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ABSTRACT

This research work has been conducted to model the uniaxial stress-strain compressive behavior of
cement-treated sand and its post-peak softening area. The cylindrical specimens were produced by
using limestone powder, sand and high early strength cement. The mixtures were made by using
different ratios of water to cement with fixed ratio of limestone powder to cement and cement to sand.
The stress-strain behavior in post-peak zone of cement-treated is adjusted with introduction of
compression softening factor. Uniaxial compressive stress-strain relationships after amending the
Japanese Society of Civil Engineers model are proposed. Finite element analysis shows that the sug-
gested model estimates well the compressive behavior of cement-treated sand.
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1. INTRODUCTION

Properties of ground soil play an important role in the design of structures supporting it.
If the bearing capacity of the ground is not enough to support the superstructure load,
soil improvement becomes necessary. The ground treatment depends on the type of soil.
For sandy soil, cement is used to improve the foundation characteristics. The improve-
ment can be classified into many types depending on the process involved like material
selection, ground condition, structure type, etc. In most cases, the soil at the site is
generally not suitable for supporting heavy loads of the superstructures. This problem can
be avoided by selecting a good site or using ground improvement techniques. The ground
improvement can reduce the compressibility, permeability and increases the load-car-
rying capacity. The strength of good quality materials depends on the purpose of use. The
mix of high water content can cause bleeding. This problem can be resolved by using a
non-pozzolanic filler material like limestone powder as it decreases the segregation and
bleeding [1].

The soil is so far modeled on basis of plasticity theory [2, 3]. The relative displacement of
small soil particles due to particle frictional resistance results in plastic deformation.
Microscopic fracture in cement-treated sand may occur due to the presence of cement in soil
particles. The failure of concrete structures initiates the formation of crack. The failure
process of concrete involves the growth of the cracking zone with large fractures even before
peak load is applied. Researchers have proposed modeling of concrete using plasticity theory
for uni- and multi-axial [4]. The localized fracture of concrete specimens is used for the
computation of its fracture energy subjected to tension and uniaxial compression [5]. The
localized concrete fracture affects the post-peak curve in a stress-strain relationship. Defor-
mation within the damage zone needs to estimate accurately in order to understand the post-
peak softening phenomena [6]. The capacity of absorption of elastic energy reduces due to
the fracture. This phenomenon is modeled by researchers as the reduction in stiffness [4].
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The fracture energy of the concrete also depends on the
aggregate size. It increases with the increase in aggregate size
used in the concrete [7].

Complex structures are modeled worldwide by re-
searchers using the Finite Element Method (FEM) [8]. Finite
element analysis was used to study the tensile strain rate
effect of cementitious materials [9]. The Rayleigh damping
model is used by the researcher to model the framework of
FEM analysis and has successfully used it for vibration
analysis of beam structures. The finite element analysis is
also used by the researchers to study failure modes of the
slab and bending test specimens [10, 11].

In this study, an effort has been made to investigate the
uniaxial compressive stress-strain behavior of cement-
treated sand. Furthermore, a model is proposed for the
stress-strain relation of cement-treated sand and its soft-
ening mechanism. The applicability of the suggested model
is also verified using finite element analysis.

2. MATERIAL AND PROCEDURES

2.1. Materials

The behavior of cement-treated sand was investigated by
performing experiments. The test specimens were produced
by using limestone powder, sand and cement (high early
strength). The oven dried, poorly graded sand was used. The
coefficients of curvature and uniformity of sand were 1.0
and 2.2, respectively [12]. The water absorption of sand was
1.3%. The particle densities of limestone powder, sand and
cement were 2.7, 2.6 and 3.2 g/cm3 respectively. The lime-
stone powder was used as an inert filler material.

2.2. Mix proportions

The test variables were Water to Cement (W/C) as 100, 130,
150, 170, 190%, Limestone powder to Cement (L/C) as 130%
and C/S as 30% by weight. The mix proportions used for the
experiments are listed in Table 1. These ratios were finalized
after trial experiments. The limestone powder was first
mixed with sand; then cement was mixed. Finally water was

added to the mix. The specimens were cured by covering
with wet cloths.

2.3. Testing methods

2.3.1. Uniaxial compression test. The strength of concrete
varies with the change in height to diameter ratio. Therefore,
specimens with varying height to diameter ratios (1–4) were
produced. The cylindrical specimens were tested for 7 and
14 days. The internal strain distribution of test specimens
was computed by using strain gauges, which were attached
to a silicon bar. The tests were performed under controlled
loading conditions and transducers were used to measure
the average strain.

2.3.2. Lateral cyclic load test. Displacement controlled
lateral cyclic load test was performed on a single pile. The
load is applied at a height of 10 cm and cement-treated sand
was cast as a 30 cm cube central block (Fig. 1). The
compressive strength was 3.7 MPa. A displacement trans-
ducer was used to measure displacement at a height of 3 cm
from the box surface. The dimensions of the steel box was 30
3 30 3 45 cm (length 3 breadth 3 height).

3. TEST RESULT AND DISCUSSION

3.1. Uniaxial compression test

The compressive strength development for W/C of 170%
against curing period is shown in Fig. 2. Uniaxial
compression test was performed for specimen having

Table 1. Mix proportions

W/C
Material by weight (%)

% Water Limestone Sand Cement

100 15.7 19.6 49.6 15.1
130 19.4 18.7 47.4 14.4
150 21.6 18.2 46.1 14.0
170 23.8 17.7 44.9 13.6
190 25.8 17.3 43.7 13.3

Fig. 1. a) Lateral load test setup and b) cement-treated sand casted as central part
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varying height to diameter ratio (H/D) from 1 to 4. The
results have indicated some variation in uniaxial compres-
sive strength with the increase of specimen diameter. The
cement-treated specimens were produced without using
coarse aggregates. The variation in strength of cement-
treated sand is not significant as presence of coarse aggregate
and cement matrix affects the behavior of specimen.

3.2. Modeling of stress-strain relation in compression

3.2.1. Uniaxial concrete model. Concrete is a brittle ma-
terial having nonlinear behavior at low stress state. The
plasticity in concrete starts with the collapse of its fine voids.
If nonlinear behavior of concrete is only explained on the
basis of plasticity theory, its stiffness must remain same if
plastic strain does not change. However, like any-other
brittle materials, concrete stiffness during unloading is not
constant. Therefore it is essential to consider nonlinear
behavior. The factors that are responsible of nonlinear
behavior may include formation of micro cracks and
collapse of mortar and aggregates [4].

It is generally accepted that the envelope curve of con-
crete that provides a bond between lower and upper limit
can be produced under different loading paths. The envelope
curve of concrete can be studied by comparing the results of
monotonic loading [13]. The nonlinear behavior of concrete
due to the formation of plastic strain can be modeled by the
concept of reduction in a volume of constituent material that
reserves elastic strain energy. The fracture results in
reducing stiffness during unloading and reloading.

The degree of the fracture can be represented by the
concept of fracture parameter (K). It is the ratio of the

constituent elements that have the capability to bear the
stress. The fracture parameter has a value equal to one at the
initial condition [4]. The uniaxial compressive stress-strain
behavior of concrete can be estimated by using the following
concrete model [14]:

σc ¼ EoK
�
«0c � «0p

�
; (1)

Eo ¼ 2f 0cd
«0peak

; (2)

K ¼ exp

(
−0:73

«0max

«0peak

 
1� exp

 
−1:25

«0max

«0peak

!!)
; (3)

«0p ¼ «0max � 2:86:«0peak

(
1� exp

 
−0:35

«0max

«0peak

!)
; (4)

where σc is the uniaxial compressive stress; «0c is the average
axial strain; «0p is the plastic strain; «0max is the maximum
strain in a loading cycle; Eo is the modulus of elasticity; f 0cd is
the compressive strength; «0peak is the peak strain; K is the
fracture parameter (it is ratio of unloading stiffness, Eu to
initial stiffness, Eo, Fig. 3).

The cyclic uniaxial compression test was performed in
order to understand the cyclic behavior (Fig. 4). The strain
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Fig. 2. Compressive strength development for specimens having
W/C of 170% and diameters as a) 100 mm and b) 150 mm
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distributions of test specimens are also measured internally
by help of strain gauges. It was observed that reduction in
stiffness of cement-treated sand was not rapid as compared
with brittle materials like concrete.

3.2.2. Proposed compressive stress-strain model. Based on
the test results, the concrete model is amended for cement-
treated sand. The following equations are proposed for
Young’s modulus, Fracture parameter and plastic strain of
cement-treated sand:

Eo ¼ 1:5f 0cd
«0peak

; (5)

K ¼ exp

(
−0:3

«0max

«0peak

 
1:3� exp

 
−1:5

«0max

«0peak

!!)
; (6)

«0p ¼ «0max � 1:6: «0peak

(
1� exp

 
−0:8

«0max

«0peak

!)
: (7)

The suitability of suggested equation (Eq. 5) is shown in
Fig. 5. The proposed equations within failure zone are pre-
sented graphically in Figs 6 and 7. The coefficient of deter-
mination of proposed equation in Figs 6 and 7 are about 81
and 95%, respectively.

The amended stress-strain model of cement-treated sand
within failure zone is shown in Fig. 8. It is observed that
proposed stress-strain equation considering amended
equations of Young’s modulus, fracture parameter and
plastic strain shows good agreement with experimental
stress-strain behavior.

3.2.3. Stress-strain relation dependency on element
size. The finite element analysis tools are used worldwide
to model behavior of complex structures and materials.
During finite element modeling, the mesh element size can
be varied for structural members. If analysis at post-peak

stage is required, it must be modified based on energy
equilibrium and also the size of the finite element.

Constitutive model generally depends on stress-strain re-
lationships in average state. This concept is also applied during
Finite Element (FE) analysis without consideration of element
size (L). The consideration of the constant stress-strain rela-
tionship within the finite elements is not possible in reality as in
large elements, localized failure zone can develop. Cement-
treated sand localized compression fracture zone length (Lo)
determined from the experiment is approximately 250 mm. If
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Fig. 6. Proposed equation for plastic strain («0p)
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element size is below 250 mm, post-peak softening increases. It
is verified through finite element analysis [15].

The post-peak stress-strain relationship of cement-
treated considering element size is adjusted by the intro-
duction of compression softening factor C (Fig. 9) base on
the test results. C is a post-peak adjustment factor for the
stress-strain relationship. The adjustment factor depends on
L and Lo. The area under the post-peak curve is used to
compute fracture energy. The stress-strain relationship ob-
tained by using adjustment factor is shown in Fig. 10 (A 5
L/Lo 5 1). Concrete stress-strain equation [14] is modified
for element size dependency as follows:

K ¼ exp

(
�0:3

 
«0max

«0peak

!ð1þCÞ
$

 
1:3� exp

 
� 1:5

 
«0max

«0peak

!ð1þCÞ!!)
;

(8)

where

C ¼ −0:0399

�
L
Lo

�2

þ 0:6092

�
L
Lo

�
� 0:5736 (9)

and Lo 5 250 mm.

3.3. Finite element analysis of pile

The cement-treated sand embedded single pile finite element
analysis was performed. The analysis was performed for
both existing and proposed model case. In proposed model
case, post-peak softening curve was adjustment based on
element size. During analysis, proposed model had auto-
matically considers the element size effect.

3.3.1. FEMmodel, boundary conditions and parameters. The
analysis for single steel pile having fixed bottom was carried
out. The diameter and height of the pile was 2.5 and 45 cm
respectively. Young’s modulus, yield strength and unit
weight of steel is taken as 220 GPa, 630 MPa and 7,700
kg/m3 respectively. The load is applied at a height of 10 cm.
The displacement transducers were attached at 3 cm from
the soil surface. Marc Mentat and GID software was used
for creating FEM mesh and for results visualization
respectively (Fig. 11). Displacement controlled lateral cyclic
load was applied. The displacement of pile was continued
until it reached to 4, 10, 20, 35, 50, 75 and 100% of pile
diameter. Ohsaki equation [16] is used to model sand. The
finite element analysis results are compared in Fig. 12.
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By considering the symmetry, half model analysis was
carried out. Loading point, bottom plate and walls were fixed
in X and Y direction. Pile and loading face was fixed in Y
direction. An element (bond) was considered in between
sand, cement-treated sand and pile. Bond element properties
include no tensile stiffness. High compressive stiffness was
also considered for bond element. The analysis case and
parameters used in finite element analysis are given in
Table 2.

Finite element analysis of concrete and proposed
equation was performed and results are compared. It is
observed from the results (Fig. 12) that the proposed
equation estimates well in comparison with the concrete
model.

4. CONCLUSIONS

The stress-strain relation of cement-treated sand under
compression is modeled by help of experiments and finite
element analysis. Based on the test results and finite element
analysis, the following conclusions are drawn:

� The size of test specimens of cement-treated sand has
negligible effect on compressive strength;

� The mechanical behavior of cement-treated sand should
be modeled based on a procedure considering plasticity
and fracture mechanics. The presence of cement hydrates
results in microscopic fracture when cement-treated sands
are subjected to load;

� The models suggested for plastic strain, fracture param-
eters and young’s modulus estimate well the compressive
behavior;

� The post-peak softening curve can be adjusted for
cement-treated sand with the introduction of compres-
sion softening factor;

� FEM analysis of displacement controlled lateral load test
indicates that the suggested model estimates well the post-
peak softening part, whereas concrete model over-
estimates it;

� Further investigation is needed for accurate estimation of
behavior of cement-treated sand. The research presented
in this paper deals with the compressional behavior of
cement-tread sand. However, in 3D environment the
tensile cracking can cause reduction in compressive
strength of cement-treated sand. Therefore, it needs to be
clarified in future.
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