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Total and effective strength parameters of compacted fiber reinforced soils 
Parametres de force totaux et effectifs pour les sols ameliores de fibres compactes

R. M.Wahab & G. B. Heckel -  Illinois Department of Transportation, Springfield, III., USA

H. H.Al-Qurna -  Garyounis University, Benghazi, Libya

SYNOPSIS: This study deals with the effect o f individual polypropylene fibers on the total and effective strength 

parameters of two soil types, compacted at moisture contents close to optimum. Drained and undrained triaxial 

compression tests were conducted on the soils, at different fiber contents. Test results indicated that the fibers 

increased the total and effective strength parameters (cohesion, c & c ’, and friction angle, <j) & <])‘), slightly increased 

the pore pressures, and reduced the tendency for dilation in the soils.

1 INTRODUCTION

The use of randomly oriented, uniformly distributed, 

individual polypropylene fibers has been considered, for 

the past several years, as a viable soil reinforcement 

alternative. This relatively new reinforcement method 

falls into the category of micro-reinforcement, 

compared to the macro-reinforcement which applies to 

mechanically stabilized earth (MSE) walls and slopes 

(Bonaparte et al. 1987). Micro-reinforcement is 

achieved by mixing individual, small reinforcing 

elements (fibers, staples, and minigrids) with soil, for a 

variety of applications. These have included subgrade 

soil stabilization (Crockford et al. 1993), reinforcement 

of a roadway embankment (Al Wahab and Al-Quma, 

1995) and reducing shrink/swell in expansive soils (El- 

Kedrah 1990).

Previous studies (Al-Qurna 1990, Al Wahab and 

Heckel 1995) indicated that fibers improve the 

undrained strength characteristics of soil. The long

term behavior, in terms of the drained shear strength, of 

fiber reinforced soils is yet to be evaluated.

This study presents test results from undrained and 

drained (UU, CU and CD) triaxial compression tests on 

two soil types, at different fiber contents (f). Test 

results include the total and effective stress-strain 

curves, pore pressure (u) and volumetric strain (ev) 

measurements versus axial strain (e) at different fiber 

contents. Empirical relations between the fiber content 

and the soil strength parameters (c, c ’, <|) and (|)‘) are also 

presented.

2 MATERIALS

This study consists of two parts: Part 1, conducted at 

Garyounis University, constitutes the majority of the 

data presented and was based on a study by Al-Qurna 

(1990) using Soil A and Fiber A. Part 2 was conducted 

at the Illinois Department of Transportation (IDOT) 

Central Soils Lab at a later date. Part 2 was intended to 

complement Part 1 data by using a different soil and 

fiber type (Soil B and Fiber B).

Table 1. Soil Physical Properties

Soil A Soil B

AASHTO Class. A-6(10) A-4(8)

Liquid Limit, LL, % 23 34

Plasticity Index, PI, % 16 9

Sand Content, % 27 4

Silt Content, % 65 74

Clay Content, % 8 22

Maximum Dry 

Density, pri, kg/m’
1720* 16711

Optimum Moisture
14.8* 18.5 f

Content, OMC, %

* Determined using ASTM D 1557 

t  Determined using ASTM D 698

2.1 Soils

Table 1 presents the properties of Soils A and B used in 

Parts 1 and 2 of this study, respectively.

2.2 Fibers

Each part of this study used a different type of 

reinforcing fiber. Both types were collated, fibrillated, 

polypropylene fiber bundles 25.4 mm long, consisting 

of 10 to 15 individual fibers interconnected by cross 

fibrils. Fiber A was primarily manufactured for use in 

concrete, as secondary reinforcement (Al Wahab and 

Soroushian, 1987). Fiber B was primarily 

manufactured for soil reinforcement (Synthetic 

Industries, 1994). The fiber bundles of both types are 

designed to open into individual fibers when mixed with 

course granular materials such as sand, gravel or fresh 

concrete. The average physical and mechanical 

properties of the polypropylene material, making up 

each type of fibers, are summarized in Table 2 below.
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Table 2. Physical and mechanical properties of the 

polypropylene fibers used in this study.

Fibers A* Fibers B t

Color White Black

Tensile Strength, kPa 318 310

Elastic Modulus, kPa 10915 4826

Peak Tensile Strain, % 3 15

Specific Gravity 0.91 0.91

Melting Point 170 ± 5°C 170 ± 5°C

* Data from Al Wahab and Soroushian (1987)

t  Data from Synthetic Industries (1994)

3 SAMPLE PREPARATION AND COMPACTION

The fiber bundles do not open into individual fibers 

when mixed with a cohesive soil in the laboratory. 

Therefore, in the Part 1 testing series, extra time and 

effort were needed to open the fiber bundles into 

individual fibers while mixing them with the soil. 

However, some mixing difficulties were experienced. 

Such difficulties included fiber balling, sticking into 

small soil clods, and some non-uniform fiber 

distribution throughout the soil. These difficulties 

increased with the increase in f beyond 0.5 %. The 

fiber content (f) is defined as the weight of fibers 

expressed as a percentage of the soil dry weight.

In the Part 2 testing series, a different mixing 

approach was used to ensure mix uniformity and 

opening of the fiber bundles. First, the fiber bundles 

were pre-opened by mechanically mixing them with wet 

sand. Then, the pre-opened fibers were separated from 

the sand with water, based on differences in specific 

gravities. The pre-opened fibers were not mixed 

directly with the soil. They were incorporated into the 

soil using a thin layering method during compaction.

In Part 1, the soil-fiber mixture was compacted to 

the desired density into a 100-mm diameter Proctor 

mold. A 51-mm dia. by 102-mm high specimen was 

then extruded, from the mold, for the triaxial 

compression testing. In Part 2, the soil and the pre- 

opened fibers were placed in alternating, thin sub-layers 

into a 51-mm dia. by 102-mm high mold. These 

alternating soil-fiber sub-layers were then compacted, to 

the desired density, in three equal layers using a 

manually operated hammer. The number of blows were 

adjusted to obtain the desired density. The compacted 

specimens were extruded from the mold and were 

immediately sealed in an air-tight bag for testing later 

on the same day.

In Part 1 testing, samples were prepared at f  = 0, 0.5 

and 1 %.  In Part 2, samples were prepared at f  = 0 and 

0.5 %.  In both parts, all samples were compacted 

within 98 % to 102 % of pd, and within 92 % to 106 % 

of the OMC.

4 TESTING PROCEDURES

UU and CU triaxial compression tests were generally 

performed according to ASTM D 2850-87 and ASTM D 

4767-88, respectively. Some exceptions to these 

standards were made. These included the preparation of 

compacted specimens as described above and the 

method of measuring the specimen volume changes. In

Part 2, volume changes were measured using a 

Wykeham-Farrance Auto Volume Change Apparatus 

(A VC A) connected to the triaxial cell pressure line. 

The movement of water, under pressure, into or out of 

the triaxial cell caused a shaft displacement within the 

AVCA. This shaft displacement was measured using a 

dial indicator. The volume change readings were 

corrected for the increasing displacement of the loading 

piston, as axial strain increased, and for any cell leakage 

during the testing period. Elastic deformations in the 

triaxial cell and water lines were neglected. This 

method of measuring the volume changes and other 

testing considerations followed in this study are 

consistent with Bishop and Henkel’s (1962) 

recommended procedure for partially saturated soils. 

No back pressure was applied to the samples in Part 2.

The CD tests, conducted in Part 1 only, were 

performed according to the procedure described in 

Bishop and Henkel (1962). Also in Part 1, a back 

pressure of 100 kPa was applied to the samples during 

both the CD and CU tests to ensure full saturation. 

However, saturation was not achieved in the f  = 0 % CU 

test due to the limited time of back pressure application 

prior to loading the specimen (B remained close to 0.9).

The confining pressures ranged from 150 to 500 kPa 

in Part 1, and from 69 to 207 kPa in Part 2 testing 

series. The tests were continued either to failure or up 

to 25 % strain, whichever was reached first.

5 RESULTS AND DISCUSSIONS

In the following sections, the data from Parts 1 and 2 

testing series are combined to give an overall indication 

of the behavior o f fiber reinforced soils (FRS) at 

different test conditions. When applicable, a legend was 

provided on each figure to distinguish between the two 

parts of the study. However, there was little distinction 

in the overall behavior of the two soil and fiber types 

studied in either part. When more investigations and 

data become available for a variety of soils and fibers, a 

better distinction can be made.

5.1 Stress-Strain Relations

Figure 1 shows the stress-strain (o d-e) curves for 

samples with fiber contents, f  = 0 and 0.5 %. While 

these curves are for the UU tests from Part 1, they are 

also typical for the CU and the CD test conditions in 

both parts of the study.

A xia l  S tra in , e , %

Figure 1. Typical Stress-Strain Relations for Plain and 

Fiber Reinforced Soils.
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The curves show that fibers improve the peak deviatoric 

stress (o d), the ductility, and the energy absorption 

capacity (area under the curve). Other studies (Al- 

Qurna 1990, El-Kedrah 1990, Al Wahab and Heckel 

1995) observed similar effects in unconfined 

compression.

5.2 Pore Pressure-Strain Relations

Figure 2 shows typical relations between the pore 

pressure (u) and the strain (e), for samples with f = 0 

and 0.5%, at the UU and CU test conditions. As 

anticipated, higher initial pore pressures developed in 

the UU tests than in the CU test condition. In general, 

the behavior of the FRS was similar to their counterpart 

plain soils (CPS) at the same test conditions. However, 

prior to failure, the fibers have slightly increased the 

pore pressures and, at or near failure, the difference was 

insignificant. The slight increase in pore pressures were 

associated with the lower dilatancy and volume changes 

observed for the FRS as compared to the CPS (Figure 

3). Al Wahab and Al-Qurna (1995) observed that fibers 

slightly reduce the dry density. This may explain the 

higher u-values and the lower tendency for dilation in 

the FRS.

5.3 Volumetric Strain-Axial Strain Relations

Figure 3 shows the volumetric strain (ev) versus e for 

the UU, CU and CD test conditions. Both the FRS and 

the CPS showed similar variation of sv with e. 

Depending on the test condition, the fibers either 

slightly increased or decreased the volumetric strains. 

In the UU tests, the initial reduction in £v on Figure 3 

explains the initial increase in u shown on Figure 2. A 

high ev in the f  = 0 % CU test was observed because the 

specimen was not fully saturated.

Figure 4 shows the effect of f on the total and effective 

cohesion values (c and c’). Generally, a significant 

increase in either c or c ’ was observed when f was 

increased from 0 to 0.5 %.  Other test results, not shown 

in Figure 4, also showed a significant increase in the 

cohesion values with the increase in f  from 0.5 to 1 %. 

These results, from Part 1 UU testing, indicates that for 

f  = 1 % the c is 510 kPa while the c ’ is 440 kPa 

compared to 244 kPa and 192 kPa, respectively, for the 

CPS. The increase in the c and c ’ values with f  appears 

to be consistent with the increase in the unconfined 

compressive strength (au) observed by Al Wahab and 

Al-Qurna (1995), and Al Wahab and Heckel (1995).

It appears that, in the absence of a confining 

pressure, fibers tend to confine the soil through the fiber 

tensile strength or mostly the soil-fiber pull-out 

resistance. The concept of an “equivalent confining 

pressure” (o,c) and “pseudo-cohesion” (cs) resulting 

from a soil reinforcement, was used in previous studies 

(Yang 1972). In this concept, the increase in f can be 

made equivalent to an increase in a confining pressure, 

A c3e, which results the same strength increase or 

“pseudo-cohesion, cs. The values of C1c would depend 

on the reinforcement tensile strength, reinforcement 

inclination, soil-reinforcement adhesion and the soil 

type. The concept can only be verified by generating 

adequate test data and correlating Ao,t with f  at the 

same strength values. Such correlation is shown in 

Figure 5, where A cJe increased almost linearly with f.

Figure 6 indicates that the increase in f  from 0 to 1 

% has significantly increased the total and effective 

friction angles (()) and (J)‘). Fibers tend to increase the 

surface roughness and friction characteristics of the 

failure plane.

The results on Figures 4,5, and 6 indicate that both 

the short-term and the long-term soil strength and

5.4 Fiber Content

Figure 2. Typical Pore Pressure vs. Axial Strain 

Relations for Plain and Fiber Reinforced Soils.

Strain, e , %

Figure 3. Typical Volumetric Strain vs. Axial Strain for 

Plain and Fiber Reinforced Soils.

Fiber Content, f, %

Figure 5. Equivalent Confining Pressure vs. Fiber 

Content
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Fiber Content, f, %

Figure 4. Effect of Fiber Content on the Cohesion at 

Different Testing Conditions.
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Figure 6. Effect of Fiber Content on the Friction Angle 

at Different Testing Conditions.

stability of earth structures can significantly be 

enhanced with the use of fibers.

6 SUMMARY AND CONCLUSIONS

This study presents test results from undrained and 

drained (UU, CU and CD) triaxial compression tests on 

fiber reinforced soils (FRS) at fiber contents (f) of 0.5 

and 1 % by the soil dry weight, with f  = 0 % for the 

counterpart plain soils (CPS). The study consisted of a 

two-part testing series; each was conducted at different 

times, locations, and used different soil and fiber types. 

In either testing series, the fibers consisted of collated, 

fibrillated, polypropylene fiber bundles, with 10 to 15 

individual fibers interconnected by cross fibrils. The 

test results, in both parts of the study, lead to the 

following conclusions:

(1) In all test conditions, the stress-strain behavior 

as well as the variations of volumetric strains and pore 

pressures with strain were similar for the FRS and the 

CPS samples.

(2) The fibers increased the peak deviatoric stress, 

toughness, the ductility and the energy absorption 

capacity in the soil.

(3) The fibers slightly increased the pore pressures 

and reduced the tendency for dilation. More 

investigation is needed to evaluate the effect of fibers 

on the pore pressure and volumetric strains.

(4) The total and effective cohesion values and 

friction angles increased with the increase in f, almost 

linearly for the soil and fiber types studied.

(5) A linear correlation appears to hold between the 

“equivalent confining pressure” and f.

(6) The short-term and long-term strength of soils 

can significantly be enhanced with the use of fibers.
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