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ARTICLE INFO ABSTRACT

Keywords: Cement-based columns in combination with geosynthetic reinforcement is a well-established soft ground
Geosynthetic-reinforced column-supported improvement technique to enhance embankment stability. This paper aims to present a finite-element (FE) study
embankment

based on a case history of a geosynthetic-reinforced column-supported (GRCS) embankment over soft soil. In this
e ) study, the columns are simulated with an advanced Concrete model to simulate the development of possible
Finite element analysis . . . . . . . . ..
Strain-softening cracking and induced strain-softening. Numerical results are compared against published centrifuge tests, giving
Crack confidence to the established FE model with the Concrete model. New insights into the progressive failure
mechanisms of GRCS embankments over soft soil are then discussed by examining the stress paths, internal
forces, and cracks, as well as the plastic failure zones of columns. In addition, the role of columns and geo-
synthetics on the progressive failure mechanisms (failure loads and sequences) is also examined by an extensive
parametric study. The results suggest that provided the optimization of compressive and tensile forces in the
columns combined with the tensile stiffness of the geosynthetics is put in place, more columns can be mobilized

Progressive failure mechanism

to resist global sliding failure and to improve the bearing capacity of GRCS embankments.

1. Introduction

The use of geosynthetic reinforcement at the base of highway or road
embankments which are supported by columns/piles is known as
geosynthetic-reinforced column-supported (GRCS) embankments. It has
been proven as an effective and economical solution in soft soil [10,37,
48,51]. There have been different types of columns currently used in
GRCS embankments such as stone and cement-based columns (mixing or
jet-grouting). Among them, deep cement mixing (DCM)
column-supported embankments have increasingly expanded world-
wide [21,27,40,46], as it has the following advantages: (a) stronger
stability and smaller settlement; (b) rapid construction; (c) reduced cost;
(d) minor environmental impact, and (e) construction in complex
ground conditions (particularly in deep soft soil). It is well known that
progressive failure would be triggered and developed in GRCS em-
bankments as flexible or semi-rigid column/pile-supported systems

subjected to additional loadings [22,48,51]. Although extensive evi-
dence [26,28,52] has indicated that the resistance to the instability of
GRCS embankments can be provided by a combination of the soil
arching effect between columns and the membrane effect of geo-
synthetic, the role of column and geosynthetics on the progressive
mechanisms is still not yet well studied.

Recently, several laboratory tests such as 1 g model tests [43,44] and
ng centrifuge tests [42,47,48] have been carried out to observe the un-
derlying failure mechanisms as well as to assess the stability of GRCS
embankments. Due to the design complexities of testing apparatus and
the high costs required, experimental investigations are limited for an
in-depth interpretation of progressive failure mechanisms. As a conse-
quence, the majority of the existing design procedures, e.g., limit equi-
librium ([4]; Van [36]) and limit analysis [18,19,5], were developed
based on an assumed global failure of GRCS embankments, where the
columns or geosynthetics and the critical slip surfaces coincide. These
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methods may result in an over-conservative design.

Numerical modeling has proven to be a powerful tool that can be
used to study the (progressive) failure mechanisms of GRCS embank-
ments. Some of the representative numerical methods such as the finite
element method (FEM) [17,35,52,53], finite difference method (FDM)
[13,14], or discrete element method (DEM) [6,18] were developed to a
stage in which the working performance and/or failure mechanisms of
GRCS embankments can be well studied. These methods do not need a
priori definition of the slip surface and therefore their solutions are ac-
curate, particularly for the prediction of failure modes. They remove the
requirement for a priori definition of the slip surface and therefore they
do not need to predetermine the failure mode. The emphasis of this
paper is put on understanding the progressive failure mechanisms of
GRCS embankments on a macro-scale, rather than on a micro-scale.
Therefore, the use of the DEM is very time-consuming and unsuitable
in this study. The present study uses the FEM to investigate the pro-
gressive failure mechanisms of GRCS embankments.

Simple elastic-perfectly plastic failure criteria such as the Mohr-
Coulomb (MC) model are frequently employed for modeling cement-
based columns supporting embankments, although other advanced
models have been developed [22,51]. The columns are generally not
reinforced and hence relatively brittle, albeit in some cases a steel bar is
immediately placed at the center of the columns after construction to
enhance the strength. It is, therefore, desirable to develop an available
criterion with the limited tensile strength of such columns. It is also
desirable to take into account the post-peak behavior, i.e.,
strain-softening behavior in tension (and compression), particularly for
the performance of crack initiation.

It is not the purpose of this paper to provide a robust design pro-
cedure for GRCS embankments. Instead, it is more of a fundamental
work to answer how the strain-softening effect influences the progres-
sive failure mechanisms of GRCS embankments. For such a purpose, an
advanced constitutive model (referred to as the “Concrete” model
hereafter) was introduced to model the DCM columns. The Concrete
model was initially developed by Schadlich and Schweiger [29] to
model the post-peak behavior of sprayed concrete lining (SCL) tunnels,
and subsequently to model jet-grouting slab, and mixed-in-place col-
umns in the context of deep excavations [7,39]. The Concrete model has
been proven capable of realistically capturing the softening behavior of
cement-based columns in compression and/or tension. The critical fea-
tures of this model on the application in GRCS embankments over soft
soils will be presented later.

In this study, the progressive failure mechanisms of the DCM col-
umns under embankment loading are studied by means of the FEM
incorporating the strain-softening effect. A representative numerical
model of the GRCS embankment resting on soft soils is first established.
The Concrete model parameters are empirically determined and cali-
brated by the results of published uniaxial compression tests and three-
point bending tests. The FEM model is then established to validate
against previous centrifuge testing results. Subsequently, new insights
into the progressive failure mechanisms of a GRCS embankment are
provided from the viewpoints of effective stress paths, internal force,
crack, and plastic failure zone development of DCMs. The influence of
compression and tension parameters of DCMs, as well as the tensile
stiffness of geosynthetics on the internal forces and failure sequence, are
also explored.

2. Numerical analysis
2.1. Problem definition

The widely-reported case history of a geosynthetic-reinforced DCM
column-supported embankment constructed over a very soft soil deposit
in Hertsby, Finland was chosen as the basis of this numerical study.[11,
12,46] For simplification, only a representative embankment section
was selected to construct a plain-strain numerical model, where the
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Fig. 1. GRCS embankment in the base case: (a) cross-sectional view and (b)
plan view.

Table 1

Material parameters used in the MC model.
Parameter Embankment fill Soft clay Firm soil
Drainage condition Drained Undrained (A) Drained
Flow rule Associated Non-associated Associated
Unit weight, y (kN/m%) 18 18 18
Elastic modulus, E (Mpa) 30 30 30
Poisson’s ratio, v (-) 0.3 0.3 0.3
Effective cohesion, ¢’ (kPa) 5 0 0
Effective friction angle, ¢’ (°) 32 25 30
Dilatancy angle, v (°) 32 0 30

geometric configuration of the embankment was slightly adjusted. Such
simplification allowed more columns to be included in the base model
for fully interpreting the failure mechanisms and also allowed for the use
of very fine mesh to capture the development of column cracks under
embankment loading. For such reasons, it is not intended to provide a
direct comparison against in situ measurements in this study.

An embankment with a fill height of 4 m and a crest width of 10 m
was constructed over a 15 m deep soft clay underlying a 5 m deep firm
soil. The side slope gradient was 1: 2 (1H: 2 V). The groundwater table
(GWT) is situated at the existing ground surface. Fig. 1 presents a cross-
section of the GRCS embankment and a square arrangement of DCM
columns (diameter of 0.8 m and spacing of 1.5 m). The isolated DCM
column was embedded into the firm soil layer with a length of 2.0 m. For
enhancing the embankment stability, a geosynthetic layer with tensile
strength of 200 kN/m and tensile stiffness of 2500 kN/m was placed
above 0.5 m column top to facilitate the uniform embankment load by
the membrane effect. The material properties of foundation soils and
embankment fill have been determined by the site investigation and
further compiled from Huang and Han [11,12], as shown in Table 1.
These parameters are not discussed in the following as the emphasis of
this study is on the behaviors of columns and geosynthetics, particularly
on the strain-softening behavior of columns.

2.2. Finite-element model set-up

All analyses were performed by the finite element code Plaxis 2D
(Kumarswamy et al., 2016). A two-dimensional symmetrical plane-
strain numerical model was set up based on the problem definition.
Fig. 2 gives the finite-element (FE) mesh of a GRCS embankment. To
balance computational cost and accuracy, a non-structured mesh was
adopted to refine the columns and the geosynthetics. The soil domain
was discretized with 15-noded triangular solid elements, and a total of
around 13,000 elements were used. Other than rigid concrete piles, DMC
columns, and surrounding soils have been proven to have good bonding,
resulting in the shear strength of the interfaces between them may be
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Fig. 2. Geometry, finite-element mesh, and boundary conditions.

higher than soil shear strength [27,49]. Therefore, no interface was set
along the edge of the columns. The geosynthetic layer was simulated
using 10-noded interface elements with 5 Gauss integration stress points
to consider soil-structure interaction. To avoid the boundary effect, the
soil domain was extended to 60 m. The horizontal displacements of the
lateral boundary were constrained (Ax = 0), a full-fixity was prescribed
at the bottom boundary (Ax = 0, Ay = 0), while the top boundary was
free.

The linear elastic perfectly plastic Mohr-Coulomb failure criteria
were adopted to simulate foundation soils and embankment fill as well
as geosynthetics, of which the material parameters can be found in
Table 1. During the elastoplastic calculations, the soft clay was set as
undrained conditions in which the option of “Undrained A” in Plaxis 2D
was chosen to calculate soil strength in terms of effective stress pa-
rameters [3]. The other materials (firm soil, embankment fill, and col-
umns) were considered as drained conditions. To avoid the potential
numerical instability due to the flow rule made, the non-associated and
associated flow rules had to be used respectively to simulate soft clay
(undrained) and other soils (drained), as highlighted by Tschuchnigg
et al. [34], Schweiger and Tschuchnigg [30] and Lai et al. [20]. It means
that a dilation angle of y’ = 0° was considered to model the soft clay
while y’ = ¢’ was used to model the embankment fill and the base firm
soil, as listed in Table 1. Moreover, the Concrete model was selected to
simulate DMC columns for considering the strain-softening effect, which
will be explained later in more detail.

It should be noted that the column-soil interaction is a three-
dimensional problem in nature. To more realistically reflect the
column-soil interaction, the equivalent area method originally pre-
sented by Bergado and Long [2] was employed to modify the diameter of
the columns using the equation below:

D’ = 7D’ /4s (€D)]
where D' is the equivalent column diameter, D is the diameter of isolated
DCM columns and s is the center-to-center spacing of columns. The
equivalent column diameter is 0.34 m in the present study (see Fig. 2).

The numerical analysis was then conducted following the usual
procedure: (a) generation of the initial stress filed with the Ky-approach;
(b) installation of the DCM columns using the wished-in-place method;
(c) filling the embankments in layers per meter; and (d) loading on the
embankment crest in steps per kPa until plastic failure.

Before running the 2D model, the effectiveness and feasibility of the
equivalent area method under plain strain conditions have to be dis-
cussed. For such purpose, Appendix A provides thorough comparisons of
constitutive responses in columns, stresses on geosynthetic reinforce-
ment and column top as well as internal forces of columns, which are
obtained from 2D/3D models, respectively. The comparisons proven the
eddective use of the 2D model with an equivalent area method is a
suitable choice, achieving a balance between computational efficiency
and accuracy. The feasibility of the equivalent area method under plain
strain conditions has been also demonstrated in the work by Yapage
et al. [45,46] and Zhang et al. [50].

oh
QVV

Orot ft f.
Fig. 3. Yield surfaces and failure envelope.

2.3. Constitutive model for DCM columns

Two constitutive models, i.e., the Mohr-Coulomb (MC) model with
tension cut-off and the advanced Concrete model, were used to simulate
DMC columns, respectively. The tensile strength of columns was input to
cut off the tension in the MC model. The other parameters of the MC
model were fully consistent with those reported by Huang and Han [11,
12], hence they are omitted here. The Concrete model was newly
developed by Schadlich and Schweiger [29] to simulate shotcrete linings
in tunneling. The Concrete model comprehensively considers
time-dependent strength and stiffness, strain-hardening and
strain-softening as well as shrinkage. Since this paper primarily studies
the evolution of internal force and failure as the cracks developed in the
DCM columns after curing, the time-dependent features were switched
off. Only a brief introduction of key features in the Concrete model
relevant to the present study is provided here.

In the model, plastic strains are determined in light of strain hard-
ening/softening elastoplasticity. MC yield surface (F.) and the Rankine
yield surface (Fp) is employed for deviatoric loading and tensile loading,
respectively, as shown in Fig. 3.

The normalized stress-strain curve in compression is plotted in Fig. 4
(a). Strain hardening in compression (part I) first follows a quadratic
function, with subsequent bi-linear softening (parts II and III) and a
residue (part IV), as shown in Fig. 4(a). A normalized parameter of H.
= ¢B/¢8, is defined to bound hardening and softening in various stages,
where €8 is minor (compressive) principal plastic strain and €%, is plastic
peak strain in uniaxial compression. Also, all compression strengths are
normalized by peak strength i.e. foy = 03/f.. From Fig. 4(a), compression
hardening with an initial strength (feon) starts from H. = 0, and then H,
= 1.0 indicates full mobilization of f.y = 1.0, Then the linear softening to
a normalized failure strength (f.s,) occurs at H. = H, which is governed
by the compression fracture energy of G,. Full compression softening to
a normalized residual strength (f.un) is eventually reached at H, = Hey.
Egs. (2-5) characterize the compressive strength in the whole process of
compression hardening/softening:
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Fig. 4. Normalized stress-strain curves in: (a) compression and (b) tension.

Table 2
Model parameters of cement soils.

Description Parameter  Unit Base case Uniaxial compression test Three-point bending test Centrifuge test
Concrete MC Concrete model MC Concrete model MC Concrete MC
model model . _ model . . . model model model

Empirical ~ Calibrated Empirical ~ Calibrated

Unit weight 4 kN/ 20 20 20 20 20 20 20 20 17 17

m3

Young’s Eog MPa 30 30 289 424 424 540 2000 2000 200 200

modulus

Poisson’s ratio v - 0.30 0.30 0.30 0.30 0.30 0.17 0.17 0.17 0.45 0.45

Maximum Pmax ¢ 30 30 30 30 30 30 30 30 0 0

friction angle

Maximum Wmax °© 0 0 0 0 0 0 0 0 0 0

dilatancy
angle

Uniaxial fe28 kPa 311 NA 963 963 NA 1800 1800 NA 758 NA

compressive
strength

Normalised feon - 0.60 NA 0.60 0.78 NA 0.60 0.60 NA 0.60 NA

initially
mobilized
strength

Normalised Sefn - 0.75 NA 0.75 0.60 NA 0.75 0.70 NA 0.75 NA

failure
strength

Normalised feun - 0.20 NA 0.20 0.25 NA 0.20 0.20 NA 0.20 NA

residual
strength
Compressive G 28 kN/ 5.0 NA 5.0 6.5 NA 5.0 5.0 NA 5.0 NA
fracture m
energy

Uniaxial plastic 2 - 0.003 NA 0.003 0.002 NA 0.003 0.003 NA 0.003 NA

failure strain

Uniaxial tensile  f; og kPa 47 47 144 144 144 270 380 380 114 114

strength

Ratio of frun - 0 NA 0 0 NA 0 0 NA 0 NA

residual to
peak tensile
strength
Tensile fracture Gy28 kN/ 0.01 NA 0.01 0.01 NA 0.01 0.01 NA 0.01 NA
energy m
Effective c kPa NA 90 NA NA 278 NA NA 520 NA 219
cohesion
Note: NA = Not applicable
feyr = fe [feon + (1 = feon) (2H — H2) | @) principal plastic strain and ef, is plastic peak strain in uniaxial tension,
o1 is tensile strength and f; is a peak (initially) tensile strength. There-
foym = fo [1 + (fcl.“ _ 1) (Hc -1 /Hcl' _ 1) } 3) fore, the normalized post-peak tensile strength follows:
fiy = fi[1 + (fun — 1)H, 5
fcy,Ill = fc [fcl'n + (fcun - fc('n) (HC - Hci"/Hcf - ch) ] (4) Y ‘[ ( o ) l} ( )
More detail of the Concrete model can be found in Schadlich and
Foyv = forfoun (5) Schweiger [29]. Appendix B also presents how the initial model pa-

In Fig. 4(b), a linear softening in tension can be found until a residual
tensile strength of fi, is reached. Similar to the compression, a
normalized tension-softening parameter (H; = ¢}/¢f;) and a normalized
tensile strength (fiy = 01/f) are both defined, where ¥ is major (tensile)

rameters relevant to the purpose of this study are determined
empirically.

Table 2 further summarizes a set of empirical parameters used in the
base model according to Appendix B and Table Bl. As mentioned
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Fig. 6. Shear bands of specimens observed from: (a) uniaxial compression test; (b) MC model; and (c) Concrete model.

previously, the base model in this study was established based on a real
project in spite that no available experimental data has been provided to
calibrate the model parameters. Therefore only empirical but reasonable
data (proven later) is presented here. For this reason, the f; 25 was first
converted from the MC model parameters reported by Huang and Han
[11,12], and then the other parameters of the Concrete model were
empirically estimated using the correlations listed in Table B1. All the
strength and stiffness parameters of the cured DCM columns used here
corresponded to standard values after 28 days since all the
time-dependency features have been switched off.

[*109]
VS170.00
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51.00
34.00
17.00
0.00
(b)

2.4. Concrete model validation against laboratory results

To examine whether the Concrete model can accurately capture
strain-hardening/softening behaviors in compression and/or tension,
the previous test results are used to compare with those from the model.
The uniaxial compression test by Venda Oliveira et al. [38] and the
three-point bending test by Namikawa and Koseki [24] are numerically
modeled on a realistic scale with the Concrete model and MC model, of
which the empirical and calibrated model parameters are then tabulated
in Table 2.

Figs. 5(a) and 5(b) present a comparison of the results obtained from
the published uniaxial compression test and three-point bending test,
respectively. It follows from Fig. 5(a) that the axial stress-strain curve

l\ Prescribed displacement

20 Notch !
1.00 A% mm Ui 25mm
8:28 ~7000 15-noded elements
060 = 160 mm 0O

Crack location at 0.62mm
Deflection(G; ,3= 0.01)

Fig. 7. Deviatoric shear strain of specimens from: (a) three-point bending test; (b) MC model and.
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Table 3
Material parameters used in MC model for modeling centrifuge test.

Parameter Embankment Sand layer  Clay layer Clay between
fill DCM columns
Drainage Drained Drained Undrained Undrained (B)
condition (B)
Flow rule Associated Associated  Non- Non-associated
associated
Unit weight, y 21 21 17 17
(kN/m®)
Elastic 150 300 30 3
modulus, E
(Mpa)
Poisson’s ratio, 0.33 0.33 0.45 0.45
v()
Effective 0 0 NA NA
cohesion, ¢
(kPa)
Effective 35 35 NA NA
friction
angle, ¢’ (*)
Undrained NA NA 120 12
strength, S,
(kPa)
Dilatancy 35 35 0 0
angle’ ' ©)

Note: NA = Not applicable

Table 4
Comparison of the ultimate surcharge loadings of an embankment.
Parameters Strength Area Ultimate
of replacement surcharge
DCM ratio (%) (kPa)
columns
(kPa)
Numerical MCmodel 758 79 986
simulate Concrete 894
model
Centrifuge test 856

from the Concrete model after calibration presents a good agreement
with experimental results. The comparison between the Concrete model
and the MC model in Fig. 5(a) shows the change of compressive strength
in various stages is well reproduced by the Concrete model, but only
peak compressive strength is reflected in the MC model. Fig. 5(b) in-
dicates that the load-displacement curve from the Concrete model
matches perfectly with the experiment results, regardless of whether the
model is calibrated. Although the small difference between numerical
and experimental results is observed in Fig. 5(a) for the Concrete models
with empirical parameters, compression-hardening/softening and
tension-softening behaviors in specimens can also be captured.

To further demonstrate the advantages of the Concrete model for

Embankment fill "\
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modeling cement-based soil, the shear bands (deviatoric strain and
deformed mesh) of specimens obtained numerically and experimentally
in the uniaxial compression test and three-point bending test are
compared in Fig. 6 and Fig. 7, respectively. The calibrated model pa-
rameters are adopted here. It can be seen from Fig. 6 that a barrel-shaped
specimen with un-concentrated deviatoric strain is obtained in the MC
model, whereas a clear strain localization, in line with experimental
observations, is presented in the Concrete model. Again, perfect agree-
ment of cracks between the numerical and the experiment results is
observed in Fig. 7. It was therefore concluded that the Concrete model is
capable of correctly capturing the strain-hardening/softening behavior
and reasonably reflecting the cracks developed in cement-based soil.

2.5. FE model validation against centrifuge tests

The FE model is further validated against centrifuge tests in Kita-
zume et al. [15], in terms of ultimate surcharge load and plastic failure
zone. Note that both the MC model and the Concrete model are pre-
sented in the study. Table 3 presents the MC model parameters, drainage
conditions, and flow rules used for the validation, whilst the material
parameters of the DCM columns are given in Table 2.

Table 4 compares the ultimate surcharge loading of the embankment
supported with the DCM columns (with strength of 758 kPa and 79%
area replacement ratio) modeled using the MC model and the Concrete
model. Results have shown that the use of the Concrete model attains a
very close ultimate surcharge load with measured value (centrifuge
test), with an error of 5%. However, the use of the MC model leads to an
around 15% higher surcharge than the measured value. It can therefore
be concluded that stability assessment of embankments using the MC
model may result in unconservative results.

A comparison of the plastic failure zone obtained from the centrifuge
test, MC model, and Concrete model is presented in Fig. 8. It follows that
the use of the Concrete model yields a more localized (concentrated)
plastic failure zone and hence a clearer shearing band, which is in line
with the failure mechanisms reported by Kitazume et al. [15]. On the
contrary, the introduction of MC model causes a very spread failure zone
and hence an unclear fail mechanism. The comparison made here also
explains why using the MC model leads to an unconservative result. In
all, the proposed FE analyses with the Concrete model are considered
accurate and reasonable, and they can be used to interpret progressive
mechanisms and examine the role of columns and geosynthetics with
great confidence.

3. Progressive failure mechanisms
3.1. Stress paths

To understand the progressive failure mechanisms of GRCS em-
bankments, stress paths of two representative points (i.e. points A and B)

Clay

[ Failure point

Cla
y M Tension cut-off point

----- Sliding surface

|jand layer

Sand layer

@)

(b) ©

Fig. 8. Development of plastic failure zone: (a) Centrifuge test (form [15]); (b) MC model; (c) Concrete model.
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Fig. 9. Effective stress paths of Points A and B.

in columns 12 and 5 at around 3 m depth below the surface, are plotted
in Fig. 9. Here, columns 12 and 5 correspond to those located below
embankment crest and side slope, respectively. Point A is mainly subject
to bending moment and point B experiences both bending moment and
vertical force. Significant cracks can be observed in columns 12 and 5 at
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a depth ranging from 2 m to 4 m below the surface (see Figs. 10 and 11).
Hence, points A and B with a depth of 3 m are chosen as the typical
points. The stress path changes in four typical stages can be observed for
point A when increasing the embankment surcharge load: (1)
compression hardening (path o-a); (2) rotation of principal stress axes,
showing the stress state changes from compression to tension (path a-b);
(3) tension softening, in which the stress state reaches the tension failure
envelop with subsequent tension softening (path b-c) and correspond-
ingly a stress relief; and (4) a tension cut-off (path c-d).

Three typical stages of the stress path change for point B are pre-
sented as the embankment surcharge load increases: (1) compression
hardening (path o-e); (2) compression softening (path e-f) once the stress
state reaches the compression failure line; and (3) compression failure
(path f-g). These stress paths in Fig. 9 clearly show how the failure
progresses in a GRCS embankment. Besides, the Concrete model is
proven again to have the ability to correctly capture the strain hard-
ening/softening behavior in compression/tension.

3.2. Internal forces and cracks

The development of internal forces (bending moment and internal
force) and cracks of representative columns 5 and 12 as the embankment
surcharge load q increases are presented in Figs. 10(a-b) and 11(a-b).
The bending moment following counter-clockwise is postulated to be
positive, while the tensile axial force is considered positive. It follows
from Fig. 10(a) that once the q value increases to a certain value e.g. g
= 14kPa, the cracks initiate in column 12 that is mainly subjected to
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Fig. 10. Evolution of the internal forces and cracks of column 12: (a) bending moment; (b) axial force.
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bending-induced tensile stress. As expected, the bending moment in-
creases with increasing g value. The obvious changes in the bending
moment of column 12 are found in depths 2 m ~ 4 m below the surface.
In this zone, a reduction of bending moment as a consequence of tension-
softening can be seen when compared with the results from the MC
model. Furthermore, apparent oscillations in the curves of bending
moment vs. depth are observed for the Concrete model as the tension-
dominated cracks are developed in the columns, which is, of course,
not considered in the MC model. Fig. 10(b) shows that the axial forces
are unchanged as column 12 is mainly subjected to bending moment
caused by the lateral thrusts.

Fig. 11 shows that for column 5, the compression-induced bending
moment and axial force both increase with an increase in surcharge
load. Before reaching the peak compressive strength (q < 36 kPa), the
approximately consistent responses of vertical loading to bending
moment and axial force are found in both MC and Concrete models.
After that, a gap between the two models is gradually widening as the

g=0kPa g=14 kPa

(a) (b)

compression-dominated cracks develop and then reach the maximum
when the compressive strength softens to a residual value. These com-
parisons made in Fig. 10 and Fig. 11 highlight a significant role in
considering the strain-softening behavior for the interpretation of pro-
gressive mechanisms of GRCS embankments.

To study the responses of the specific column failure (columns 5 and
12) to the surrounding columns, the changes in internal forces of two
couples of columns (columns 4-6 and 10-12) before and after failure
load are extracted from numerical results, as shown in Figs. 12 and 13.
As mentioned earlier, the surcharge load increases stepwise per 1kPa
until plastic failure occurs. Therefore, the responses before failure
correspond to a case under the failure (ultimate) load minus 1kPa. It can
be found from Fig. 12 that the failure of column 12 at 24 kPa leads to a
loss of bending moment for itself but an increase for surrounding col-
umns 10 and 11. However, the axial force remains unchanged, indi-
cating that the column after tension-dominated (bending) failure still
can carry the vertical load.
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1} it!

123456789101M2 123456789101M12

q=63 kPa g=73 kPa

©) )

123456789101M2 123456789101M2

()]

AR

:\r}'llll}-l’/ m  Failure point

W  Tension cut-off point
- === Sliding surface

1234567 8910112 123456789101M12

123456789101M2

Fig. 14. Development of plastic failure zone: (a) g= 0 kPa; (b) g= 14 kPa; (c) g= 24 kPa; (d) g= 36 kPa (e) g= 63 kPa; (f) g= 73 kPa and (g) g= 95 kPa..
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Table 5
Parameters for analysis of the role of columns and geosynthetics.
Set Case Columns Geosynthetic Remarks
f; (kPa) Gy (kN/m) f. (kPa) Ge (kN/m) E (kN/m)
A Low f; & Low G * 47 0.01 311 5.0 2500 Column 12
Low f; & High Gy 47 0.10
High f; & Low G, 150 0.01
MC model” 47 - - -
B Low f. & Low G.* 47 0.01 311 5.0 2500 Column 5
Low f. & High G 0.01 311 50.0
High f. & Low G, 0.01 1000 5.0
MC model” - - -
C Weak reinforcement 47 0.01 311 5.0 1000 Columns 5
Medium reinforcement* 2500 & 12
Strong reinforcement 5000
Very strong reinforcement 10000

Note: * = Base case
# — Input parameters are described in Table 2

Fig. 13 shows that the compression-dominated (shear) failure of
column 5 at 95 kPa leads to a pronounced reduction in both bending
moment and axial force for columns 4 and 5, and a slight increase for
column 6. This means that the compression failure of columns signifi-
cantly causes stress losses which may be transferred to the surrounding
columns. The comparisons between Figs. 12 and 13 signify that a col-
umn due to compression-induced shear failure can bear much higher
internal forces than that tension-dominated bending failure to carry
more vertical loads as the compressive strength is greatly larger than
tensile strength. This inspires geo-engineers should have special atten-
tion to keeping the stability of the columns below the side slope for a
GRCS embankment in soft soils.

3.3. Plastic failure zones

Fig. 14 plots the development of plastic failure zones in GRCS em-
bankments as the failure progresses. It has shown that, as the surcharge
load increases, the side columns 9 ~ 12 approach failures in tension due
to bending. When increasing the surcharge load to a higher value e.g., ¢
= 63 kPa, the compression-induced shear failure is first observed in

column 4, followed by columns 5 and 6. The two sides of columns 7 and
8 are subjected to tension and compression failures, respectively. These
results clearly show that the GRCS embankment has a progressive failure
process until a sliding surface is formed. More discussion on failure
sequence in progressive failure mechanisms will be given later by
examining the role of columns and geosynthetics.

4. Role of the columns and geosynthetics

This section presents a sensitivity analysis of how tensile and
compressive parameters of columns and tensile stiffness of geosynthetics
influence the internal forces under different levels of surcharge loads.
Table 5 summarizes three sets of parameters used for the sensitivity
analysis. The analysis for set A takes into account different combinations
of tensile parameters of column 12, i.e., peak tensile strength f; and
tensile fracture energy G;. The analysis for set B considers different
combinations of compressive parameters of column 5, i.e., peak
compressive strength f. and compressive fracture energy G.. The com-
parison of results between the Concrete model and the MC model is also
presented in sets A and B. The analysis for set C focuses on the variation
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of tensile stiffness of geosynthetics (weak, medium, strong, and very
strong reinforcement) of columns 5 and 12.

4.1. Tensile parameters of columns

Fig. 15 presents the development of internal forces and cracks of
column 12 as embankment surcharge load q increases under different
tensile parameter combinations (set A in Table 5). As is defined, higher f;
and Gy, respectively, mean that the higher surcharge load and the larger
ultimate plastic strain are required to reach tensile failure. It follows
from Fig. 15 that for the Low f; & Low G, when the g value increases to
24 kPa, the tension-induced crack and failure occur in column 12 (see
Fig. 15¢); after that, the bending moment in the failure zone remains
unchanged, but continue to increase in an un-failed zone. For Low f; &
High G, although the tensile failure has been observed in Fig. 15(c) even
under g = 63kPa, the responses obtained from the Concrete model and
MC model are very close. This is attributed to that a higher G; leads to a
lower (slower) tensile strain-softening rate. Once the g value increases to

11

95 kPa, the tensile plastic strain further increases and the tensile
strength softens to a lower value, resulting in a noticeable difference in
bending moment obtained between the two models, as shown in Fig. 15
(a).

For High f; & Low G and High f; & High Gy, since the tensile strength
is high enough, even under g = 95 kPa, the cracks and failure do not
happen in the column. As a result, the bending moment always increases
with increasing the surcharge in the two cases above, and their bending
moments under a fixed g are very close. Besides, the tensile parameters
have a negligible effect on the axial force, which has been discussed and
demonstrated before. It should be noted that the numerical oscillations
of results are seen in failure zones, it is, however, argued that this does
not influence the change laws as the vertical loads are still carried.

Fig. 16 shows the column failure loads and sequences of GRCS em-
bankments as the g value increases for set A in Table 5. The progressive
failure mechanisms formed in GRCS embankments are highlighted: the
side columns first undergo bending failure with a subsequent shear
failure for the central columns. Different combinations of tensile
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parameters of columns have a significant influence on the progressive
failure mechanisms. A higher G; delays the failure of columns below the
side slope. A higher f; enhances the ability to resist the lateral thrust due
to the surcharge imposed for side columns but forms a punching failure
mode for the columns below the embankment crest. It can be concluded
that, for an embankment supported reinforced-columns, more attention
should be paid to central columns (compression zone) to avoid a more
brittle failure.

4.2. Compressive parameters of columns

Fig. 17 plots the development of internal forces and cracks in column
5 as the embankment surcharge load q increases under different
compressive parameter combinations (set B in Table 5). For the case of
Low f. & Low G., when increasing q from 63 kPa to 95 kPa, the
compression-dominated cracks and failure are formed in column 5 (see
Fig. 17c¢), resulting in reductions of bending moment and axial force are
both apparently seen in Fig. 17(a). In the case of Low f. & High G, since
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the ultimate plastic strain required increases, strength softening in
compression caused by a surcharge of ¢ = 95 kPa is very limited even if
many cracks have been developed in columns (see Fig. 17¢). The similar
responses from Concrete model and MC model for Low f. & High G, with
q= 95 kPa are consequently very close. However, if increasing g to be
high enough such as 111 kPa, the compressive strength of column 5
gradually softens to a residual value, again causing a significant
reduction in the internal forces. Although the cracks and failure are not
found in column 5 for the cases of High f. & Low G, and High f. & Low G,
when g increases from 95 kPa to 111 kPa, a significant increase in in-
ternal forces is surprisingly seen. The reasons will be explained in the
next section.

(c) compressive crack.

Fig. 18 shows the column failure loads and sequences of GRCS em-
bankments in set B listed in Table 5 as the g value increases. The
compressive parameters have a noticeable influence on the progressive
failure mechanisms: higher G. delays the failure of columns below the
embankment crest, and higher f. enhances the ability to resist the
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embankment surcharge load. The general failure sequence (from side
columns to central columns) for the case of Low f. & Low G, and Low f. &
High G, can be observed, although the required ultimate surcharge loads
for different columns in the two cases are highly different. For the cases
of High fc & Low G, and High f. & Low G, only bending failure occurs in
columns 7-12 of the GRCS embankment, indicating that the columns
below the embankment crest are in a stable condition.
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14

H. Wang et al. Engineering Structures 302 (2024) 117425
0 T T T T T T T T T T T o
Ak 4 Ak 4
2+ . 21 ]
3 E 3 E (c) g=5kPa g=36 kPa g=40 kPa
E 4l {1 E 4L | Weak
c c reinforcement
a a
] o)
T 5 4 © 5} ]
c c s 3
1S € Medium
S S ;
S 6| 4 S 6} 4 reinforcement
(@] (@]
Line | Surcharges
TF === | g=5kPa 1 -TF B F
— - | g=36kPa Strong H
) gq=40kPa reinforcement '1.00
8 : Colour | Set C b 8 E Igzesg
‘ Weak reinforcement 0.70
" : 060
r —— | Medium reinforcement 050
Sr i S 040
—— | Strong reinforcement Very strong pytd
Very strong reinforcement reinforcement 0.20
-10 1 1 1 1 1 1 1 1 1 1 1 -10 gég
2 -1 0 1 2 3 4 5 6 7 8 9 10 -100 ’
Bending moment (kN-m) Axial force (kN)
Fig. 19. Influence of tensile stiffness of geosynthetics on column 12: (a) bending moment; (b) axial force and (c) tensile crack.
O T T T T T T T T T T T T T 0
ERS . 1k 4
2F - 2 -
Bl E B E (c) g=63 kPa g=89 kPa ¢=100 kPa
B al i B al | Weak
= = reinforcement
a a \
) [0)
© 5F 4 © 5} - .
c c _ A
IS € Medium
% 6k 4 % 6| 4 reinforcement
(&) (@) |
Surcharges
r - == [q=63kPa ] r T /
| —. |g=89KkPa Strong i ’
- reinforcement \ 1.00
sk 1 =100kPa i sk i | pee
Colour | Set C 0.80
Weak reinforcement g:gg
9} —— | Medium reinforcement | 9} i K 0.50
—— | Strong reinforcement Very strong | gﬁgg
| Very strong reinforcement N reinforcement Y 0.20
_1 0 1 1 1.0l 1 1 1 1 1 1 1 1 1 - 1 1 1 1 a2 ' 1 ‘ 1 l g:)g
8 6 -4 -2 0 2 4 6 8 1012 14 16 18 20 -140 -160 -180 -200 -220 -240 -260 -280 -300 ’

Axial force (kN)

(a) bending moment; (b) axial force and (c) compressive crack.

kPa, most of the surcharge load is carried by the central columns that are
always in the elastic range, which is also subjected to significant stress
relief from side columns. This explains why an unexpected increase in
bending moment in column 5 is found. However, this treatment (using
High f.) seems to be unnecessary because a relatively lower value of f,
enables more columns and soils to be involved to obtain consistent
bearing capacity. Therefore, a reasonable combination of compressive
parameters is of significance to reduce the construction cost.
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Fig. 21. Influence of tensile stiffness on the column failure loads and sequences of GRCS embankments: (a) weak reinforcement; (b) medium reinforcement; (c)

strong reinforcement and (d) very strong reinforcement.

4.3. Tensile stiffness of geosynthetics

Figs. 19 and 20 presents the developments of internal forces and
cracks of columns 12 and 5 respectively under different tensile stiffness
E of geosynthetics as surcharge load q increases. It is well known that the
introduction of geosynthetics would enable better distribution of the
vertical loads on the soils under the membrane effect and the arching
effect. This phenomenon is very noticeable for a higher tensile stiffness
of geosynthetics. Therefore, the lateral thrust exerted by soils on side
columns decreases with increasing E value, leading to a decrease in
bending moment for elastic columns, as shown in Fig. 19(a). No crack is
formed in column 12 when very strong reinforcement (E = 10,000 kN/
m) is used under the loading levels studied (see Fig. 19c¢), but very clear
cracks are seen for weak reinforcement (E = 1000 kN/m) and hence
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significant oscillations appeared in the curve of bending moment vs.
depth. These results mean that increasing the tensile stiffness of geo-
synthetics strengthens the bearing capacity of the GRCS embankment.
In Fig. 20, column 5 has a less obvious increase in bending moment,
but a very significant increase in axial force as the g value increases in
the elastic zone. This is because the majority of embankment load is
indeed transferred by the soil arching effect to columns. It is apparent in
Fig. 20 that significant reductions in bending moment and internal
forces due to cracks-induced softening behavior are introduced. How-
ever, the influence of changing tensile stiffness of geosynthetics on in-
ternal forces for columns below the embankment crest is hard to be
quantified. The reason is that the vertical load on the columns may be
increased or decreased under a combination of membrane effect and
arching effect, particularly for strong or very strong reinforcement. It is
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relevant to the load transfer mechanisms and beyond the scope of the
present study. However, it can be justified that higher tensile stiffness of
geosynthetics makes more bearing capacity of columns mobilized as the
embankment load on the soil has been mostly transferred, which is
particularly important for an embankment over soft soils.

The column failure loads and sequences for set C in Table 5 are
further summarized in Fig. 21. When weak and medium reinforcements
are used at the base of embankments, the general progressive failure
sequence from side columns to central columns is shown (see Figs. 21a
and 21b). For the case of strong reinforcement, more columns are in
shear failure rather than bending failure (see Fig. 21c), indicating that
higher tensile stiffness makes the vertical load transferrable onto col-
umns due to the soil arching effect and hence being subjected to higher
compressive stress. This is beneficial to enhance the bearing capacity of
the GRCS embankment. On the other hand, for example, if very strong
reinforcement is used (E = 10,000 kN/m), although the failure load in
the bending failure zone increases significantly, the increase of bearing
capacity of GRCS embankment is limited, as only punching failure is
formed in shear failure zone. This is shown in Fig. 21(d). Therefore, it is
desirable to conduct future research on evenly distributing embankment
load on columns using reinforcement. This ensures that more columns
could be in shear failure, which is desirable in design.

5. Conclusions

This paper has successfully studied the progressive failure mecha-
nisms of geosynthetic-reinforced column-supported (GRCS) embank-
ment over soft soils by means of finite element (FE) analyses. The
emphasis was on the strain-softening behavior of deep cement mixing
(DCM) columns. A widely-reported GRCS embankment project was
chosen to numerically establish a base model. An advanced Concrete
model was incorporated in the FE model, which has proven to be
effective in capturing strain-hardening/softening behavior in compres-
sion/tension as well as characterizing crack initiation and crack devel-
opment by numerical comparisons against published laboratory tests. In
addition, it was used to identify plastic failure zones and ultimate
embankment surcharges, as compared to the conventional Mohr-
Coulomb (MC) failure criterion with tension cut-off for embankments.

The development of stress paths, internal forces, and cracks as well as
plastic failure zones due to strain softening behaviour was discussed in
relation to the progressive failure mechanisms. Numerical results from
the base case showed that the failure of the GRCS embankment pro-
gresses from side columns in bending to central columns in shearing. The
strain-softening initiated by cracks leads to reductions in both bending
moment and internal force for the columns in the compression-induced
shear zone, with only a reduction in bending moment for the columns in

Appendix A. Comparison of 2D and 3D models
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the bending-tension zone.

An extensive parametric study was further performed to examine the
role of columns and geosynthetics on progressive failure mechanisms.
Investigation of the potential savings in construction by changing the
compressive and tensile parameters of columns and tensile stiffness of
geosynthetics was then followed. Numerical results showed that a
reasonable combination of tensile and compressive parameters of col-
umns as well as tensile stiffness of geosynthetics can prevent the failure
of columns and enhance the ability to resist surcharge loads in both
bending and shear zones. Besides, it would enable more columns to be
mobilized to resist sliding failure. On the contrary, overly high tensile
and/or compressive parameters of columns, as well as high tensile
stiffness of geosynthetics, would likely result in local failure, and that is
a less favorable approach to improving bearing capacity. Overall, this
study has provided great insights into the soft ground improvement
design for embankments. The outcome of the study would assist design
engineers in decision-making, thus optimizing the design performance
based on this research.
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To verify the effectiveness and feasibility of the “equivalent area method” under plain strain conditions, the difference between 2D and 3D nu-
merical results are comprehensively compared and discussed. For this purpose, a 3D numerical model of the GRCS embankment with a half-
embankment slice (slice width = a column spacing, y-direction) was established. Except for a column diameter of 0.8 m, the geometric configura-
tion and material parameters as well as the rest details of the 3D model are fully the same as those of the 2D model, as shown in Fig. Al.
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42m |
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— I
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Fig. Al. . Finite elements mesh for 3D numerical modelling.

The stress-strain curves of point A1 (depth equal to 3 m) in column 5 obtained from 2D and 3D models are presented in Fig.A2. It is clear that stress-
strain curves in 2D/3D models are in good agreement. Hence, the equivalent area method with an assumption of plain strain conditions only has a
slight impact on the constitutive responses of columns (simulated by the Concrete model).

800 M7 A7
| 13.0 m 13.0 m
o — o —
700 1 PointA1 | | PointA1
600 — 2D model
— =—3D model ®
500 k- top view
Q

I - 2D: Column 5 3D: Column 5
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8 8
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)
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T
]
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Fig. A2. . Comparison of stress-strain curves of point Al (at 3 m depth) in column 5.

The comparisons of the internal forces of columns 5 and 12 between 2D/3D models are further presented in Figs. A3 and A4, respectively. Only a
very small difference in ultimate surcharge loading (q,) is observed 3 kPa, with an error lower than 3%. Results in Figs. A3 and A4 show that the
distributions of axial force and bending moment in columns 12 and 5 are almost the same. The average errors of axial force and bending moment are
both lower than 8% which is in an acceptable range [1,23,46,50]. The higher bending moment in the 2D model indicates that the assumption of plain
strain conditions yields the numerical results being on the safe side for a preliminary design.
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Fig. A4. . Comparison of the internal forces in column 5 between 2D/3D models: (a) bending moment; (b) axial force.

For the GRCS embankment, the intergration of embankment fill, geosynthetic reinforcement, column, and foundation soil respresents a complex
soil-structure interaction, the analyses of load transfer among them are of great significance. As a result, the comparison of stresses on them in 2D/3D
models is necessary to examine whether the 2D model is available or not. Fig. A5 illustrates the comparison of tensile stresses of geosynthetic
reinforcement between 2D/3D models. It can be seen that the tensile stresses obtained from the 2D model are essentially consistent with those from the
3D model. The average error of the tensile stresses between the two models is also lower than 7%. Fig. A6 plots a comparison of vertical stresses on the
top of columns supporting the embankment. The average difference in vertical stress calculated from the 2D/3D models is around 9 kPa, with an
average error of 6%.

The numerical comparisons have effectively shown that the calculated error generated by simplifying a 3D model into a 2D model is acceptable.
Moreover, a trial analysis also shows that, in comparison to a 3D model, the use of a 2D model considerably reduces the computational time.
Consequently, this work selects a 2D model with an "equivalent area method" under plain strain conditions, achieving a balance between compu-
tational efficiency and accuracy.
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Fig. A5. . Comparison of tensile stress of geosynthetic reinforcement between 2D/3D models.

Appendix B. Empirical determination of Concrete model parameters
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Fig. A6. . Comparison of the vertical stress in composite foundation.

Table B1 shows the empirical determination of Concrete model parameters relevant to the present study. The time-dependent features are
neglected here. Croce et al. 8] suggested that the unit weight of cement-based soil is roughly equal to untreated soil, therefore the mean unit weight of
layered soil is recommended here. Constant values of maximum friction angle and maximum dilatancy angle are generally assumed as 30° and 0°.
Young’s modulus can be determined using Ezg = 300 f 28, where the passion ratio of v is among 0.15 ~ 0.30.

Table B1

Empirical correlations of Concrete model parameters.

Description Parameter Unit Initial parameter value References

Unit weight 4 kN/m® The weight is roughly equal to untreated soil Croce et al. [8]
Young’s modulus Eog MPa Ezg = 300f; 28 Navin [25]

Poisson’s ratio v - 0.15-0.3 Fang et al. [9]
Maximum friction angle Pmax ° 30 -

Maximum dilatancy angle Wmax ° 0 -

Uniaxial compressive strength fe28 kPa feos = 3.46¢ Kivelo [16]
Normalized initially mobilised strength feon 0.60 Xiao et al. [41]
Normalized failure strength Sfefn 0.75 Waichita et al. [39]
Normalized residual strength feun - 0.20 Ta’negonbadi, Noorzad [31]
Compressive fracture energy Ge,28 kN/m Gc2s = 500G; 28 Tariq, Maki [32]
Uniaxial plastic failure strain 2 - 0.003 Terashi [33]

Uniaxial tensile strength fi28 kPa fr28 = 0.15fc 28 Navin [25]

Ratio of residual to peak tensile strength frun - 0 -

Tensile fracture energy Gi,28 kN/m 0.01 Choosrithong et al. [7]

The standard uniaxial compressive strength (f. 2g) is obtained by uniaxial compression test for a cured sample after 28 days which is always
required in preliminary design. Normalized initially mobilized compressive strength (f.on), failure strength (f.s,), residual strength (fcyn), and uniaxial
plastic strain (e8;) in compression are all considered as constant values, corresponding to 0.60, 0.75, and 0.20, 0.003, respectively. Compression
fracture energy (G 2g) is empirically correlated with tension fracture energy (G 2g) using a linear relationship of G¢2g = 500G g, where Gy g is
around 0.01. It is conservative that normalized residual tensile strength (fy,) is considered as 0.

Table B1 also presents the correlations between the Concrete model and the MC model. Kivelo [16] reported that the cohesion of cement-based soil
in the MC model could be approximately converted with ¢’ = 0.289 f. 2. The rest MC model parameters could be the same as those in the Concrete
model. Consequently, once uniaxial compressive strength after 28 days is experimentally determined, a set of Concrete model parameters can be
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initially presented empirically (see Table B1). It should be noted that the model parameters determined here are only rough values, which still need to
be further calibrated against the available experimental results.
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