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ABSTRACT. Columns of mixed soil-sand-cement (CSV) is one of the most 
unused methods for reinforcing soils. To this end, in this paper, consolidated 
drained triaxial compression tests were carried out to investigate the 
effectiveness of CSV to reinforce the soft soil using varied combinations of 
CSV materials. Some of the tests were unsuccessful which can be labelled to 
the high quantity of cement. For this reason, an analysis with the design of 
experiments is established as an alternative method to estimate the equations 
for the sake of determining the results of the failed tests. Then, a numerical 
analysis using PLAXIS 3D has been used for studying the behaviour of soils 
reinforced by CSV under the embankment. Furthermore, a validation of the 
results with the analytic method has been properly presented. The 
experimental results have indicated that the efficiency of the reinforcement of 
the soft soil by CSV provides satisfying results, namely the less quantity of 
soft soil on CSV materials (with/without polypropylene fiber) the better the 
deviatoric stress, axial strain, effective cohesion, effective friction angle, and 
modulus of elasticity.  Additionally, adding polypropylene fiber to CSV 
materials enhances the obtained results. Based on  the numerical results, the 
reinforcement by CSV has noticeably reduced the displacements and 
improved security factors. 
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INTRODUCTION  
 

echnically speaking, soft soils have high compressibility, low undrained shear strength and relatively reduced 
permeability [1,2]. Hence, these drawbacks are risky since they broaden the consolidation time and badly affect the 
deformation development in the long term [3,4], and the slope instability which occurs during earthquakes [5,6]. 

These events are similar to what happened on Friday (August 7th, 2020) in a city called Mila, situated in Algeria - North 
Africa [7]. As CSV has been associated with the potential benefits of reducing settlement and increasing the bearing capacity 
of soil [8,9], we purposefully investigated its utility in reinforcing the soft ground of Mila. 

T 

https://youtu.be/DrIrchPhi90
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CSV are columns consisting of mixed soil-sand-cement. Despite the benefits that have been associated with it, CVS is not 
a commonly used method. In the first part of this paper, triaxial tests have been used to study the efficiency of CSV for 
reinforcing soft soil with varied combinations. The materials of CSV consisting of sand-cement are mixed during the 
reinforcement with different quantities of soft soil. For this reason, three percentages (25%, 50% and 75%) of soft soil 
contents in CSV materials are studied. 
Authors [10–14], have noticed that the added cement triggered a sudden fall in the residual strength. To tackle this problem,  
PP fiber is purposefully used, as it can greatly enhance the residual strength [15–18]. Therefore, the added PP fiber (0.5% 
and 1%) on materials of CSV is thoroughly analysed. 
As previously mentioned, among the three percentages of soft soil contents (25%, 50% and 75%) on  CSV materials, one 
of them (25 % soft soil content) has been proved to be experimentally undoable due to the high quantity of cement (15%-
22.5%). For that, in the second part, an analysis with design of experiments (DOE) is established to estimate the 
mathematical models which open the way, by exploration, to the determination of the results of failed tests. The design of 
experiments techniques has been widely used to successfully deal with engineering problems [19–22]. 
In the third section, numeric models with PLAXIS 3D are  used for study the behaviour of soils reinforced by CSV under 
the embankment. A comparative study between analytical and numerical results is made for the sake of validating the 
numerical results. Furthermore, the behaviour of soils with/without CSV is studied. Finally, a conclusion and potential 
future works conclude this paper.  
 

 
 

Figure 1: The percentage of the (sand-cement-soil) use in materials of samples. 
 
 
EXPERIMENTAL  
 

he experimental process consists of 18 triaxial compression tests (CD) after the samples have been cured for 28 days 
under cell pressure (CP) 100, 200 or 300 KPa. The used triaxial machine to study the samples is depicted in Fig. 4. 
In these experimental tests, the aim was to study the efficiency of CSV for reinforcing the soft soil and to investigate 

the effect of soft soil contents (25%, 50% and 75%) on materials of CSV with/without PP fiber. Furthermore, for each 
percentage, two ratios have been used, which have an impact on the quantity of sand and cement. The first ratio (type 1) 
contains 20% of cement and 80% of sand. The second one (type 2) has 30% of cement and 70% of sand [8], as it is explained 
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in Fig. 1 and Tab. 1. The whole contents of materials are calculated with respect to the volume of the sample as mentioned 
in Eqn. 1. 
 

  ( )%sm V                                                                                                              (1) 
 

m : Mass of materials (sand, soil, cement and PP fiber). 

sV : Volume of the sample (The dimension of used samples, 35 mm in diameter and 70 mm in height). 
 : Density of materials. 
% : Percentages of materials in the volume of sample. 
In the present paper, three types of materials have been used, namely, soils (soft soil and sand), PP fiber and cement. In 
essence, the soft soil has been extracted from the city of Mila after the occurrence of the earthquake (August 7th, 2020), as 
it is shown in Fig. 2. Experimental tests in the laboratory have shown that the soil of MILA is soft soil. The studied soft soil 
consists of 13.73% water, degree of saturation 91.04%, dry unit weight 18.83  kN/m3, saturated unit weight 21.48 kN/m3, 
liquid limit of 45.97%, plasticity index of 17%, specific gravity of 2.771, and compression index 0,19. Regarding Sand, it has 
been taken from a city called Ouad Zhour, which is located in Skikda. It is mainly composed of a dry unit weight 17 kN/m3, 
saturated unit weight 20 kN/m3, specific weight 1.6  g/cm3, uniformity coefficient 1.47, curvature coefficient 0.94, and the 
value of blue methylene is 0.49. Grain size distribution curves for the sand and soft soils are depicted in Fig. 3. 
 

SSC % Types 
(Ratios)  

SC % CC % Abbreviation

25 1 60 15 25.T1.F0;0,5;1

2 52.5 22.5 25.T2.F0;0,5;1 

50 1 40 10 50.T1.F0;0,5;1 

2 35 15 50.T2.F0;0,5;1

75 1 20 5 75.T1.F0;0,5;1

2 17.5 7.5 75.T2.F0;0,5;1 
 

Table 1: The quantity of columns CSV materials. 
 

The PP fiber has a circular section, 18 mm length, stretching 150-350%, specific weight 0.91  g/cm,  melting temperature 
165°C, tensile strength 320-400 MPa (N/mm2), electrical conductivity <103 Siemens, Young’s modulus  3500-3900 MPa, 
and water absorption 0%. The last used material is the cement (CPJ-CEM II 42.5), with specific weight 3.1 g/cm3, residues 
2.28%, insoluble 2.41%, PAF 975 57.22%, CaO 27.83%, Fe3O3 3.12%, MgO  0.94%, SO3 2.02%, and CaO 0.88%. 
The triaxial compression tests (CD) have been carried out through six phases following the procedure listed in ASTM 
[26,27]. 
Phase 1: Soil-sand-cement with/without PP fiber are mixed in a dry state using ordinary tools of the mixture. 
Phase 2: Percolation with water. In this step, the water is introduced through the bottom drainage line and is allowed to 
seep up through the specimen under a hydraulic gradient. This is intended to flush the air out through the top drainage line, 
thereby, the specimen is saturated with water. 
Phase 3: The back-pressure, as well as the cell pressures, are applied incrementally and at each time the Skempton pore 
pressure parameter (β ) is verified, the samples are saturated when the value of β  is superior 95%. 
 

   3β u / σ  is  95 %                                                                                                             (2) 

 
β : Skempton pore pressure parameter. 

u : The resultant change in pore pressure obtained under the undrained isotropic compression condition. 
 3σ : The isotropic cell pressure. 
Phase 4: The specimen undergoes an isotropic consolidation, under a CP of 100, 200 or 300 kPa. The consolidation ends 
up when the volume variation takes constant values. 
Phase 5: The samples of CSV materials are cured for 28 days under a CP of 100, 200 or 300 kPa.  
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Phase 6: Shear loading is applied with respect to a constant confining pressure under drained conditions with the presence 
of an axial displacement rate of 0.02 mm/min to specimen failure. 
 

 
 

Figure 2: (a) located Mila (situated in Algeria, North Africa), (b) the slop of Mila soil after the earthquake (August 7, 2020).  
 

 
 

Figure 3: Grain size distribution curves for the sand (Oued Zhour) and soft soil (Mila). 
 

 
 

Figure 4: The triaxial machine. 
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Results and discussed of triaxial compression tests  
The variation of deviator stress with shear strain for soft soil of Mila is illustrated in Fig. 5. The following Figs. 7-10 show 
the variation of deviator stress with shear strain for the materials of CSV. For the upper side of the last-mentioned figures, 
a CP of 100 kPa is revealed, the center side and the lower side illustrate a specimen that undergoes a CP of 200 kPa, 300 
kPa, respectively. In Fig. 6 (a) and (b), it is depicted that the variation of the effective friction angle and the effective cohesion 
in function of PP fiber content. The results tests are summarised in Tab. 2. 
 

 
Figure 5: Stress-strain behaviour of soft soil with CP= 100, 200 and 300 kPa. 

 
 
SSC 
(%) 

SC 
(%) 

CC 
(%) 

FC 
(%) 

C'  
(kPa) 

 

φ'  

E 
(kPa) 

Deviatoric stress (kPa) Axial strain (%) 

CP =  
100 kPa 

CP =  
200 kPa 

CP =  
300 kPa 

CP =  
100 kPa 

CP =  
200 kPa 

CP =  
300 kPa 

100 0 0 0 20.17 13.29 52.42 109.64 177.69 229.30 19.74 17.59 16.62 

75 20 5 0 72.52 33.63 579.87 555.35 869.33 1046.42 3.26 3.92 4.76

75 20 5 0.5 128.49 38.78 761.78 1011.69 1383.44 1680.65 3.46 4.56 5.14

75 20 5 1 154.35 37.49 828.69 1108.21 1359.02 1729.61 6.13 7.37 7.93 

75 17.5 7.5 0 89.109 40.36 1497.34 857.76 1276.33 1589.98 3.07 3.26 3.89 

75 17.5 7.5 0.5 142.24 42.78 1154.22 1436.14 1590.07 1600.95 3.21 3.91 4.05 

75 17.5 7.5 1 164.06 43.56 965.83 1534.27 1884.65 2413.78 6.05  7.07 7.35

50 40 10 0 103.32 49.09 3174.47 1653.96 1864.54 2793.28 1.81 2.44 3.06

50 40 10 0.5 166.09 47.47 1914.38 1753.96 1902.92 2939.28 2.67 2.94 3.64

50 40 10 1 179.22 49.22 1727.24 2069.01 2802.63 3307.24 3.08 3.55 4.062 

50 35 15 0 164.43 49.11 3903.77 2013.53 2508.34 3241.64 1.23 1.91 2.99 

50 35 15 0.5 174 52.04 2399.53 2409.02 3101.05 3898.01 2.43 3.24 3.51 

50 35 15 1 182.61 52.6 1873.45 2630.34 3200.44 4153.68 3.19 3.48 3.63

 

Table 2: Summary of triaxial tests results. 
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From Tab. 2, it is noticed that the comparison of the results of the reinforced soft soil to the non-reinforced soft soil has 
come up with the following results: deviatoric stress increases by (+500 %), effective cohesion by (+259%), fraction angle 
by (+153%), modulus of elasticity E50 by (+1000%), and axial strain decreases by (-83%), and it can be furtherly enhanced 
when adding the PP fiber in CSV materials. These satisfying results are mainly caused by the effect of cement and PP fiber. 
Interestingly, the effect of cement content in soils (clay or sand) with/without PP fiber has been previously studied [28–30], 
so the authors approximately found the same results. For the effect of PP fiber contents, which is studied by [33], authors 
have found that the maximum shear strength increases with the increment of PP fiber content.  
Furthermore, the effect of soft soil contents on the materials of CSV with/without PP fiber, from Fig. 6 (a) and (b), the 
results show that both the effective friction angle and the effective cohesion increase with the decrease of the content of 
soft soil. However, when the PP fiber is added, the effective friction angle and the effective cohesion remarkably increase. 
Moreover, from the Figs. 7-10, and in comparison to Figs 7a, 8a, 9a and 10a (7a-10a), a decrease is observed in the soft soil 
content which leads to an increase of peak stress. Besides, the decrease of soft soil content in a specimen yields perfect 
plastic materials’ behaviour. Afterwards, when adding the PP fiber to the CSV materials, the results show that the specimen 
at high cell pressure can develop more strain before reaching the peak stress. Similarly, the same results can be noticed from 
Figs. 7b-10b as well as from Figs 7c-10c; as found by [33–35], namely the addition of PP fiber yields a significant decrease 
in cemented samples at lower strains.  
For the modulus of elasticity E50 from Tab. 2, the results show that the smaller quantities of soft soil on the materials of 
CSV are associated with improvement in the modulus of elasticity. When adding the PP fiber with a decreasing quantity of 
soft soil, a decrease as well as an increase in the obtained results are found, similarly in [36] and [34]. 
 

 
              (a) 

 
              (b) 

 

Figure 6: (a) The effective friction angle - PP fiber contents, (b) the effective cohesion - PP fiber contents. 
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a) Cell pressure (CP=100 kPa). 

 

a) Cell pressure (CP=100 kPa). 

 

b) Cell pressure (CP=200 kPa). b) Cell pressure (CP=200 kPa). 

 

c) Cell pressure (CP=300 kPa). 

 
Figure 7: Stress-strain behaviour of samples (SSC=75%, 
SC=20% and CC= 5%). With different CP. 

c) Cell pressure (CP=300 kPa). 

 
Figure 8: Stress-strain behaviour of samples (SSC=75%, 
SC=17.5% and CC=7.5%). With different CP. 
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a) Cell pressure (CP=100 kPa). 

 

a) Cell pressure (CP=100 kPa). 

 

b) Cell pressure (CP=200 kPa). 

 

b) Cell pressure (CP=200 kPa). 

 

c) Cell pressure (CP=300 kPa). 

 
Figure 9: Stress-strain behaviour of samples (SSC=50%, 
SC=40% and CC= 10%), With different CP. 

c) Cell pressure (CP=300 kPa). 

 
Figure 10: Stress-strain behaviour of samples (SSC=50%, 
SC=35%and CC=15%), With different CP. 
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THE DESIGN OF EXPERIMENTS (DOE) 
 

 previously mentioned, for studying the effectiveness of soft soil contents on materials of CSV, among the three 
percentages of soft soil contents (25%, 50% and 75%), one of them (25 % soft soil content) has been proved to be 
experimentally undoable due to the high quantity of cement (15% - 22.5%), which causes the porous stones to be 

cracked as shown in Fig. 11. Alternatively, a design of experiments (DOE) is carried out. This plan has allowed us to establish 
predictive models. The experimental data as presented in Tab. 3, have been analysed by Minitab 19 by correlating each 
response variables (outputs): effective friction angle, effective cohesion and modulus of elasticity, with three inputs variables: 
soft soil contents, types of CSV materials, and PP fiber contents, which yields in Eqts 3-5. 
 

 
 

Figure 11: Representation of the cracked stones from the triaxial experiments. 
 

StdOrdER RunOrder CentrerPt Blocks SSC(-1, +1) CSVT FC (-1, +1) C’ 
(kPa) 

Phi’ 
(degree) 

E50  

(kPa) 

2 1 1 1 75  (-1) -1 0.5 (-1) 128.49 38.78 761.78 

4 2 1 1 75 (+1) 1 0.5 (+1) 142.24 42.78 1154.22 

5 3 1 1 50 (-1) -1 1 (-1) 179.22 49.22 1727.24 

7 4 1 1 50 (+1) 1 1 (+1) 182.61 52.60 1873.45 

8 5 1 1 75 (-1)  1 1 (-1) 164.06 43.56 965.83 

1 6 1 1 50 (+1) -1 0.5 (+1) 166.09 47.47 1914.38 

3 7 1 1 50 (-1) 1 0.5 (-1) 174.00 52.04 2399.53 

6 8 1 1 75 (+1) -1 1 (+1) 154.35 37.49 828.69 
 

Table 3: The used parameters in Minitab 19. 
 
Results and discussion of the design of experiments method (DOE) 
Tab. 4 consists of the results of the unsuccessful experimental tests, which are calculated by Eqns 3-5. 
 

        
     

' 160.921 ( 14.097 ) (4.345 ) ( 8.678 )

(0.1072 ) (3.038 )

C SSC CSVT FC

SSC CSVT SSC FC
                             (3) 

 
      ' 54.681 ( 4.840 ) (2.252 )SSC CSVT                                                                  (4) 

 

A 
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            
          

50 1455.42 ( 525.51 ) (145.12 ) ( 104.34 ) ( 12.72 )

(73.97 ) ( 74.28 ) (10.46 )

E SSC CSVT FC SSC CSVT

SSC FC CSVT FC SSC CSVT FC
      (5) 

where: 

'C : The effective cohesion. 
 ' : The effective friction angle. 

50E : Modulus of elasticity. 

SSC : Soft soil Content (50% and 75%), takes two values; (+1) for 50% and (-1) for 75%. 

CSVT : The types of CSV materials are:  type 1 (20% cement and 80 % sand), type 2 (30% cement and 70% sand). CSVT 
takes two values; (-1) for type one and (1) for type two. 

FC : PP fiber contents (0.5% and 1%), takes two values; (-1) for 0.5%  and (+1) for 1%. 
Based on the obtained DOE results, there is a considerable similarity to the results of experiments. For instance, from Eqn. 
3, the factor - 14.097 SC shows that the effective cohesion decreases with the increment of soft soil content, which accords 
with what has been obtained in the experimental results (Fig 6 (a)). 
 

SSC (%) SC (%) Cc (%) FC (%) C'  (KPa) φ'  (degree) E 50 (kPa) 

25 60 15 0 169.13 50.73 3098.92 

25 60 15 0.5 203.72 56.16 3067.2 

25 60 15 1 204.125 60.95 2626.05 

25 52.5 22.5 0 172.88 51.26 3713.73 

25 52.5 22.5 0.5 205.79 61.3 3644.8 

25 52.5 22.5 1 201.195 61.64 2781.45 

 

Table 4: DOE results. 
 
 

NUMERICAL  MODELING 
 

 finite element analysis with PLAXIS 3D was implemented to study the behaviour of soft soil (Mila) reinforced with 
CSV in terms of displacements in three directions and security factors. In the first part, the previously bibliographical 
studies on the models of materials have been investigated for the sake of picking up the models that provide 

satisfying results. In the next part, the numeric results are validated by the analytic results. In the last part, the behaviour of 
soils reinforced by CSV under embankment will be investigated.   
The first steps in numerical study begin with the materials’ selection models for soils (soft soil, sand and clay) and the CSV 
materials (mixed of soil-sand-cement). Various works have been conducted to select the best suitable model of soft soil. 
For instance, in [37] the Mohr column (MC) model is not used for the modelling of soft soil in this research due to the 
unsatisfying results, for instance, the strong non-linear stiffness which depends on the stress level. For the remaining models 
in [38], the authors have compared the pressure behaviour of the PLAXIS soft soil model (SSM) to the Oedometer test 
results shown in Fig. 12.  Furthermore, the authors have compared the Harding soil model (HSM) for soft soil to Oedometer 
experimental results shown in Fig. 13. Accordingly, it is found that the SSM has accurately given the same results as the 
experimental tests. In our study, we have adopted the SSM model for soft soil as in [24,39–41]. Concerning the sands, HSM 
is applied. For instance, in [24,42,43], the authors have used HSM to estimate the behaviours in soil which lacks high 
compressibility. For the model of CSV materials in [44–49], the constitutive model for the fiber-sand composite is calibrated 
against the results of drained triaxial compression and extension tests; the simulations are quite close to the experimental 
results. For this exact reason, we have used the MC model for CSV materials.  
The used parameters in this study are obtained from a mixture of experimental tests and previous works. Concerning the 
results obtained from former works; in [50], the authors have developed a stress-dependent stiffness according to a power-
law m  (input parameter in SSM), for sands and silts, m  is suggested to take part in the range of  0.5 1m . In [51], it is 

A 
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commonly recommended that both consolidated clays and soft soil take m =1, and   0  (  is the dilatacy’s angle). 
Additionally, the earth pressure’s influence in the performance of a stone column can be labelled as 0K . In [52], a study has 

been done using numerical and analytical methods to extract the 0K  value. The parameters of CSV materials are shown in 
(Tabs. 2 and 4), and the parameters of the used materials are shown in Tab. 5. 
 

 
Figure 12: Comparison of SSM to Oedometer results. [38] 

 
Figure 13: Comparison of HSM to Oedometer results. [38]

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

 

Table 5: Parameters of materials used in PLAXIS model. 
 
The conception of the model depicts crossroad-section with a 16-meter-wide embankment. The slopes are 1/3 in 
inclination. One-half of the problem is simulated since the problem is symmetrical (in this case, the right half is chosen). A 
representative section of 2 m in direction y, as shown in Fig. 15. The embankment's soil is sand and the subsoils consist of 
12 m of soils; the first 3 m of sand followed by 6 m of soft soil and the lower part is 9 m as clay. One meter underneath the 
original earth's surface is the phreatic level. The design of the targeted model is illustrated in Figs. 14. As for the soil 
reinforced with CSV, 20 columns were used; each column consists of 20 cm in diameters and 10 m in length, separated 
from each other by 1m. The design of the model which is reinforced by CSV is depicted in Fig. 16. 
In [51], the design of an embankment in which the above-mentioned mechanism is thoroughly examined. A consolidation 
analysis and the determination of a safety factor using a safety analysis (phi/c-reduction) are two new calculations alternatives 
offered in the analysis. In the calculation phase, the embankment is built up in two stages. A 30-days consolidation time is 
inserted after the first building phase to allow excess pore pressures to dissipate. Starting with the second construction 
phase, a consolidation period is implemented from which final settlements can be calculated. Apart from the first phase. 
Five calculation phases must be defined in the numeric model as follows:  

Parameter Embankment Sand Clay Soft soil 
Material model HSM HSM SSM SSM 
Drainage type Drained Drained Undrained (A) Undrained (A)

unsatγ  (kN/m3) 16 17 8 17.26 

satγ  (kN/m3) 19 20 12 20.56 

inite  0.5 0.88 2 0.98 

50
refE (kN/m3) 2.5 104 3.5 104  - - 
ref
oedE (kN/m3) 2.5 104 3.5 104 - - 
ref
urE (kN/m3) 7.5 104 1.05 105 - - 

m 0.5 0.5 - - 
*λ  - - 0.15 0.042 
*k  - - 0.03 0.018 

C'  (kN/m3) 1 0 2 20.17 
φ'  o 30 o 33 o 23 o 13.29 o 
ψ  o 0 o 3 o 0 o 0 o 
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- The first phase is dedicated to activating the first part of the embankment with/without CSV. 
- The second phase includes a consolidation analysis with an end-of-period time. 
- The third phase is for activating the second part of the embankment. 
- The fourth phase is for a consolidation analysis to minimum pore pressure. 
- The fifth phase is to determine the security factor. 
 

 
Figure 14: Embankment building over soils reinforced by CSV 2D. 

 

 
 

Figure 15: Embankment building over soils without CSV. 
 

 
 

Figure 16: Embankment building over soils reinforced by CSV.  
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In the description of the boundary conditions, there are two types of boundary conditions in PLAXIS 3D; Boundary 
conditions concerning groundwater flow and boundary conditions for displacement which use default fixities as follows in 
Fig 17. Xmin = horizontally fixed, Xmax = horizontally fixed, Ymin = horizontally fixed, Ymax = horizontally fixed, Zmin = 
horizontally fixed, and Zmax = horizontally fixed. For groundwater flow’s boundary conditions as the vertically upward 
(Zmin and Zmax and Xmax are open), swelling displacements are intended to be assessed as shown in Fig. 17. 
 

 
Figure 17: the boundary condition. [53]. 

 
In this part, the results of the numerical model were validated by the analytic results. The consolidation settlements consist 
of two categories; primary consolidation settlements and secondary consolidation settlements. The former takes a long time 
until all excess pore pressure is dissipated. The latter consolidation, however, is a viscous behaviour of the soil-water system 
causing slow rate compression [54]. The primary settlements are calculated using the works of Terzaghi as is shown in Tab. 
6. It is noticed that the primary consolidation has a higher value than the secondary consolidation. For this reason, we 
exclusively calculate the value of primary consolidation which itself is used for the sake of validating the numerical results. 
We compare the value of total settlements calculated by the analytic method (0,4517 m) which is shown in tab. 7, and the 
settlements from Plaxis (0,5112 m) as it is shown in Fig. 18, good accordance has been found. The characteristics of soils 
used for the analytic calculation of total settlements are explained in the experimental section. One meter underneath the 
original earth's surface is the phreatic level. 
 

Stress history Primary consolidation settlement 

    ' '
i p       ' '

0( / (1 )). . log(( )/ )s i ip C e H  

        ' ' '
i p i           ' ' ' '

0 0.[(( / (1 )). log( / )) (( / (1 )log(( )/ ))]S p i c i pp H C e C e  

 ' '
p i       ' '

0( / (1 )). . log(( )/ )c i ip C e H  

 

Table 6: Expressions for primary consolidation settlement with stress history [55]. 
 

 : Added pressure.  

 '
i : Average effective vertical stress on the clay layer. 
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 '
p : Preconsolidation pressure. 

p : Primary consolidation settlement.  

rC : Swelling index. 

cC : Compression index.  

0e : Void ratio of the clay before the application of load.  

H : Thickness of the clay layer. 
 
 

The soils Layers Sand Soft soil Clay Total 

Settlement (m) 0.0941 0.1784 0.1795 0.4517 
 

Table 7: the settlements of soils layer under the embankment with the analytic method. 
 
 

 
 

Figure 18: The settlement (Uz) of the model without CSV.  
 
 

Results of the numerical modelling and ciscussion   
The numerical results, in Figs. 19-22 depicts the results of the displacements in three directions: total displacement and 
factor of security are demonstrated. Figs. 23-28 show the distribution of displacement in the numerical model with/without 
CSV. The numerical results are summarised in Tab. 8. 
To investigate the behaviour of the soils reinforced by CSV under the embankment, we compared the displacements 
between the  numerical model with CSV to the numerical models without CSV (Tab. 7). From this comparison, it is remarked 
that the displacements in three directions as well as the total displacement are diminished, namely ((Ux and Uy by (70%-
80%), Uz by (150%-160%), Ut by (90%-100%)). Moreover, the security factor increases by (85%-100%) for the numerical 
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model reinforced by CSV. The source of the obtained results is the used CSV, which transfers the applied load 
(embankment) down to the bearing stratum (clay). The same results are found by many researchers [56,57]. 
From the Figs. 19-22 and Tab.8. The effect of the varied combination of CSV materials (with/without PP fiber) in the 
numerical results is investigated as follows:  

- The displacements in direction X, Y, Z and total displacement are enhanced by increasing the content of soft soil 
in CSV materials. The adding of PP fiber represents a relatively lower effect on the results. Type 1 of CSV materials 
is much better.  

- The security factor is enhanced by decreasing the content of soft soil in CSV materials. The added PP fiber enhances 
the obtained results. Type 2 of CSV materials display better results in all varied combinations.  

Studying the effect of CSV in the distribution of displacements in the numerical model, from Figs. 24 and 27 depict the 
displacement’s distribution in the X direction of the numerical models with/without CSV, respectively. Comparably, it is 
shown that the displacements were distributed throughout the adopted numerical model, knowing that it was concentrated 
in a specific location. In Figs. 25 and 28, the reinforcement by CSV has a low effect on the displacements of the Y direction. 
In Figs. 24 and 27, it is noteworthy to say that the displacements in the Z direction - located in the embankment - remarkably 
decreases until it fades because it was built upon reinforced soils.  
 
 
 

CSV materials Ux (cm) Uy (cm) Uz (cm) Ut (cm) Fc 

Soft soil (without CSV)  30.17 1.098 51.12 97.8 0.9 

75.T1.F0 6.738 0.1221 2.342 6.799 1.77 

75.T1.F0,5 6.78 0.1601 2.34 6.842 1.813 

75.T1.F1 6.758 0.1344 2.356 6.821 1.842 

75.T2.F0 6.717 0.1093 2.327 6.775 1.78 

75.T2.F0,5 6.719 0.1106 2.326 6.778 1.854 

75.T2.F1 6.75 0.1301 2.35 6.813 1.847 

50.T1.F0 6.736 0.1203 2.34 6.796 1.706 

50.T1.F0,5 6.78 0.1601 2.34 6.842 1.762 

50.T1.F1 6.792 0.1693 2.348 6.855 1.747 

50.T2.F0 6.711 0.1059 2.322 6.768 1.757 

50.T2.F0,5 6.755 0.1416 2.321 6.814 1.78 

50.T2.F1 6.783 0.1619 2.342 6.845 1.783 

25.T1.F0 5.87 0.2576 2.923 5.943 1.606 

25.T1.F0,5 6.567 0.2535 2.392 6.646 1.655 

25.T1.F1 6.845 0.2511 2.335 6.911 1.677 

25.T2.F0 6.806 0.183 2.358 6.871 1.641 

25.T2.F0,5 6.831 0.2116 2.376 6.9 1.695 

25.T2.F1 6.849 0.233 2.387 6.92 1.71 
 

Table 8: The numeric results.  
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Figure 19: Ux of model numeric reinforced by CSV. 

 

 
Figure 20: Uy of model numeric reinforced by CSV. 

 
Figure 21: Uy of model numeric reinforced by CSV. 

 

 
Figure 22: Cf of model numeric reinforced by CSV. 

 
 
 

 
Figure 23: The distribution of displacements (direction X), the soils under embankment without reinforcement. 
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Figure 24: The distribution of displacements (direction Y), the soils under embankment without reinforcement. 

 

 

 
Figure 25: The distribution of displacements (direction Z), the soils under embankment without reinforcement. 

 
 

Figure 26: The distribution of displacements (direction X), the soils under embankment reinforced by CSV. 
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Figure 27: The distribution of displacements (direction Y), the soils under embankment reinforced with CSV. 
 

 
 

Figure 28: The distribution of displacements (direction Z), the soils under embankment reinforced with CSV. 
 
 
CONCLUSION 

 
n the present paper, an experimental and numerical study is adopted to study the effectiveness of CSV for the sake of 
reinforcing the soft soil of Mila (Algeria). 
In the first part, from the triaxial tests and analysis using the design of experiments method (DOE), it is concluded :  
- The results of the reinforced soft soil with CSV outperforms the non-reinforced soft soil. 
- Reinforcing soft soil by CSV remarkably increases deviatoric stress (+500 %), effective cohesion (+259%), fraction 

angle (+153%), modulus of elasticity E50 (+1000%); and a decrease in axial strain by (-83%).  
- The added PP fiber in CSV materials was of a greater magnitude.  
- The decrease of soft soil quantity in materials of CSV with/without Polypropylene fiber paves the way to an increase 

in peak stress, and the behaviour is similar to perfect plastic materials. 
- The less soft soil in CSV materials is associated with; improvement in the deviatoric stress, the axial strain, the 

effective cohesion, the effective friction angle, and the modulus of elasticity. 
- Adding Polypropylene fiber with a decreasing quantity of the soft soil in materials of CSV has a remarkable effect;  

higher and lower values of the elasticity modulus are observed. 

I
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- The obtained equations from the analysis with the design of experiments method (DOE) have enabled the 
calculation of the parameters of the materials of CSV which were not doable through experimental tests, and that 
can be performed within a short time. Most importantly, it is inexpensive. 

For the last part, the numerical study with PLAXIS 3D is developed to investigate the behaviour of soils reinforced by CSV 
under the embankment. The results can be summarised as follows:  

- The building of the embankment over soils, which are reinforced by CSV, shows an improvement in the level of 
displacements in three directions (x, y, and z), in the total displacement, and the security factor for the soils 
reinforced by CSV.  Indeed, the varied combination of CSV materials (with/without PP fiber) provides a relatively 
lower effect on the numerical results. 

 
 
DATA AVAILABILITY  
 

he data used in the experimental results as well as in the geotechnical study of soft soil (Mila city) were performed 
by two governmental laboratories and through the developed numerical model, which supports the findings in this 
study are available by the corresponding author upon request. 

 
 
PERSPECTIVES  
 

ince the columns of soil-sand-cement have not been previously studied,  a wide range of potential future works can 
be established. Experimentally, the effect of curing time on the behaviour of the characteristics of the CSV materials 
can be studied.  For the numerical study, the effect of columns’ dimension, as well as the distance between the columns 

on the displacement and the factor of security of the numeric models, can be investigated. 
 
 
ABBREVIATIONS  
 

he abbreviations used in this paper are as follow : 
Soft soil content (SSC). 
Sand content (SC). 

Cement content (CC). 
Polypropylene (PP). 
The columns of mixed soil-sand-cement (CSV). 
Mixed of soil, sand and cement (CSV materials). 
The design of experiments (DOE).  
Consolidated drained (CD). 
Cell pressure (CP). 
The displacements in direction x, y and z (Ux), (Uy) and (Uz). 
The total displacement (Ut). 
The factor of security (Fc). 
25.T1.F0;0,5;1 means; 25 %soft soil content (25), ratio 1 or type 1 (T1), percentage of PP fibers 0% ,0.5%,1% (F0;0,5;1). 
Soft Soil Model (SSM). 
Harding Soil Model (HSM). 
Mohr Coulomb Model (MC). 
7a, 8a, 9a and 10a (7a-10a). 
Concerning the symbols (nomenclature); they are explained in detail under each equation.  
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