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T. O. Al-Refeai 

ABSTRACT 


Laboratory triaxial compression tests were performed to determine the stress
Strain response of sand reinforced with fabric, and to observe the influence of 
various inclusion properties and soil properties on the constitutive behavior of 
fabric reinforced sand. Uniaxial compression tests were also run on encapsulated 
sand specimens to examine the effect of external fabric encapsulation on con
stitutive behavior of internally reinforced granular materials. 

Fabric inclusions markedly increased the ultimate strength, increased the axial 
strain at failure, and caused limited reductions in post-peak shearing resistance. 
At very low strain « 1 %) fabric reinforcement produced a loss of stiffness with 
the effect being more pronounced the greater the number of layers and the stiffer 
the reinforcement. Reinforcements placed at a spacing:diameter ratio of more 
than one had little effect on strength. 

Fabric inclusions increased the ultimate compressive strength of encapsulated 
sand. The overall stiffness of an encapsulated/internally reinforced sand can be 
controlled to a large extent by the modulus of the encapsulating fabric, and the 
number of layers and modulus of internal reinforcing fabric. 
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LABORATORY TESTS ON GEOTEXTILE REINFORCED DUNE SAND 

INTRODUCTION 

Synthetic engineering fabrics or "geotextiles" have 
become increasingly important in civil engineering 
applications in recent years. The main applications 
include drainage, erosion control, separation, and 
reinforcement; over 200 specific uses have been 
identified within these general application areas 
[1-3]. An experimental investigation has been 
undertaken to define the role and influence of fabric 
properties (fabrication and/or material characteris
tics) on the structural reinforcement of sand. Tri
axial tests on samples of sand reinforced with disks 
of fabric were conducted for this purpose. Uniaxial 
compression tests were also run on encapsulated 
sand specimens to study the effect of external fabric 
encapsulation on the constitutive behavior of inter
nally reinforced granular material. 

EARTH REINFORCEMENT THEORIES 

There are different concepts to explain the 
mechanics of earth reinforcement with oriented 
inclusion layers [4-7]. Mitchell and Schlosser [8] 
and Ingold [9] described and compared in full detail 
these concepts. The two most significant concepts 
are described briefly below. 

The Enhanced Confining Pressure Concept 

Yang [6] conducted triaxial tests on sand speci
mens reinforced by horizontal layers of fiberglass 
nets. He assumed that the sand failed at a constant 
effective stress ratio 

(1)( ::)f = tan' (45 - i') . 
Yang concluded that any increase in 0'If at failure of 
a reinforced specimen was due to an equivalent 
confining stress increase ~O'3' Yang hypothesized 
that tensile restraint in the reinforcement induced 
this equivalent confining stress increase, ~0'3' From 
the known Mohr-Coulomb Formulation for the 
strength of a cohesionless material it follows that 

(2) 

where: 

O'lf maximum major principal stress of rein
forced triaxial specimen; 

0'3f = equivalent minor principal stress for rein
forced triaxial specimen; 

0'3 = initial confining pressure; 
~0'3 = equivalent minor principal stress increase 

for reinforced triaxial specimen; and 
N. 	 = tan2 (45+4>s/2); where 4>s = angle of 

internal friction of unreinforced sand. 

The Anisotropic or Pseudo-Cohesion Concept 

Schlosser and Long [5] tested sand specimens 
reinforced by aluminum foil disks. Schlosser and 
Long proposed that reinforcements induced an ani
sotropic or pseudo-cohesion (CR) which was a func
tion of their spacing and tensile strength. They 
defined the strength of the reinforced sand by 

(3) 

The additional strength ~O'1 in excess of the fric
tional strength of unreinforced specimen was inter
preted as being the effect of a pseudo-cohesion devel
oped in the new composite material. The anisotropic 
or pseudo-cohesion (CR ) was computed from a force 
equilibrium analysis of a reinforced composite: 

C = RT VN. (4)
R ~H 2 ' 

where: 

RT = force per unit width of reinforcement at 
failure, and 

~H = spacing between reinforcement layers. 

Comparing Equations (2) and (3) with (4) indicates 
a direct correspondence between Yang's ~0'3 and the 
Schlosser and Long ~0'1 or CR' Equations (2) and 
(3) yield: 

(5) 

Equations (4) and (5) yield 

(6) 

Thus, either the ~0'3 or the CR approach could be 
used equally well for analyzing the behavior of rein
forced earth with continuous, oriented fabric layers 
for maximum strength conditions, where failure occurs 
by breaking of the reinforcement rather than pullout. 
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EXPERIMENTAL 

Materials 

Sand 
A clean dune sand was used in this study. Typical 

properties of the sand are listed in Table 1. 

Table 1. Properties of Dune Sand. 

0.28 mm 
0.41 mm 
1.50 
2.65 
0.78emax 

emin 0.50 
( <l>s)triaxial 39° (Dr = 86%) 

32° (Dr = 21%) 

Fabric 

Five geotextiles, each with different fabrication 
and/or material characteristics were employed in this 
study. These fabrics are described in Tables 2 and 3. 

Triaxial Tests 

A standard Geonor triaxial apparatus was used 
for testing fabric reinforced sand. All tests were car
ried out on cylindrical samples with a diameter of 
36 mm and a height of 80 mm. The reinforcement 
consisted of circular disks of fabric which were cut 
from fabric sheets by rotating a heated sharpened 
aluminum tube (35 mm 1.0.) on fabric placed over a 
wood block. 

Table 2. Physical Properties of Geotextiles. 

Manufac- Fabrication Nominal Mass per 
Fabric Filament 

turer Process Thickness° Unit Area b 

2(mm) (g m- ) 

Geolon 400 Nicolon Polypropylene Woven 0.74 220 
multifilament 

Geolon 200 Nicolon Polypropylene Woven 0.46 136 
tape 

Typar 3601 Dupont Polypropylene Nonwoven 0.46 203 
multifilament heatbound 

Typar 3401 Dupont Polypropylene Nonwoven 0.38 136 
multifilament heatbound 

Fiberglass Baymills Glass yarns Woven 1.09 1153 
196 monofilament 

°ASTM D1777, b ASTM D1910/D 3776-85 


Table 3. Mechanical Properties of Geotextiles. 


Tensile Secant Modulus o 

Elongation Mullen 1Fabric Strength kN m- at 
at Break Burst

(Grab Test) 5% Elongation 
N % kPa 

Geolon 
400 

1668 x 1108 30x 18 2942 114 x 114 

Geolon 
200 

892 x 892 20x20 2550 78x78 

Typar 
3601 

922 63 1863 210 

Typar 
3401 

598 62 1373 80 

Fiberglass 
196 

8xlO 471 x 192 

°150 x 300 mm strip and 1 % min -1 strain rate for woven fabrics. 
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Two different methods of constructing the sam
ples were adopted, resulting in a dense and a loose 
deposit respectively. A dense (e 0.54) packing of 
the sand was obtained using an "air pluviation" 
method. A constant pluviation height of about 
400 mm was used to prepare all the specimens. 

In order to obtain the maximum porosity or loosest 
packing, sand was placed in a tube (27 mm LD.) 
inside the mold. The inner tube was then very care
fully withdrawn from the mold leaving a loose 
deposit of sand behind. The void ratio of sample 
prepared in this manner was equal to 0.72. 

For reinforced sand samples, the amount of dry 
sand required between consecutive layers of rein
forcement was calculated in advance. Specimens 
were built up layer by layer. The predetermined 
amount of sand was deposited in the mold using one 
of the methods of deposition just described. The 
surface of the sand layer was leveled each time using 
a fine brush. The reinforcement disk was then placed 
on top and the process repeated until the desired 
number of reinforcement layers were inserted in the 
sample. The warp direction of the reinforcement was 
oriented in the same direction each time to minimize 
possible scattering of the results. 

The number of reinforcement layers varied from 1 
to 6. In any given test, the spacing between adjacent 
reinforcement layers was uniform and was twice the 
distance between the end of the specimen and the 
first layer as shown in Figure 1. The total height of 
the reinforced specimens was kept constant at 
80 mm. The triaxial specimens were loaded to failure 
under five different confining pressures (49, 98, 196, 
294, and 392 kPa) respectively. 

Quasi-Uniaxial Compression Tests 

Quasi-uniaxial compression tests were run on 
140 mm high, 61 mm diameter specimens of dry 
dune sand encapsulated in two types of woven fabric 
sleeves, namely Geolon 400 and Geolon 200. All 
tests were run using a Tinius Olsen Testing Machine 
(53 kN maximum capacity). 

Fabric manufacturers were unable to provide a 
unitary, woven, sleeve of 61 mm diameter. Accord
ingly, it was necessary to fabricate our own sleeves 
for testing purposes. In an effort to find an "efficient" 
way to bound fabrics together, several fastening or 
seaming method were tried, including adhesive 
glueing and manual sewing. Adhesive glueing did not 

3Smm 

T ................ 

....:.:':."'.:.,.... :~:; 

AHI2 

1IOmm I"",.,;.;. .•.;.;......1••;..;. • .;.; ....... " .. "' .. 
............... . 

..............
................ 
 .. .... - ...... 
4. .... ~ .. * ....... 


N=1 N=2 

Figure 1. Fabric Position in Triaxial Test Specimens. 

work well because it either produced a very stiff 
seam which affected the vertical stiffness of the 
sleeve or a weak seam which tended to localize 
failure at the seam. 

A sewn overlap seam 25 mm wide using a stiff 
polyester thread (90 N strength) was adopted to 
fabricate the sleeves. Interanal reinforcement in the 
shape of disks (59 mm in diameter) were used. The 
same methods used for preparing the fabric rein
forced triaxial test specimens were also employed for 
preparing the sleeve samples. 

Figure 2 shows a typical deformation pattern of 
dry, dense sand encapsulated in Geolon 200 and 
internally reinforced with 4 layers of Typar 3601 
near failure. 

TEST RESULTS AND DISCUSSION 

Triaxial Tests 

The Effect of Confining Pressure on the Strength of 
Reinforced Sand 

Figure 3 shows the relationship between the con
fining pressure (0'3) and the value at failure of the 
stress normal to reinforcement (O'lf)' Failure in a 
reinforced sand tends to occur by slippage at con
fining stress lower than a critical value and by exces
sive yielding or rupture of reinforcement at confining 
stress higher than a critical value. The break in 
0'1 -0"3 curves correspond to the critical confining 
stress in question. This behavior corroborates earlier 
triaxial test results reported by Yang [6] for fiber
glass nets, Schlosser and Long [5] for aluminum foil, 
and Gray and others [10] for nonwoven fabric. A 
confining pressure equal to or exceeding 196 kPa was 
used in all subsequent tests in order to prevent slip
page or pull out failures. It is also observed from 
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Figure 2. Deformed Shape of Encapsulated/Internally 
Reinforced Sand Tests in Uniaxial Compression. 

Figure 3 that, above the critical confining stress, 
C11 - C13 curves all tended to parallel the envelope for 
the unreinforced sand. These results indicate that the 
friction angle of sand was unaffected by the presence 
of the reinforcement. Also due to the smooth and 
slippery texture of the fiberglass fabric, failure of 
fiberglass reinforced sand was caused by sand parti
cles sliding on the contact face and the critical con
fining stress was not reached. This is one of th'e 
reasons that fiberglass fabric was not used for further 
testing. 

Influence of Amount of Reinforcement on 
Shear Strength of Reinforced Sand 

Stress-strain relationships for fabric reinforced 
and unreinforced sand are shown in Figure 4. Fabric 
inclusion markedly increased the maximum principal 
stress difference (C11- C13) and limited reduction in 
post-peak shearing resistance. Increasing the num
ber of layers caused a progressive increase in the 
peak strength. 

25 


o SOIL O.LY 

• IIOL. '" 
6 GIOLO. I .. 

• TYMR a.., 
D TYMII Mil 

• ' . ILAII '" 

CONFINING STRESS 43 (KPa) 

Figure 3. CII-CI3 Curves from Triaxial Compression Tests 
on Dry, Dense Fabric Reinforced Sand. 

It is interesting to note the relative efficiency of 
different types of reinforcement; Geolon 200 and 
Typar 3401 have the same modulus (E @ 5% = 
80 kN m-1

) but Geolon 200 led to higher shear 
resistance as shown in Figure 4. This behavior can be 
explained as follows; the woven fabric (Geolon 2(0) 
exhibited a slightly larger interface friction than the 
nonwoven fabric (Typar 3401). In the case of woven 
fabric, the soil grains are free to penetrate into the 
openings in the fabric and there is actual physical 
interlocking between grains on opposite sides of the 
fabric, whereas in the case of melt bonded nonwoven 
fabric the soil grains cannot penetrate the fabric 
easily and hence the frictional resistance in this case 
is due to grain sliding onto the fabric surface. Using 
3 layers of Typar 3401 also resulted in higher shear 
strength increases than those produced by 5 layers of 
the stiffer Typar 3601 (E @ 5% = 210 kN m-1

) up to 
strain at 20/0. 

Yang [6] presented a semi-empirical equation 
which relates the equivalent confining stress increase 
(aC13) with the number of layers of reinforcement 
and the mechanical properties of the sand: 
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Figure 4. Stress-Deformation Relationships for Sand 
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Reinforcement in Triaxial Compression. 


1 

I-GN (1/2 - d)M' (7) 

• ~H 
where 

<r3 = initial confining pressure, 
~<r3 = equivalent minor principal stress increase 

of reinforced triaxial specimen, 
G, M empirical constants, 
N. tan2 (45+ <f>s/2) , where <f>s = angle of 

internal friction of unreinforced sand, 
d triaxial specimen diameter, 
~H spacing between reinforcement layers. 

Two points of d/ ~H were selected for each fabric 
(N = 3 and 4) to determine the constants G and M. 
Figure 5 shows the curves predicted by Equation (7) 
and the experimental results of the triaxial test. The 
experimental results and the theoretical curve 
compare well. If average values from all tests of 
constant G and M were used in Equation (7), a 
better comparison between these two curves would 

T. O. Al-Refeai 
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Figure 5. Relationship Between Spacing! Diameter Ratio 

and Strength Ratio for Fabric Reinforced Sand 


(Geolon 2(0). 


have been observed. Figure 5 shows that reinforce
ments placed at spacing diameter ratios (~H/d) 
more than one have little effect. 

Figure 6 shows the relationships between the prin
cipal stress at failure (<rtf) versus number of layers 
which indicates that strength increase is proportional 
to amount of reinforcement up to some limiting 
amount. Thereafter, the strength increase approaches 
an asymptotic upper limit. 

Figure 7 presents the relation of the ratio of secant 
modulus of reinforced to unreinforced sand. The 
figure shows that the secant modulus varies signifi
cantly with both the strain and the number of layers. 
As the number of layers increases the secant modu
lus ratio tends to increase very rapidly. However, 
this increase was only observed at strain which 
exceed some threshold level- usually around 0.5 to 
1 percent. At very low strains «0.5% 

) reinforce
ment produced a loss of stiffness. This effect is more 
pronounced the greater the number of layers of rein
forcement, the denser the soil and stiffer the rein
forcement, as shown in Figure 8. These results can 
probably be explained by the fact that the reinforce
ment must be strained by the sand before it can have 
any influence. The reinforcement has a negligible 
effect on the response of the sand between the start 
of the test and an initial stage, simply because the 
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Figure 6. Principal Stress at Failure versus 

Number of Layers for Fabric Reinforced Sand. 
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Figure 8. EREINFORCED SANDIEsAND versus Axial Strain in 

Triaxial Compression for Fabric Reinforced Dense and 


Loose Sand. 


deformations or strains in the sand which occur by 
this stage are s1l.lall. At the beginning of the test, the 
normal stress is not high enough to force the geotex
tile to deform to the shape of the sand particles, and 
the developed contact efficiency value between geo
textile and sand is small. The stiffness of the geotex
tile governs its ability to deform in the direction 
perpendicular to its plane; therefore, flexible geotex
tile provides a larger contact efficiency. 

These results are consistent with the behavior of 
dense and loose sand whose angles of internal fric
tion were 39° and 32° respectively. Haliburton and 
others [11] reported that the angle of sand-fabric 
friction for 5 different fabrics tested in special direct 
shear ranges from 37° to 46° for dense Mobile sand 
(<Vs = 50°) and from 33° to 29° for the same sand in 
loose state (<Vs = 30°). 

Fabric Encapsulation Effect 

Stress-deformation relationships for dense dune 
sand encapsulated in Geolon 400 and Geolon 200 are 
shown in Figure 9. As the sand compresses vertically 
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Figure 9. Stress- Deformation Relationships for Fabric 
Encapsulated Sand. 

it also undergoes radial or lateral deformation. This 
lateral deformation causes fabric to stretch and 
develop a circumferential tensile stress (hoop stress). 
The magnitude of this hoop stress depends on the 
circumferential strain and modulus of the encapsu
lating fabric. The fabric hoop stress in turn exerts a 
radial confining stress on the encapsulated sand 
specimen which mobilizes its compressive strength 
and resistance to further deformation in an inter
active or synergystic manner. From Figure 9 it can be 
observed that the stiffer Geolon 400 fabric induced a 
higher confining stress (or axial resisting stress) than 
that produced by Geolon 200. It should also be noted 
that large vertical strain (>25%) were required to 
mobilize the peak or maximum compressive stress in 
sand samples encapsulated in these relatively low 
modulus fabrics. In addition, the stress-deformation 
curve were non-linear with less and less compressive 
strength mobilized at successive increments of strains. 

TESTS COMBINING ENCAPSULATION 
AND REINFORCEMENT 

Influence of Combined Encapsulation 
Sand Reinforcement 

The possible influence of three factors on the 
stress-deformation behavior were investigated, 
namely; (a) the ratio between the encapsulating and 
internal fabric modulus; (b) the fabric surface prop

erties or interface friction characteristics; and (c) the 
tension stress-deformation properties of the 
internal reinforcement itself. 

The presence of the internal reinforcement pro
vides an additional quasi-confining stress, but it also 
simultaneously tends to reduce lateral deformation. 
The latter effect in turn compromises the effective
ness of the encapsulating fabric by reducing its hoop 
stress or confining stress. 

The objective of using encapsulated/internally 
reinforced sand is not to maximize the effectiveness 
of one reinforcement system at the expense of 
another, but rather to improve the global properties 
of the reinforced composite body, i.e. to maximize 
its strength and/or minimize boundary deformations. 
Another objective is to avoid overstress in either 
reinforcement; this is particularly important in case 
of polymeric fabrics which are more vulnerable to 
creep and stress relaxation. 

Figures 10 and 11 show the relationship between 
the deformation and axial stress for encapsulated 

800 
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~ 
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c( 

400 

0 N =0 
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Figure 10. Stress- Deformation Relationship of 
Encapsulated Sand in Geolon 200 and Encapsulated Sand 
in Geolon 200/ Internally Reinforced with Three Layers of 

Different Fabrics. 
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Figure 11. Stress- Deformation Relationship of 
Encapsulated Sand in Geolon 400 and Encapsulated Sand 
in Geolon 400/ Internally Reinforced with Three Layers of 

Different Fabrics. 

dense sand in Geolon 200 and Geolon 400 with and 
without internal reinforcements (N = 3 and 5 layers). 
In both cases the internal reinforcement increased 
both the ultimate compressive strength and stiffness 
of the encapsulated sand except for stiff internal 
reinforcement (Fiberglass 196) which resulted in a 
loss of rigidity at low strain. 

Influence of Internal Reinforcement 
Surface Properties 

Figure 12 shows q2/ ql (uniaxial compressive 
strength for encapsulated sand/uniaxial compressive 
strength for encapsulated - internally reinforced 
sand) for sand encapsulated in Geolon 200 and inter
nally reinforced with Geolon 200 and Typar 3401; 
they have the same modulus at 5% strain but the 
interface frictional properties are different. This 
figure indicates that the woven fabric, which has a 
larger interface friction, is more efficient in increas
ing the maximum axial stress and stiffness of the 
reinforced sand than the melt bonded nonwoven 
fabric, Typar 3401. 

ENCAP. FABRIC GEOLON 200 

2.0 

cr-N 

cr 

1.0 

0.5 

0.0�___.....i....__......I''____""'-__......I.__---I 

o 	 15 20 25 

AXIAL STRAIN C·,.) 

Figure 12. qz/q] versus Axial Strain for Encapsulated/In
ternally Reinforced Sand with Geolon 200 and Typar 3401. 

Influence of Modulus Ratio of Internal 
Fabric to External Fabric (Ein,!Eext) and 
Amount of Internal Reinforcement 

Figure 13 shows the relationship between q2/ ql 
and Eint / Eext at different strain levels. Figure 13 
shows that the ratio between the secant modulus of 
the internal and the encapsulating fabrics (Eint / Eext ) 

should be a round unity in order to maximize the 
strength of encapsulated sand. Large (Eint / Eext ) 

ratio is effective only at high strain (>8% 
). 

For sand encapsulated in "soft" fabric (Geolon 
200) increasing the number of internal reinforcement 
layers increases the ratio of q2/ ql at any strain level. 

(8

For sand encapsulated in "rigid" fabric (Geolon 
400) increasing the number of internal reinforcement 
layers increases the ratio of q2/ ql' at high strain level 

% 
). At very low strain «2%) increasing the 

internal reinforcement layers resulted in loss of 
stiffness. 

Figure 14 shows the relationship between (Eil)max/ 
(Eh)max (where (Eil)max = maximum horizontal strain 
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of encapsulated sample at sample mid height and 
(Eh)max = maximum horizontal strain of encapsulated! 
internally reinforced sample at sample mid height 
between two layers) and Eintl Eext at different strain 
levels. Figure 14 shows that increasing the (EinJ Eext ) 

ratio effectively reduces the lateral deformation at 
low strain, whereas little or no reduction occurs in 
the lateral deformation at higher strain levels. If the 
objective is to maximize the strength and/or mini
mize boundary deformations the ratio between the 
secant modulus of internal and external fabric 
(Eintl Eext ) should be between 1-2. 

Practical Applications 

The paper indicates feasibility of using fabric rein
forcement in granular columns or trenches beneath 
footing in order to increase bearing capacity and 
reduce settlement (increase stiffness). 

Reinforcement is incorporated into granular 
columns or trenches as follows: fabric is placed at 
predetermined spacing in horizontal layers between 
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Figure 14. The Relationship Between (£/i)maxl(£h)max Ratio 
and Ein/Eext Ratio for Encapsulated/Internally Reinforced 

Sand. 

successive lifts of sand. The sand or granular media 
is placed dry at maximum density by "air pluviation" 
or equivalent method. 

The results indicate value of conjunctive fabric 
encapsulation around granular columns to provide 
additional confining stress (i.l0'3ext) where in-situ 
lateral stresses (mobilized passive resistance) may be 
inadequate, viz. at the top of column where lateral 
earth pressures are low, encapsulation can be 
achieved by: 

placing prewoven fabric sleeve in bored hole (stiff 
soils) followed by backfilling; 

forcing fabric sleeve into ground on a Mandrel 
which is withdrawn after backfilling (soft, squeez
ing soils). 

CONCLUSIONS 

1. 	 Continuous, oriented fabric inclusions markedly 
increased the ultimate strength, increased the 
axial strain at failure; and limited reductions in 
post-peak shearing resistance. 
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2. 	 At low strains « 1%) reinforcement produced a 
loss of stiffness with the effect being more pro
nounced the greater the number of layers and the 
stiffer the reinforcement. 

3. 	 Reinforcement placed at spacing/diameter ratio 
more than one had little effect on strength. 

4. 	 To maximize the strength and/or minimize 
boundary deformations of encapsulated/internally 
reinforced sand the ratio between the secant 
modulus of internal and external fabric (Eintl Eext) 

should be between 1-2. 

5. 	 Increasing the amount of internal reinforcement 
increases the stiffness at any strain level of sand 
encapsulated in soft fabric and at high strain level 
of sand encapsulated in rigid fabric. 
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