a) (b)

(c) (d)

(e) (f)

Fig. 8. Geosynthetic resistance of lateral thrust at centerline and shoulder locations for different column area replacement ratios and geosynthetic
stiffnesses.
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Figs. 9(a–e) illustrate the geosynthetic tension at the shoulder
location versus the geosynthetic design tensile load for lateral
spreading design, which is assumed to equal the active lateral thrust
in the embankment (i.e., PLat). Results are for scenarios in which
geosynthetic reinforcement is required in design for mitigating lat-
eral spreading (i.e., ratio of Rls to PLat is less than 1.5). The figures
show that the geosynthetic tension is not correlated to PLat. Instead,
the tension developed depends on the geosynthetic stiffness (J) and
how much the geosynthetic is being exercised, where it increases
with increasing J, column spacing (Scol), and embankment height
(Hemb). The resulting geosynthetic tension could be smaller or
greater than PLat.

Lateral Force Equilibrium

Free body diagrams illustrating lateral force increments in the em-
bankment, geosynthetic reinforcement, foundation, and shear force
at the column base elevation are provided for three scenarios in
Fig. 10. The scenarios represent different column ARR and geo-
synthetic designs, with properties provided in Table 5 and summa-
rized here: (1) Scenario A is for a 3.0-m-tall embankment using
typical column ARR and three layers of geosynthetics with
J ¼ 300 kN=m; (2) Scenario B is for a 6.1-m-tall embankment us-
ing typical column ARR and two layers of geosynthetics with
J ¼ 8,000 kN=m; and (3) Scenario C is for a 6.1-m-tall embank-
ment using low column ARR and one layer of geosynthetic with
J ¼ 8,000 kN=m.

The following observations can be made for the lateral thrust
distribution with reference to the free body diagrams in Fig. 10.
The shear force at the column base elevation resists a significant
portion of the driving thrust originating from the embankment
and the foundation. During the dissipation of excess pore water

pressures, the total lateral thrust in the embankment and foundation
at the centerline decreases, which is consistent with the trends
shown in Fig. 4. Both the base shear and lateral thrust at the toe
decrease in response to the decrease in centerline thrust. The effect
is particularly marked for Scenario C, which has low column ARR
and less subgrade support (i.e., soft clay extended to foundation
surface). Fig. 10 shows that the geosynthetics in Scenario A pro-
vide a negligible contribution to lateral force equilibrium. The geo-
synthetics represented in Scenario A are typical of those used in
US practice. The high-stiffness geosynthetics represented in
Scenarios B and C make a larger contribution to satisfying lateral
force equilibrium. Although the total geosynthetic stiffness for
Scenario C is only half that of Scenario B, the geosynthetic
reinforcement in Scenario C experiences larger tension in response
to the larger lateral thrust at the centerline and shoulder.

Summary and Conclusions

Results from a 3D numerical parametric study totaling 140 scenar-
ios for CSEs were synthesized and presented in terms of the lateral
thrust distribution. Driving and resisting thrusts for lateral spread-
ing analysis of CSEs were examined and quantified in relative
proportions: (1) the embankment thrust calculated by integrating
total lateral stresses over the embankment height; (2) the founda-
tion thrust calculated by integrating incremental lateral stresses
from the column base elevation to the foundation surface; (3) the
geosynthetic tension; and (4) the shear force at the column base
elevation (as required for analysis of lateral force equilibrium).
Calculations were performed along vertical planes at the embank-
ment centerline, shoulder, and toe and for the limiting cases of lat-
eral spreading (i.e., undrained end-of-construction and long-term
dissipated).

(a) (b) (c)

(d) (e)

Fig. 9. Geosynthetic tension at shoulder versus PLat for scenarios requiring geosynthetic to mitigate lateral spreading (i.e., Rls=PLat < 1.5).
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Fundamental understanding of lateral spreading mechanics
in CSEs was advanced through the analyses of lateral thrust
distribution:
1. The driving thrust produced by the sum of embankment and

foundation thrusts is resisted by the foundation thrust at the
toe, geosynthetic tension, and base shear.

2. Pore water pressure conditions affect the relative magnitudes of
thrust. The foundation thrust is largest in the undrained condi-
tion and decreases with excess pore water pressure dissipation.
The embankment thrust is smallest in the undrained condition
and increases with excess pore pressure dissipation and develop-
ment of soil arching. The geosynthetic tension is smallest in the
undrained condition and increases with excess pore pressure
dissipation and vertical deflection. The base shear is largest
in the undrained condition.

3. The foundation thrust contributes significantly to both the driv-
ing and resisting thrusts.

4. Geosynthetic tension increases with stiffness (J), and geosyn-
thetics of greater stiffness resist a greater portion of the driving
thrust.

5. No relationship exists between geosynthetic tension and
active lateral thrust in the embankment (PLat) because the

tension can be smaller or greater than PLat depending on the
geosynthetic stiffness and how much the geosynthetic is being
exercised.

6. The undrained condition is the most critical for lateral
spreading:
• Lateral thrust is largest at the centerline and decreases in

magnitude toward the toe, consistent with a system tendency
to spread laterally away from the centerline.

• The embankment thrust is closest in value to the theoretical
active thrust adopted for design, owing to the limited devel-
opment of soil arching and vertical load transfer to columns.
The smallest calculated embankment thrusts were found for
cases with developing global instability in the undrained
condition.

• Both the geosynthetic tension and the portion of thrust re-
sisted by the geosynthetic are smallest when vertical deflec-
tion is limited.

• The base shear is largest in the undrained condition, indicat-
ing the greatest likelihood of approaching the shear strength
prior to consolidation.

7. The CSE lateral thrust distribution for the critical undrained con-
dition can be estimated using the following correlations:

Table 5. Parameter values for scenarios adopted in investigation of lateral force equilibrium (Fig. 10)

Hemb (m) HLTP (m) Hfill (m) Scol (m) dcap (m) dcol (m) Slope(H:V) Lemb (m) Ncol Ngeo J (kN=m) φ 0
emb (degrees) σ 0

p q (kPa)

Scenario A (BC1)—typical column ARR and lightweight geosynthetic
3.0 0.91 0.91 2.4 0.61 0.46 2:1 24 0 3 300 40 Case 2 0

Scenario B—typical column ARR and heavyweight geosynthetic
6.1 0.91 0.91 1.8 0.61 0.61 2:1 22 þ2 2 8,000 40 Case 2 0

Scenario C—low column ARR and heavyweight geosynthetic
6.1 0.91 0 3.0 0.61 0.46 3:2 25 0 1 8,000 40 Case 1 0

Scenario A

Scenario B

Scenario C

ToeShoulder

Column Base
81/41

145/103

29/43

198/103

0.20/0.71
0.23/0.75
0.28/0.82

94/120

16/25
17/27

305/71 184/105

182/34

97/151

76/102

626/222 430/225

217/46

Embankment Surface
ToeCenterline

139/54

145/103

23/49

263/111

0.53/0.71
0.60/0.96
0.68/1.22

89/152

23/32
24/41

383/59 184/105

241/33

76/169

105/129

807/239 430/225

348/54

geosynthetic

foundation

Undrained/Dissipated
Units in kN/m

embankment
J = 300 kN/m (×3)

Hemb = 3.0 m

ARR = 2.8%

Hemb = 6.1 m

Hemb = 6.1 m

J = 8000 kN/m (×2)

J = 8000 kN/m

ARR = 
8.7%

ARR = 1.8%

Fig. 10. Free body diagrams of lateral thrust distribution (scenario geometries and material properties shown in Table 5); not to scale.
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• The ratio of shoulder thrust to centerline thrust is approxi-
mately 80%.

• The ratio of thrust at the toe to centerline thrust is approx-
imately 50%.

• The ratio of geosynthetic tension to centerline thrust depends
on the geosynthetic stiffness (J). Using J ¼ 300 kN=m, the
ratio is at most 2%. Using J ¼ 8,000 kN=m, the ratio is at
most 16%. The maximum ratio of geosynthetic tension to
thrust is approximately the same at the centerline and the
shoulder.

• Remaining driving thrust is resisted by base shear.
Future work could expand upon the correlations by investigating

conditions outside the scope of this study. CSEs integrated with
mechanically stabilized earth wall systems could produce the worst
slope condition for lateral spreading. The effect of column length
could also be investigated. The current work could be extended to
investigate potential failure mechanisms in CSEs and to establish
whether they occur in the undrained condition, as suggested by re-
sults from the current study. Failure analyses should incorporate
tensile failure in the geogrid elements, such that the geosynthetic
influence on load path can be examined in addition to its contri-
bution to resisting thrust.
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Notation

The following symbols are used in this paper:
c 0 = effective cohesion;

dcap = cap diameter;
dcol = column diameter;
E = Young’s modulus;

Ereduced = reduced Young’s modulus adopted in loosened
embankment zones;

e1 = void ratio at reference pressure;
G = shear modulus;

Hemb = embankment height;
Hfill = foundation fill thickness;
HLTP = load transfer platform height (i.e., thickness);

J = geosynthetic stiffness;
Ka = coefficient of active lateral earth pressure;

Lemb = shoulder-to-shoulder embankment width;
Ls = length of foundation beneath embankment slope;
M = slope of critical state line;

Ncol = number of columns in half-embankment model relative
to column group extent required to prevent edge
instability;

Ngeo = number of geosynthetic layers;
PLat = active lateral thrust in embankment;

q = surcharge pressure loading;

Rls = resisting thrust in foundation based on undrained shear
strength;

Scol = center-to-center column spacing;
su = undrained shear strength;
α = angle of shear failure surface from vertical;
γ = unit weight;
κ = slope of recompression line;
λ = slope of virgin compression line;
ν = Poisson’s ratio;
σt = tensile strength;
σ 0
p = preconsolidation pressure;
σ 0
v = effective vertical stress;

φ 0 = effective friction angle;
φ 0
emb = effective friction angle of embankment fill;
φ 0
fill = effective friction angle of foundation fill; and

φ 0
reduced = reduced effective friction angle adopted in loosened

embankment zones.
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Table S1 is available online in the ASCE Library (www
.ascelibrary.org).
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