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Abstract 

Consolidated-drained triaxial compression tests were conducted to 

compare the stress-strain and volume change response of sands and 

clayey sands reinforced with discrete randomly distributed poly-

propylene fibers. The influence of various test parameters such as fiber 

content (0.0%, 0.5% and 1.0% by weight), clay content (0%, 10% and 

20% by weight), relative density (50% and 90%) and confining 

pressure (100 kPa, 200 kPa and 300 kPa) were investigated. It has 

been observed that addition of clay particles to the sands decreased the 

shear strength of samples. Also, increase in clay content reduced 

dilation and increased compressibility of the mixed soil. Addition of 

the fiber to both sands and clayey sands samples improved the shear 

strength and increased ductility and axial strain at failure point.  
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Introduction 

The soil improvement methods are used to improve the soil 

characteristics in civil engineering projects. One of these methods is 

using the fibers to increase the strength of soil. Early attempts to 

increase soil strength by mixing it with other materials date back 3000 

years to the construction of Ziggurats (Hamidi and Hooresfand, 2013).  

The effect of adding fibers to soils especially sandy soils were 

examined by many researchers (Maher and Gray, 1990; Consoli et al., 

2005, 2007; Park and Tan, 2005; Chauhan et al., 2008; Ahmad et al., 

2010; Diambra et al., 2010; Ibrahim et al., 2010; Lovisa et al., 2010; 

Sadek et al., 2010; Falorca and Pinto, 2011; Liu et al., 2011; Gao and 

Zhao, 2012; Ibrahim et al., 2012; Plé and Lê, 2012; Singh and Bagra, 

2013; Zhang et al., 2014; Wang et al. 2014). Studies showed that the 

shear strength increases with increasing fiber content. In most 

construction of road projects, replacement of the soil with high quality 

materials due to the lack of soils’ strength parameters in field is 

necessary, tends to be very costly.  Therefore, the use of fibers and 

mixing it with the poor soil can be economic and increases the speed 

of the project’s progress, due to removal of the excavation and 

embankment steps. There are several ways to mixing fibers such as 

using the layer of fibers in soil or using air pressure to spread fibers in 

the soil. But one of the simplest method is spread of the fibers on the 

soil’s surface and mixing it with soil by using the graders. 
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Different aspects of fiber reinforcements such as content 

percentage, length, type, orientation angle in soils embankment have 

been studied by few of researchers (Gray and Ohashi, 1983; Gray and 

Al-Refaei, 1986; Tavakoli Mehrjardi et al., 2012). According to the 

results, increase in the length of fibers increased shear strength of 

fiber-sand composites.  

Michalowskia and Čermák (2002) investigated the distribution of 

fibers in the soil. Three distributions of fibers including random 

orientation, all fibers in the vertical direction and all fibers in the 

horizontal direction were investigated. The contribution of the fibers 

to the composite’s strength was the largest when they were placed in 

direction of the plane with largest tension. Vertical fibers were 

subjected to compression during triaxial testing. They had an adverse 

effect on the initial stiffness of the composite and they did not 

improve the composite’s strength. Specimens with randomly 

distributed fibers exhibited smaller increase in strength than those 

with horizontal fibers, because a portion of randomly distributed fibers 

was subjected to compression. Although, the shear strength behavior 

of fiber-reinforced clayey soils have been studied by others (Tang et 

al., 2007, 2012; Al-Akhras et al., 2008) but only a limited number of 

researchers have been examined the effect of adding fiber to clayey 

sand (Yilmaz, 2009). 

The main objective of the work described in this paper is 

evaluating shear strength of clayey sands in both reinforced and 
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unreinforced statuses. A series of consolidated drained triaxial 

compression tests carried out and peak shear strength, volume change 

and stiffness characteristics were determined. Special attention was 

paid to the influences of relative density, confining pressure and fiber 

content on the stress- strain and volume change behavior. 

 

Materials 

Materials considered in testing program are uniform sandy soil and 

clay besides polypropylene fibers. Characteristics of each material 

type are explained in the following sections. 

1. Sand 

A clean and dry, uniform quartz beach sand from the shores of the 

Caspian Sea (Specifically Babolsar, Iran) was used as the base 

material in the tests. It has been classified as SP according to the 

Unified System of Soil Classification. The grain size distribution 

curve is shown in Figure 1 and properties of the sand are tabulated in 

Table 1. 

2. Clay 

Kaolinite clay passed No. 200 sieve is used in tests. The clay was 

obtained from Zunus kaolin mine (Marand, Iran). Clay with three 

contents of 0%, 10% and 20% by dry weight of sands were mixed 

with sands. Figure 1 was shows grain size distribution curve. Also, the 

characteristics of clay are stated in Table 2.  
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3. Fibers 

Monofilament polypropylene fibers with circular cross section 

were used throughout this investigation to reinforce soil. Three fiber 

contents of 0.0%, 0.5% and 1.0% by dry weight of specimens were 

used to mix with sands or clayey sands. The physical and mechanical 

properties of fibers are presented in Table 3 that are similar to those 

were used by Hamidi and Hooresfand (2013). 

 

Sample preparation and test procedure 

Ladd (1978) method was used for sample preparation. In this 

method, by knowing the mold’s volume and dry density of soils (clay 

and sand) for different relative density of samples, the required mass 

of materials is determined. Diameter and height of mold were 100 mm 

and 200 mm, respectively and samples were constructed in eight 

layers. Then, the mass needed for each layer carefully estimated. The 

required sand and clay for each layer plus 5% water were mixed by 

hand. Addition of water makes the sample preparation process much 

easier with less disturbance. Since, the samples are initially saturated, 

the initial moisture content will have no effect on the results. Fibers 

were randomly distributed in the samples according to Michalowskia 

and Čermák (2002). Fibers were added to soil and mixed by hand to 

obtain an approximately homogeneous mixture. The finished height of 

each layer is 25 mm. So, each layer was poured into the mold and 

compacted by a metal hammer until reaching layer height of 25 mm.    
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The samples were prepared in relative densities of 50% and 90%. 

Dry density of samples in relative density of 50% and 90% were 

calculated by determining the minimum and maximum dry density of 

soil in difference clay contents according to ASTM D4253. 

Consolidated-drained triaxial tests were conducted at confining 

pressures of 100, 200 and 300 kPa on saturated samples with axial 

displacement rate of 0.2 mm/min. 

Saturation of specimens was carried out using stepwise back 

pressure technique in the triaxial equipment. Similarly, the specimen 

was saturated in two steps, initial and final. In the beginning, 

saturation was started with a small cell pressure (20 kPa) to remove 

the entrapped air allowing water to flow at top and bottom of the 

specimen. Moreover, saturation process continued with a little back 

pressure (5 kPa) and increment of 5 kPa at a time corresponding to an 

increased cell pressure level. Finally, the back pressure was stopped at 

40 kPa and cell pressure at 50 kPa, keeping the effective cell pressure 

constant (10 kPa). During this process, the saturation was carried out 

from bottom to top flow by opening the top outlet valve to escape the 

entrapped air. In this way, the initial saturation was assumed to be 

completed. Final saturation was involved with real application of back 

pressure. The top outlet was closed and the sample was saturated with 

stepwise increase in back pressure and cell pressure keeping the 

constant effective cell pressure (10 kPa). In this technique, the 

entrapped air bobbles inside the specimen are supposed to be 
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compressed by high pressure applied from the top and bottom of the 

specimen. In this way, final saturation was stopped when the back 

pressure reached to 200 kPa level.  To ensure saturation of the 

samples, specimens with B values greater than 0.95 were used in the 

present study. A membrane with an average thickness of 0.3 mm was 

used to be soft enough to minimize the effect of membrane 

penetration. A computer-controlled triaxial cell was used and an 

electronic data logger system continuously recorded all data of cell 

pressure, volume change, load and displacement during the tests. 

During loading, axial displacement with a precision of 0.01 mm is 

measured. 

In this study, 54 consolidated drained (CD) triaxial tests on samples 

with different amounts of clays (0%, 10% and 20%), fibers (0.0%, 

0.5% and 1.0%), confining pressures (100, 200 and 300 kPa) and 

relative densities (50% and 90%), were conducted. 

 

Test results and discussions 

1. Stress-strain and volume change behavior 

Typical deviatoric stress versus axial strain curves and volume 

change behavior of unreinforced and fiber-reinforced samples, with 

different fiber and clay contents in relative densities of Dr=50% and 

90%, are shown in Figure 2 to 7. As can be seen from Figure 2, the 

deviatoric stress-axial strain curves of sand with Dr=50% shows an 

apparent peak due to dilative behavior. As clay is added to the sand 
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(Figures 3 and 4), stress-strain curves showed ductile behavior and no 

peak point was observed. The maximum deviatoric stress was defined 

as that at axial strains of about 20%. In this relative density, clayey 

sand samples showed full compressive behavior and sandy samples 

showed a dilative one. Volumetric compression of clayey sand 

increased with increasing clay fraction and confining pressure.  

The reason of this behavior is conceivably due to the replacement 

of frictional aggregates by cohesive particles, causing reduction in 

dilative behavior of the composite materials and increased its 

contractive response.  Consequently, by increasing the clay content, 

the friction between sand grains get reduced (Figure 13) and the 

cohesion of the mixture was increased (Figure 12), totally resulted in 

reduction of deviatoric stress at failure state. Although, the sand and 

clay mixture encountered reduction in bearing pressure compared with 

sand only, but the ductility of the mixture has been significantly 

improved.  

Increase in relative density to 90% not only cause the sand samples 

having the same behavior as samples with Dr=50%, but also tends 

happening an apparent peak point at failure in all stress-strain curves 

of clayey sand samples and dilative behavior, in either of unreinforced 

and fiber-reinforced samples (compare Figures 2 to 4 with Figures 5 

to 7). In fact, by decreasing the void ratio of the samples, effective 

stress throughout the mixture could distributed under less 

compression, resulting in advent of frictional behavior more than the 
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loose soil (Dr=50%).  As can be seen, increasing in confining pressure 

and clay content in samples with Dr=90%, increased initial contractive 

behavior and reduced the residual dilation. Furthermore, Increasing 

the confining pressure and fiber content make the shear strength of all 

samples improved in both relative densities.  

Figure 8 plots variation of shear strength with change of fiber 

content, confining pressures and clay content for Dr=50% and 90%. 

Regard to the obtained results, in both relative densities, sandy 

samples exhibited the greatest shear resistance. But for clayey sand 

samples, conceivably, it seems that there is an optimum clay content 

which gains the maximum shear strength for clayey sand. This 

maximum value could be different by changing in relative density of 

the mixture. The authors would propose more investigations on the 

influence of the clay content in sands precisely to find the reality.  

Figure 9 plots variation of axial strain at failure point with change 

of fiber content, confining pressures and clay content for  Dr=50% and 

90%. For Dr=50%, the results were presented for the sandy soil 

because no peak point in stress-strain curves of clayey sand was seen 

at this relative density and failure is considered at axial strain of 20%. 

On the other hand, ductility of the sand and clay mixtures have been 

increase as the clay content was increased. It should be notified that in 

samples with Dr=90%, increase in clay content decreased axial strain 

at failure. Results confirmed that axial strain increased with increase 

in fiber content and confining pressure. Actually, as fiber content and 
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confining pressure are increased, high lateral spreading (owing to 

higher axial strain) is required to approach the failure status, tending 

to the high stress mobility in fibres in potential failure plane. This is in 

agreement with results of Gray and Al-Refeai (1986) who showed that 

fiber reinforcement increased the axial strain at failure. Since, the 

strain at failure can be considered as an expression of ductility, 

therefore, increase in the amount of fiber and confining pressure 

increased ductility. 

2. Stiffness 

Variations of stiffness- defined as the secant modulus in deviatoric 

stress-axial strain plot-  with change of fiber content, confining 

pressures and clay content for  Dr=50% and 90% are presented in 

Figure 10. From this Figure, sandy samples have shown the highest 

stiffness among the tests and by adding clay, stiffness decreased in 

clayey sand specimens. Also samples showed more stiffness values in 

higher confinements. According to Figure 10(a), for relative density of 

50%, stiffness of sandy samples decreased with increase in fiber 

content. However, stiffness of clayey sand specimens can be assumed 

constant by increase in fiber content. Stiffness of all samples prepared 

in 90% relative density decreased by increase in fiber content as can 

be observed in Figure 10(b). This is in with the line of results stated 

by several researchers (Gray and Al-Refeai, 1986; Consoli et al., 

1998; Hamidi and Hooresfand, 2013).  
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3. Energy absorption 

Energy absorption indicates the amount of energy required to 

enforce deformations in fiber-reinforced material. It can be defined by 

calculating the occupied area under stress-strain curve up to a certain 

axial strain which was 10% in this study. Figure 11 plots energy 

absorption for different fiber and clay contents in both considered 

relative densities. It is obvious that energy absorption was increased 

by increase of fiber content and relative density from 50% to 90%. 

This indicates that more energy is required to cause the mixtures 

failed with higher relative densities and higher confining pressures. 

By comparing the rate of increasing in energy absorption of soils, 

according to Figures 11(a) and (b), it can be concluded that relative 

density could have more influence than fiber content.   

4. Shear strength’s parameters 

Figures 12 and 13 illustrate variations of cohesion and friction 

angle, respectively, with change of fiber content, confining pressures 

and clay content for Dr=50% and Dr=90%. As can be expected, 

increasing clay content of the clayey sand increased cohesion of the 

specimens and coincidently, reduced the friction angle. Also, cohesion 

of all specimens and friction angles in most of the samples have been 

improved as the relative density of the soil had been increased.   

Moreover, trend of most fiber-reinforced samples was to yield 

development of an apparent cohesion with an almost linear increment 

as fiber content was increased.  Also increase in fiber content resulted 
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in the increase in internal friction angle which has been previously 

reported by Hamidi and Hooresfand (2013). 

5. Dilation angle 

According to Figures 5 to 7, the dilatation behavior can be seen in 

samples densified with Dr=90%. Therefore, the dilation angle was 

calculated and presented in Figure 14 for the different contents of 

clay, fiber and confining pressure. As can be seen by increasing the 

confining pressure, dilation angle is reduced. This is due to an 

increase in grains confinement by increased confining pressure. In 

addition, by increasing the amount of clay, dilation angle has been 

expectedly reduced. As it was mentioned before, increasing the fiber 

content in soil ended to develop apparent cohesion which, in turn, 

resulted in decrease of dilation angle.  

 

Conclusions 

In present study, shear strength characteristics of fiber-reinforced 

sand and clayey sand samples have been studied. A number of 

consolidated-drained triaxial compression tests were carried out and 

stress-strain and volume change behavior of samples were monitored 

to evaluate the influence of clay and fiber additions to sands. 

According to the observations, following results have been obtained: 

 In higher relative densities, deviatoric stress-axial strain curves of 

all sand and clayey sand samples had a peak point and dilation 

was observed in their volume change response. However, for 
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lower relative densities, stress-strain curves of clayey sand 

samples showed hardening behavior without any distinguished 

peak point together with compression in volume change behavior. 

 Shear strength of sands was obtained more than clayey sand 

samples and it fell down as clay content was increased. In 50% 

relative density, adding 10% and 20% clay to sand decreased its 

shear strength up to 14% and 22%. Likewise, for 90% relative 

density, the rate of reduction was 24% and 28% respectively.  

 Increase in clay content increased shear strength in lower relative 

density but it decreased at higher relative density.  

 Increase in clay content reduced dilation in volume change 

behavior, parallelly, getting more compressive strain. 

 Both the internal friction angle and cohesion intercept increased 

with fiber content. For sandy samples reinforced with 1% fibers, 

internal friction angle increased from 34˚ to 43.4˚ for Dr=50% 

and from 38.8˚ to 42.8˚ for Dr=90%. Adding 10% clay decreased 

approximately 5˚ of internal friction angle for both relative 

densities.  
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Table 1. Physical properties of sandy soil 

Parameters Value 

Cu 1.23 

Cc 0.97 

Gs 2.74 

emin 0.60 

emax 0.85 

γd, min (kN/m3) 14.53 

γd, max (kN/m3) 16.83 
 
 

Table 2. Physical properties of clay particles 

Parameters Value 

LL 46 

PL 30 

PI 16 

Gs 2.65 
 

 

Table 3. Properties of polypropylene fibers 

Parameters Value 

Length (mm) 12 

Diameter (mm) 0.023 

Aspect ratio 522 

Specific gravity 0.91 

Tensile strength (MPa) 400 

Elastic modulus (MPa) 6000 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Gradation curve of the sand and clay 
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Figure 2. Deviatoric stress-axial strain (on the left) and volumetric 

strain-axial strain curves (on the right) of unreinforced and fiber-

reinforced samples with Dr= 50% and clay content= 0% 
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Figure 3. Deviatoric stress-axial strain (on the left) and volumetric 

strain-axial strain curves (on the right) of unreinforced and fiber-

reinforced samples with Dr= 50% and clay content= 10% 
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Figure 4. Deviatoric stress-axial strain (on the left) and volumetric 

strain-axial strain curves (on the right) of unreinforced and fiber-

reinforced samples with Dr= 50% and clay content= 20% 
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Figure 5. Deviatoric stress-axial strain (on the left) and volumetric 

strain-axial strain curves (on the right) of unreinforced and fiber-

reinforced samples with Dr= 90% and clay content= 0% 
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Figure 6. Deviatoric stress-axial strain (on the left) and volumetric 

strain-axial strain curves (on the right) of unreinforced and fiber-

reinforced samples with Dr= 90% and clay content= 10% 
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Figure 7. Deviatoric stress-axial strain (on the left) and volumetric 

strain-axial strain curves (on the right) of unreinforced and fiber-

reinforced samples with Dr= 90% and clay content= 20% 
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(a) (b) 

Figure 8. Variation of shear strength with change of fiber content, 

confining pressures and clay content for (a) Dr=50% (b) Dr=90%   

 

 

  
(a) (b) 

Figure 9. Variation of axial strain at failure with change of fiber 

content, confining pressures and clay content for 

(a) Dr=50% (b) Dr = 90%   

 

 

 

(a) (b) 

Figure 10. Variation of stiffness with change of fiber content, confining 

pressures and clay content for (a) Dr=50% (b) Dr=90%   
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(a) (b) 

Figure 11. Variation of energy absorption capacity with change of fiber 

content, confining pressures and clay content for 

(a) Dr=50% (b) Dr=90%   

 

  
(a) (b) 

Figure 12. Variation of cohesion with change of fiber content, confining 

pressures and clay content for (a) Dr=50% (b) Dr=90%   
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(a) (b) 

Figure 13. Variation of friction angle with change of fiber content, 

confining pressures and clay content for (a) Dr=50% (b) Dr=90%   

 

  
(a) (b) 

 
(c) 

Figure 14. Variation of dilation angle with change of fiber content and 

clay content for Dr=90% at confining pressures (a) 100 kPa, (b) 200 kPa 

and (c) 300 kPa 
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