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Abstract. This study aims to simulate the stabilization process of fibrous peat samples using end-bearing Cement Deep
Mixing (CDM) columns by three area improvement ratios of 13.1% (TS-2), 19.6% (TS-3) and 26.2% (TS-3). It also focuses on
the determination of approximate stress distribution between CDM columns and untreated fibrous peat soil. First, fibrous peat
samples were mechanically stabilized using CDM columns of different area improvement ratio. Further, the ultimate bearing
capacity of a rectangular foundation rested on the stabilized peat was calculated in stress-controlled condition. Then, this process
was simulated via a FEM-based model using Plaxis 3-D foundation and the numerical modelling results were compared with
experimental findings. In the numerical modelling stage, the behaviour of fibrous peat was simulated based on hardening soil
(HS) model and Mohr-Coulomb (MC) model, while embedded pile element was utilized for CDM columns. The results
indicated that in case of untreated peat HS model could predict the behaviour of fibrous peat better than MC model. The
comparison between experimental and numerical investigations showed that the stress distribution between soil (S) and CDM
columns (C) were 81%C-19%S (TS-2), 83%C-17%S (TS-3) and 89%C-11%S (TS-4), respectively. This implies that when the
area improvement ratio is increased, the share of the CDM columns from final load was increased. Finally, the calculated
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bearing capacity factors were compared with results on the account of empirical design methods.
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1. Introduction

Dry deep mixing (DDM) using different binders is
conventionally used as a means of soil stabilization (e.g.,
Broms 1979). DDM is classed as a solidification method
(Porbaha 1998 and Pongsivasathit et al. 2012) and in
principal the construction technology of this technique is on
basis of thorough mixing of binders with in-situ soft soil
using special tools. It is often perceived that once the
mixing process is completed and chemical reactions
between the materials take place, the developed mixture is
more resistant to the induced stresses. There are numerous
reports on the effectiveness of this technique for improving
the engineering properties of high organic-content soils
(e.g., Rathmayer 1996, Porbaha 1998, Bruce 2001, Huat ef
al. 2011).

Construction on peat soils runs the risk of risk of ground
failure (Huat et al. 2011). Different geotechnical properties
of peat soils such as high compressibility and low bearing
capacity are notable among other soils. The presence of
high organic content in these problematic soils always make
the stabilization process harder than normal soils.
Moreover, compared to clays, peat is harder to stabilize
because of lower pH and lower solid content (Huat et al.
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2011). Therefore, in peat soils, the method of stabilizations
and the needed quantity of binders are significantly
different compared to inorganic soils.

There are many proven positive records on the
applicability of different binders such as cement, lime,
gypsum and their combination for DDM. Table 1
summarizes the applicability of these binders for a range of
different soils on the account of experimental investigation
on the account of 28-days unconfined compressive strength
(EuroSoilStab 2002). In last three decades, many studies
aimed to implement numerous computational techniques
such as data mining tools and advanced numerical
algorithms to solve problems in civil engineering. For
example, the application of the techniques are the numerical
models for deep mixed column supporting reinforced
embankment (Han et al. 2005), rigid columns (Zhang et al.
2013), deep cement mixing (Boathong et al. 2014), stone
column-improved soft soil (Labed and Mellas 2016),
coastal protection (Abolfathi et al 2016), and water
treatment plants (Borzooei ef al. 2019a, b).

Numerous researchers carried out experimental and
numerical investigations on the strength behaviour of
improved soil by DDM columns (e.g., Broms 1979,
Kitazume et al. 1999, 2000, Broms 2001, Tan et al. 2002,
Bouassida and Porbaha 2004a, b, Horpibulsuk et al. 2004,
Bouassida et al. 2009, Yin and Fang 2010 and Rashid 2011,
Jiang ef al. 2014, Kalantari and Rezazade 2015, Rashid et
al. 2017, Dao and Hai 2018, Saberian et al. 2018, Wonglert
et al. 2018, Yi et al. 2018, Zhou et al. 2018). In majority
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Table 1 Application of different binders for DDM (adapted
from EuroSoilStab 2002)

Binder Silt  Clay Organic soils up to 30% Peats
Ce XX X x XX
Ce+G X x XX XX
Ce+FS XX XX XX XXX
Ce+L XX XX x -
L+G XX XX XX -
L+FS XX x x -
Ce+L+G XX XX X -

Note: Ce: cement, G: gypsum, FS: furnace slag, L: lime
xxx  Very good binder in many cases

XX Good in many cases
X Good in some cases
- Not suitable

of these studies, cement was used as a binder; therefore, in
this investigation we focused on Cement Deep Mixing
(CDM) method as a type of DDM. Table 2 summarizes
some of the mentioned researches with details that are
similar to the condition of the present study. As can be seen,
several factors (e.g., shear strength properties of soil and
CDM columns, area improvement ratio, column installation
method and loading conditions) that can affect the strength
properties of treated ground.

The volume of the soft soil improved by CDM columns
plays a key role on the bearing capacity of stabilized soil
(CDIT, 2009). To quantify the amount of soft soil
replacement the area improvement ratio is defined as Eq.
(1):

0=Ad/A (1)

where: A. is the area of the columns and A is the total
loaded area.

Karstunen (1999) and Bruce and Bruce (2001) stated
that commonly a range of 10%-50% for o is used in
practice. The load transfer capacity of the applied load to
the CDM columns and soft soil depends on different
parameters including (a) relative stiffness of the columns to
the in-situ soils and (b) the diameter and spacing of the
columns (EuroSoilStab 2002). As an assumption, since the
vertical strain of CDM columns and soil is approximately
equal, the columns must be carrying a greater portion of the
stress compared to soft soil (Townsend and Anderson
2004). On this basis, the relationship between the stress in
the soft soil and CDM columns is defined in Eq. (2)

— F, 2
n= g )
2here: n = stress distribution ratio; F, = % load carried

by CDM columns and F;, = % load carried by soft soil.
Having said that, a survey of literature shows there is no
prior attempt to study the stress distribution between fibrous
peat and end-bearing CDM columns. Therefore, the main
aim of this study was to experimentally evaluate the
ultimate bearing capacity of the stabilized fibrous peat using

end-bearing CDM columns. Further, this study also
investigated the stress-strain behavior of untreated fibrous
peat under a rectangular foundation in stress-controlled
condition. The approximate stress distribution between
CDM columns and soft peat was evaluated based on FEM
using Plaxis 3D foundation. The results of the stress-
deformation of the physical modelling tests were compared
with numerical simulations and some empirical design
methods.

2. Experimental procedure
2.1 Sample preparation

Fig. 1 illustrates the particle soil distribution (PSD)
curve of the fibrous peat and Table 3 shows the engineering
properties of used material in this study. It should be
mentioned that, the average undrained shear strength of
Pontian area was evaluated by performing several in-situ
vane shear tests (VST) in accordance with BS1377: Part 9
(1990).

The experiments were commenced by air-drying the
peat passed through 2 mm sieve. Further, natural moisture
content of 495% (average of field condition) was added to
the peat and then the mixture was poured into a box (Fig.2).
To achieve a homogenous texture with the shear strength of
about 10 kPa (based on the average results of several VST
at the original deposit), the wet peat was consolidated by
applying vertical stress of 2 to 15 kPa which was kept
constant for four days. This was carried out to
accommodate the site conditions. The loading rate was
determined based on several pilot tests and the samples
were prepared based on Japanese Geotechnical Society
Standard (2000). To achieve the required shear strength in
acceptable time frame, the consolidation process was
carried out in two-way draining condition.

2.2 CDM Column modelling and installation

The required cement dosages for constructing the CDM
columns were determined based on the optimum cement
amount in UCS tests at constant water content of 495%.
Therefore, several UCS tests using different cement dosages
were carried out on the stabilized samples to find the
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Fig. 1 PSD curves for untreated fibrous peat
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Table 2 Summary of studies on stabilized soils by end-bearing and floating CDM columns

Box dimensions _ Four}dation Cus Cuc Nuén[l));; of Arearatio UBC BCF Reference
(mm) dimensions (mm) (kPa) (kPa) columns (%) (kPa)
End-bearing CDM columns
400x150%430 149x339 6.9 86.75 6 17.3 80.33 11.64 Rashid (2011) — (TS-1)
400x150%430 149x339 6.4 83.71 9 26.2 90.11 14.08 Rashid (2011) — (TS-2)
400x150%430 149x339 6.4 87.31 9 26.2 96.17 15.03 Rashid (2011) — (TS-3)
400x150%430 149x339 6.3 90.28 12 34.7 107.24 17.02 Rashid (2011) — (TS-4)
500x200x345 75%200 14.1 322 9 18.8 182 12.91 Bouassida & Porbaha (2004) — (TS-1)
500x200x345 75%200 15.7 292 9 18.8 186.7 11.89  Bouassida & Porbaha (2004) — (TS-2)
500x200x345 75%200 9.4 259 9 18.8 132.7 14.12  Bouassida & Porbaha (2004) — (TS-3)
500x200x345 75%200 11 266 9 18.8 152 13.82  Bouassida & Porbaha (2004) — (TS-4)
500%200x345 75%200 12.6 357 9 18.8 181.3 14.39  Bouassida & Porbaha (2004) — (TS-1)
500x200x345 75%200 9.5 347 9 18.8 162.2 17.07 Bouassida & Porbaha (2004) — (TS-5)
900x300x900 300x300 3 425 9 12.6 81 27 Yin and Fang (2010) — (TS-1)
900x170%200 170x150 2.66 29.96 8 22 25 9.4 Omine et al. (1999) — (TS-1)
900x170%200 170x150 2.66 29.96 15 42 39.2 14.74 Omine et al. (1999) — (TS-2)
900x170%200 170x150 2.66 113.29 8 22 57.9 21.77 Omine et al. (1999) — (TS-3)
Floating CDM columns

400x150x430 149x339 6.1 118.79 12 34.7 61.12 10.01 Rashid et al. (2017) — (TS-3)
400x150x430 149x339 6.2 68.98 12 34.7 61.85 9.97 Rashid et al. (2017) — (TS-4)
400x150x430 149x339 6.4 121.84 9 26.2 63.56 9.93 Rashid et al. (2017) — (TS-5)
400x150x430 149x339 6.4 87.21 9 26.2 67.14 10.49 Rashid et al. (2017) — (TS-6)
400x150x430 149x339 6.2 89.62 9 26.2 59.98 9.67 Rashid et al. (2017) — (TS-7)

Note: Cyus: Undrained shear strength of soil and Cy:

Undrained shear strength of column, UBC: Ultimate bearing

capacity; TS: Test; BCF= (UBC of treated soils) / (undrained shear strength of the soft soil)

Fig. 2 Fibrous peat with water content of 495% (before
consolidation process)
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Fig. 3 UCS of CDM columns after 28-day of air curing
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Fig. 4 Dimension of the used box and CDM column
arrangement (TS-4)

optimum cement content. Fig. 3 shows the highest UCS of
stabilized peat with cement (CDM columns) after 28-day air
curing using 300 kg/m® cement dosages. Hence, from Fig. 3
the average UCS of 163.7 kPa was selected for CDM
columns.

To evaluate the effects of CDM columns on the UBC of
treated peat, four physical modelling tests (TS1-TS4) were
fabricated, cured and tested until failure. TS1 represented
the unimproved peat; whilst TS2 (4 CDM columns with o =
13.1%), TS3 (6 CDM columns with o = 19.6%) and TS4 (8
CDM columns with o = 26.2%) represented the stabilized
tests. In line with the guidelines reported in Sukpunya and
Jotisankasa (2016), the CDM columns (diameter of 25 mm)
were installed and cured by continuous replacement
method.
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Table 3 Properties of used material in this experiment

Peat
Item Index properties
Water content % 495
Organic content (%) 91
C. (Untreated) 3
Cq (Untreated - average) 0.065
C. (kPa) 10
Cement
Item Content (%)
ALOs 53
CaO 68.6
Fe,0; 33
MgO 1.1
SiO, 21.6
SOs <0.01

Fig. 4 shows the dimensions of the used box and CDM
column arrangement for TS-4. Further, the stabilized peat
was cured for 28-day in humidity of approximately 80%
before testing was carried out. The curing process of CDM
columns was carried out within the soft soil in the tank
which was intended to resemble the field conditions more
accurate compared to pre-fabricated CDM columns. Similar
to the approach used by Omine et al. (1999) in order to
simulate undrained condition, stress increment of 1 kPa/min
was chosen which was applied by a rigid steel rectangular
foundation (L=200 mm; W=75 mm and H=20 mm).

3. Numerical modelling

Plaxis 3-D foundation software was used to simulate the
stabilization process of untreated peat by CDM columns.
This was carried out to evaluate the results of the
experimental stress-deformation behaviour of the tested
samples. In the stage of numerical modelling, three different

materials including fibrous peat soil, CDM columns and
rigid foundation were defined.

3.1 Simulation of fibrous peat soil

To simulate the behaviour of the untreated peat, two
consecutive models were used: Mohr-Coulomb (MC) and
hardening soil (HS). Firstly, MC model was used to model
the peat behaviour based on the approach reported by
Brinkgreve (2005). Further, the behaviour of peat soil was
simulated using HS model which is an elasto-plastic type of
hyperbolic model. Table 4 summarizes the details of the
input parameters for the simulation process. To determine
the input parameters, vane shear tests, UCS tests and
consolidation tests were performed on stabilized and
undisturbed samples.

3.2 Simulation of the CDM columns and rigid
foundation

In the numerical modelling, embedded pile element was

Table 4 Detail of needed parameters for numerical
modelling

Items Source of data Peat (MC) Peat (HS) CDM ngld.
columns foundation
Type_of - Undrained Undrained - -
behaviour
Bulk density Dehghanbanadaki 10 10 10 _
(Mg/m3) etal. (2013)
Elastic
modulus, £ 03 (€50 COM 50 ~ 5000 28
(kPa)
Poisson’s Tan (2008) 0.15 - - 025
ratio, v
Cohesion, ¢ .
(kPa) In situ VST 10 10 -- --
Friction Undrained 0 _ _ _
angle, ¢(0) condition
Dilatancy Undrained 0 _ _ _
angle y(o) condition
MOdlﬁe.d Consolidation
compression -- 0.35 - -
. . tests
index-A
MOdlﬁed Consolidation
swelling tests -- 0.059 -- --
index-K*
Mod{ﬁed Consolidation
creeps index- -- 0 -- --
u tests

Note: -- implies that the characteristic is not defined in the
software as input

Experimental results I

Load is mostly

carried by columns

Trial numerical
modeling with various
load distribution

between soil and

Stress (kPa)

CDM columns

Load is mostly

carried by soil

Strain (%) (Displacement/ width of
the footing)

Fig. 5 General trend of stress- strain behaviour of
stabilized peat

Fig. 6 Numerical simulations of TS-4 (Eight end-bearing
CDM columns, a = 26.2%)
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used in order to simulate the behaviour of the CDM
columns. This embedded pile element is connected to the
surrounding soil by means of special interfaces which are
skin and tip interfaces and failure of these pile elements is
based on their bearing capacity (Septanika 2005). Although
the installation effects of the CDM columns was not taken
into account in this simulation, this model may effectively
be applied in low disturbance situations. In addition, in the
course of experiments, during the drilling and pouring the
slurry into the holes, no disturbance around CDM columns
was observed which is due to the texture of the consolidated
peat.

In Plaxis 3D foundation, different properties were
defined to simulate the CDM columns as embedded pile,
including  elasticity modulus (F), unit weight (y),
diameter of columns (d) and skin and tip interactions as
shown in Table 4. It should be mentioned that, the
elasticity modulus of CDM columns was obtained from the
results of UCS tests (stress-strain curve) on columns
materials. The details of UCS tests and the obtained results
are comprehensively discussed in Dehghanbanadaki et al.
(2013) and in this study the reported UCS results were used.
Due to the end bearing condition of CDM columns, the
main interaction between the CDM columns and the peat
was expected to happen at the tip of embedded pile. Finally,
the rectangular foundation in this study was simulated using
the input parameters of unit weight (y) and elasticity
modulus (E) as shown in Table 4.

In this study, to find the real stress distribution between
the peat and CDM columns, two assumptions were
considered based on Brom (2004): (i) it was assumed that
due to higher stiffness of the CDM columns compared with
peat, the applied stress was carried 100% by the CDM
columns and the surrounding soil could not tolerate any
load. (ii) It was assumed that the applied stress was divided
between the soft soils and CDM columns. To determine
this, various trial and error numerical tests using different
tip forces of CDM columns were performed and the results
of stress-strain behaviour were compared to the
experimental findings (see Fig. 5). In order to simulate this,
the UBC achieved in the experimental results was divided
equally to the number of CMD columns and assigned as tip
forces of each CDM column. Finally, the closest curve to
the experimental curve was selected as the best approximate
of stress distribution as shown in Fig. 5.

3.3 Meshing and loading stages

Based on the recommendation of Plaxis 3-D foundation
(Scientific Manual, 1998) 15-node wedge element was
chosen for 3D meshing process. To obtain more accurate
numerical results a fine mesh including approximately 500
triangles was considered. In the software, for loading stage
definitions, plastic calculation was considered. To simulate
the experimental procedure described in section 2, the stress
rate of 1 kPa/min in undrained condition was applied on the
strip foundation. In the software, this loading rate on the
footing was repeated step by step until failure of the
stabilized soil happened. Fig. 6 shows a sample of the
numerical simulations of TS-4.

4. Empirical design methods

For determination of UBC of untreated peat, double
tangent method (based on Yang et al. 2013) was utilized.
While in the stabilized tests by CDM columns, two
empirical design methods namely simple weighted and
Brom’s method (Broms, 2004) were used (Eq. (3) and Eq.
(4)). It should be noticed that in Eq. (3) the UBC of
stabilized soil was derived based on a combination of the
bearing capacity of soil in local failure and the creep
resistance of the CDM columns. Besides, in both Equations,
based on Broms assumptions, the untreated soil and CDM
columns are considered to be purely cohesive material and
have the same unit weight.

Qu = Cyc@ + - a)cus 3)

Gy = 0.7qyca + A1 - (X)Cus 4

Note: A = 5.5 (Bergado et al. (1994)), q,. : UCS of
CDM columns (Other parameters are defined in section-1)

5. Results and discussions

5.1 Behaviour of untreated peat

Fig. 5 compares the experimental results of stress-
displacement of untreated peat soil with the numerical
modelling results. Based on Fig. 7, the results of double
tangent method showed the average UBC of 38 kPa, 43 kPa
and 57 kPa for experiments, FEM-HS and FEM-MC results
respectively (based on TS-1 experimental). In addition,
from this figure, the relative difference of 33% between
FEM-MC model and experimental results indicated that the
MC model overestimated the UBC of unimproved peat
while this difference decreased to 11% in the case of FEM-
HS. In this study, the stress-displacement behaviour of
untreated peat simulated with HS model better match with
soft fibrous peat soil compared to MS model. Therefore, in
the numerical simulation of stabilized cases, HS model was
utilized for the peat.

5.2 Stress — strain curves for stabilized samples

The Stress—strain curves for stabilized samples (TS-2,

—&—T5-1 (Experimental)
—0—T5-1 (Numerical-HS)

—o—T5-1 (Numerical-MC)

0 005 01 015 02 025 03 035

Displacement/width of footing

Fig. 7 Vertical stress — (Displacement / width of
foundation) — (TS-1)
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Fig. 8 Vertical stress — (Displacement / width of
foundation)
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Fig. 10 Derived equation for UBC of treated fibrous peat
by end bearing CDM columns

TS-3 and TS-4) are shown in Fig 7. The peak point of Fig. 8
shows the UBC of stabilized samples. As can be seen in all
three tests, the trends of the UBC were approximately linear
before failure happened (brittle behaviour). Immediately
after failure happened, since more stress could not be
tolerated, it was observed that the rectangular footing
overturned fast. Similar laboratory observations regarding
the stress — strain behaviour of the stabilized soils with end
— bearing columns were also reported by Yin and Fang
(2010).

Fig. 9 depicts the effect of o on UBC of treated peat and
compares this UBC with untreated one. Using CDM
columns increased the UBC significantly compared to
unimproved peat. For example, in the case of TS-4 (§ CDM
columns with o = 26.2%), the UBC of stabilized ground
increase up to approximately, 240% compared to untreated
one with UBC of 38 kPa.

5.3 Derived equation for UBC

In order to determine an experimental equation for the
effects of a, the results of TS-2, TS-3 and TS-4 were
compared in Fig 10 and the results proposed the Eq. (5)
with high regression index of 1. Of course, the validity of
this equation is just for the peats and CDM columns with
the same range of undrained shear strength of this study.

UBC = —0.0665 (a?) + 3.6978 (a) + 40.665 (5)

5.4 Comparison with previous experimental tests

Summary of studies on ultimate bearing capacity of
small-scaled models treated soil with group of end-bearing
CDM columns were presented in introduction section in
Table 2. Fig 11(a) compares the calculated BCF of this
study with the experimental results (Table 2). For example,
the calculated BCF in the study of Yin and Fang (2010),
was the highest compared to all since the used soft clay in
their study had low ¢, of 3 kPa while the nine CDM
columns had the high c,, of 425 kPa. These high
differences in undrained shear strength of clay and columns
caused this high BCF. Moreover, in the term of calculated
UBC of stabilized tests, Fig 11-b shows the variations of
UBC of this study with previous experimental tests.
Obviously, the UBC from the experiments of Bouassida and
Porbaha (2004) showed the highest values since the
constructed CDM columns had the c,. in the ranges of
266 to 357 kPa which is considerably higher compared to
the present study. In addition, the UBC values from
experimental and numerical methods in this study were also
compared with well-known equations of upper and lower
bound proposed by Bouassida and Porbaha (2004) and
Bouassida (2016). As can be observed from Fig. 12, the
experimental results, approximately, were consistent with
the upper bound of UBC, while the numerical results in the
case of FEM (100%C) overestimated the UBC. One of the
possible explanation for this overestimating can be that, in
the case of FEM (100%C) when all the loads are carried by
just CDM columns, since of higher stiffness of CDM
columns compared to soft soil, the numerical predictions of
bearing capacity overestimated the analytical results. On the
other hand, in the case of FEM(C-S), the trend was
consistent analytical methods.

5.5 Determination of stress distribution

Fig. 13(a)-13(c) compare the experimental and
numerical results for tests TS-2 to TS-4, respectively. In Fig
10(a), TS2 (FEM-HS) - (100%C) was calculated based on
the theory that all the vertical stresses were carried only by
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Fig. 16 Schematic failure surface (a) Experimental and (b) Numerical

the CDM columns. The calculated UBC for TS2 (FEM-
HS)-(100%C) was 82.57 kPa which was 6% more than
experimental results. In the cases of TS3 (FEM-HS) -
100%C) and TS4 (FEM-HS) - (100%C), which are shown
in Fig 13 (b) and (c), the differences between experimental
and numerical UBC reached 13% and 25%, respectively.
Based on Fig 13. (a) to Fig. 13 (c¢) by increasing o, the
differences between experimental and numerical UBC was
increased. For determination of approximate stress

distribution between the peat and CDM columns, different
trial and errors FEM analysis were performed (see section
3.2). Therefore, the UBC achieved in the experiment was
decreased step by step and then divided by the number of
the CDM columns. It should be indicated that, it is assumed
that the failure load is divided to the CDM columns equally.
The results indicated that, in cases of TS2, TS3 and TS4 the
probable stress distribution between the soil and CDM
columns were 81%C-19%S, 83%C-17%S and 89%C-11%S,
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Fig. 18 Sudden failure of foundation

respectively. It could be concluded that, by increasing the
number of CDM columns, the share of them from total
failure load increased which was due the higher stiffness of
the CDM columns compared to the peat. The final results
show the real stress distribution between soil and CDM
columns in Fig. 14.

It can be estimated that during applying the stress, stress
distribution ratio (n) will be increased and the maximum
value will be reached at failure moment. Then, this stress
distribution ratio showed a progressive reduction after
failure moment. The study of Yin and Fang (2010)
confirmed this hypothesis. They used earth pressure cells to
monitor the variations of the stress distribution between soft
clay and CDM column. They reported approximately n
(Stress distribution ratio) = 10 for the test with a of 12.6%
and ¢, of 425 kPa. Of course, the high difference between
n of TS2 (4 CDM columns with o = 13.1%) of this study
compared to the study of Yin and Fang (2010) is the
significant difference in the undrained shear strength of
CDM columns.

5.6 Comparison of the results to the analytical
methods

In this section, the experimental and numerical BCF of
stabilized tests are assessed with different analytical
methods. The details of these analytical methods are
discussed in section 4. Based on Fig. 15, weighted method
underestimated the BCF considerably compared to the all
methods. This indicates that the method can be a
conservative way to estimate BCF. Yin and Fang (2010)

also reported that, weighted method estimate the UBC
significantly. On the other hand, in the cases that the
failure load is carried just by CDM columns, the derived
BCFs were higher than experimental findings. In addition,
the experimental BCFs of this study were higher than that
of by Broms. Therefore, using simple Broms method can be
a logic and conservative way to estimate the UBC of peats
with end-bearing CDM columns.

5.7 Numerical and experimental failure pattern

Fig. 16(a) and 16(b) shows the experimental and
numerical schematic deformed profile of the treated soil at
failure moment. It was predictable that in the numerical
modeling the deformed ground should be symmetric while
in the case of experimental, a nonsymmetrical heave with
average height of around 2 mm was observed around the
rectangular foundation. In the experimental tests, before
final failure, some small tilting occurred between the right
and left corners of the foundation. As can be seen, the
average deformability in x-direction was about 60 mm
showing that there was no boundary effect in calculation of
UBC.

For example, failure moment of TS-4 in (a) Before
failure and (b) after failure is illustrated in Fig 17(a) and
17(b). It was interesting that in all tests (TS-2 to TS-4), the
failure procedure was approximately the same. In these
tests, just 1 CDM column was completely failed (shear
failure of the column) and after that the foundation
overturned suddenly (Fig 18) and the rest of CDM columns
were kept sound. In addition, the location of failed CDM
columns were not the same in the tests. It is noted that,
these dissimilarities of failure location are because of
difference in load distribution between soft peat and CDM
columns. It is believed that several factors such as
configuration of the CDM columns, engineering properties
of the basic soil and CDM columns, loading condition and
even installation procedure, can affect the failure patterns.
As a comparison to previous work, the failure pattern of the
CDM columns of this study is completely consistent with
Yin and Fang (2010).

6. Conclusions

The present work deals with a novel experimental and
numerical investigation to determine the stress distribution
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between soft fibrous peat and end-bearing cement deep
mixing (CDM) columns. Firstly, the ultimate bearing
capacity (UBC) of the stabilized peat by CDM columns
using three area improvement ratios of a = 13.1%, a =
19.6% and o = 26.2% were determined in undrained
conditions. This stabilization process was simulated and
then compared by numerical approaches using finite
element method (FEM) based program, Plaxis 3-D
foundation. In the numerical modelling, two consecutive
models namely, Mohr-Coulomb (MC) and hardening soil
(HS) model were considered for the peat while the CDM
columns were simulated as embedded pile elements.
Finally, a comprehensive comparison of UBC was made
with empirical design methods. The numerical modelling
results showed that in the case of untreated peat, the MC
model overestimated UBC with relative differences of 33%
while HS model simulated better with acceptable relative
differences of 11%. After comparison between numerical
and experimental results, the approximate load share of the
soil and the CDM columns in cases of TS2 (a = 13.1%),
TS3 (o = 19.6%) and TS4 (o = 26.2%) were determined as
81%C-19%S, 83%C-17%S and 89%C-11%S, respectively.
Finally, it was revealed that, simple Broms method can be a
conservative way to estimate the UBC of peats with end-
bearing CDM columns while weighted method significantly
underestimated the UBC.
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Notations

UBC Ultimate bearing capacity

TS Test

CDM Cement deep mixing

FEM Finite element modeling

DDN Dry deep mixing

o Area improvement ratio

Ac Area of the columns

At The total loaded arca

n Stress distribution ratio

F. % load carried by CDM columns
F % load carried by soft soil

Ce cement

G gypsum

FS Furnace slag

L Lime

Cus Undrained shear strength of soil
Cue Undrained shear strength of column

BCF Bearing capacity factor
MC Mohr-Coulomb

HS Hardening





