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Abstract

The effect of shear box size, geotextile type and properties and sand grain shape and size on the sand—geotextile interaction
was investigated experimentally by conducting interface tests with conventional (100 mm) and large-scale (300 mm) direct
shear boxes. Triaxial compression tests were also conducted on reinforced sand samples in order to evaluate the effectiveness
of a methodology developed for obtaining interface friction coefficient values. Four uniform sands, one with subangular
grains and three with rounded grains of different sizes were tested in dry and dense condition. Seven nonwoven polypropyl-
ene geotextiles of various types and properties and seven woven geotextiles with or without apertures were used in the tests.
The conventional shear box is satisfactory for testing materials like those used in the present investigation because it gave
comparable interface friction coefficient values to those obtained by the large-scale shear box. The sand—geotextile interaction
behavior depends on the surface characteristics of the geotextiles and the interlocking of sand grains in geotextile apertures.
The rounded shape and decrease in size of sand grains more effectively mobilize the soil-geotextile interface friction. The
results of triaxial compression tests are in quantitative and qualitative agreement with the results of direct shear tests, for
geotextiles without apertures. The friction efficiency for geotextiles with apertures obtained from triaxial compression tests
attains a maximum value for an aperture ratio (aperture size of geotextile / mean grain size of sand) value approximately
equal to 1.9, in agreement with the results of other studies.
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Introduction

Design procedures for reinforced sand structures require
quantification of the interaction behavior at the sand-rein-
forcement interface. This is accomplished by conducting
large-scale laboratory direct shear and pullout tests and is
expressed in terms of an apparent friction angle (6) or an
interface friction coefficient (tand). The above mentioned
experimental procedures are rather costly because they
require the use of specially designed and constructed large-
size direct shear or pullout boxes and specialized person-
nel. More specifically, both ASTM D5321 [1] and EN ISO
12957-1 [2] direct shear tests call for a square shear box of
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300 mm in size. While such a large shear box is appropri-
ate for geonets, geogrids, many geocomposites, and large
particle-sized soils, Koerner [3] considers it to be excessive
for geotextiles (and certainly for geomembranes) against
sands, silts and clays. Conventional geotechnical engineer-
ing laboratory shear boxes (e.g., 100 mm), are felt to be
satisfactory for geotextile testing [3]. It is, therefore, of merit
to verify the suitability of interface direct shear tests using a
100 mm shear box, by comparing their results obtained for
geotextiles manufactured with different processes and having
different properties with those of standardized tests using a
300 mm shear box.

The interaction behavior at sand—geotextile interfaces
has been investigated extensively by conducting mono-
tonic and cyclic direct shear tests [4—15] and it was found
that it depends on the surface characteristics, the type, the
strength and the stiffness of the geosynthetic [5—7]. On the
other hand, the results of direct shear tests on interfaces
between dense Ottawa 20-30 sand and a nonwoven needle-
punched geotextile of four different densities indicated that
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the apparent friction angle is independent of the geotextile
density [8]. With identical particle size distribution, par-
ticle shape affects the peak and residual friction angles in
sand—woven geotextile interfaces [15] and the friction coef-
ficient for rounded sand—woven geotextile interfaces is lower
than the one obtained for angular sand—woven geotextile
interfaces [11]. It has also been found that the opening size
of mesh relative to the soil grain size influences the inter-
action between soil and geotextile [9, 10, 14] and that the
apparent friction angle can decrease with increasing [4] or
decreasing [13] sand grain size. The aforementioned obser-
vations show that the effect of geotextile type and properties
and sand grain shape and size on the sand—geotextile interac-
tion needs further documentation.

Free draining granular materials, e.g. sands, are speci-
fied as backfill material for reinforced soil structures. Con-
sequently, the mechanical behavior of sand—geotextile
composites has been investigated in the past by conducting
triaxial compression tests on sand specimens reinforced with
sheets of geotextiles [16-27]. The results of these investiga-
tions have provided valuable information about the effect of
several important parameters on the mechanical behavior of
geotextile-reinforced sands. In an attempt to extend the use
of the triaxial compression test to the study of the interaction
behavior at the sand-reinforcement interface, a methodol-
ogy was developed for obtaining friction coefficient (tand)
values from the results of laboratory tests using conventional
triaxial compression testing equipment. Triaxial compres-
sion tests were conducted on reinforced sand samples [28,
29] and the experimental investigation was supplemented
with results from a linear elastic analysis of similar rein-
forced sand samples under triaxial loading conditions [30].
It is, therefore, of merit to investigate the effectiveness of
this methodology for a wide range of sands with different
characteristics and geotextiles manufactured with different
processes and having different properties and to compare
the results obtained with those of interface direct shear tests.

Four sands differing in grain shape or grain size and 14
nonwoven and woven geotextiles with or without apertures
were tested for the purposes of the present investigation.
Ninety-three direct shear tests with conventional and large-
scale equipment as well as 129 triaxial compression tests
were performed on 22 and 16 sand—geotextile interfaces,
respectively, and the results obtained are reported herein.

Materials

The direct shear and triaxial compression tests were con-
ducted using four clean, uniform sands in dry and dense
condition. The properties of these sands are presented in
Table 1. It should be noted that three sands (designated
as R 20-30, R 30-40 and R 40-100) are standard Ottawa
quartz sands with rounded grains and grain sizes limited
between ASTM E11 [31] sieve size Nos. 20 and 30, 30 and
40, and 40 and 100, respectively. As shown in Fig. 1, the
fourth sand (designated as S 20-30) has subangular grains

R 20-30 (Rounded) Sand

Fig. 1 Enlarged views of sands used in study

Table 1 Sand properties Sand Grain shape Grain sizes (mm) Void ratios Shear strength
Dmax D50 Dmin €max €min 4 (0) Dr (%)
S 20-30 Subangular 0.85 0.71 0.60 0.96 0.62 47.0 83
R 20-30 Rounded 0.85 0.71 0.60 0.77 0.46 36.0 82
R 3040 Rounded 0.60 0.51 0.43 0.85 0.52 35.0 92
R 40-100 Rounded 0.43 0.25 0.15 0.79 0.52 37.0 90
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of the same sizes with R 20-30 sand and was tested in
order to investigate the effect of grain shape on sand—geo-
textile interaction. The values of the angle of internal
friction (¢) of the sands in dry and dense condition were
determined by conducting triaxial compression tests and
are also shown in Table 1. These ¢ values are used for
normalizing the obtained values of the interface friction
angle (0).

Seven nonwoven polypropylene geotextiles and seven
woven geotextiles with or without apertures, provided
by eight different manufacturers, were tested during this
investigation. The geotextiles were selected in order to
cover a wide range of types of the commercially available
products. Pertinent properties of the geotextiles, accord-
ing to the manufacturers, are presented in Table 2. More
specifically, two needle-punched with comparable prop-
erties (TS 50 and B 200), one needle-punched with ther-
mally treated surfaces (F 400) and four thermally bonded
products with different properties (SF 40, SF 56, SF 77
and SF 111), constitute the group of the selected nonwo-
ven geotextiles. The set of woven geotextiles consists of
three polypropylene with different properties (TP 240,
TP 310 and TP 400), one standard grade polypropylene
(SG 80/80), one high strength polyester/polyamide (HS
400/50), as well as two products with apertures of different
size, one polyester with PVC coating and aperture size (A)
equal to 1.20 mm (H 50.145) and one polyethylene with
aperture size (A) equal to 0.77 mm (N 66447). Enlarged
images of all geotextile types used in the present study are
shown in Fig. 2.

Experimental Procedures

Conventional and large-scale direct shear equipment was
utilized to conduct the tests on sand—geotextile interfaces
in order to investigate the effect of shear box size, geotex-
tile type and properties and sand grain shape and size on
the sand—geotextile interaction. Triaxial compression tests
were also conducted on geotextile reinforced sands and their
results were used for the determination of the friction coef-
ficient (tand) at sand—geotextile interfaces by applying a
special methodology.

Direct Shear Testing

The direct shear tests with the large shear box were per-
formed on interfaces between dry, dense R 20-30 sand
and selected nonwoven and woven geotextiles of various
types, in order to investigate the effect of shear box size on
the sand—geotextile interaction by comparing with results
obtained from tests conducted using a conventional direct
shear box (100 mm). The large-scale tests were conducted
using a direct shear apparatus of controlled displacement
with a 300 mm square shear box. A cross section of the
square shear box is shown in Fig. 3a. The normal load,
with maximum value of 100 kN, is applied hydraulically
to the top plate whereas the horizontal displacement of
adjustable rate is applied through electric motors to the
lower part of the shear box. The upper part of the shear
box is held in place by the reaction of the load ring. A

Table 2 Geotextile properties

Geotextile Thickness (mm) Mass per ;Jnit Apparent open-  Tensile test results
area (g/m’) ing size (jm) Max. tensile Extension
load (kN/m) at max. load
(%)
TS 50 (NW) 1.90 200 110 15.0/15.0% 75/35%
B 200 (NW) 2.70 201 100 10.6/12.9% 88/90?
F 400 (NW) 1.80 275 75 16.5/17.5% 52/55%
SF 40 (NW) 0.45 136 120 8.5 60
SF 56 (NW) 0.54 190 80 12.8 65
SF 77 (NW) 0.65 260 60 20.0 70
SF 111 (NW) 0.85 375 55 29.0 70
TP 240 (W) 1.17 240 200 50.0/50.0* 15/13%
TP 310 (W) 1.01 310 105 66.0/66.0* 14/10*
TP 400 (W) 1.15 400 94 86.0/86.0% 20/14*
SG 80/80 (W) 1.35 360 255 82.0/86.0% 20/117
HS 400/50 (W) 1.10 700 - 400.0/50.0% <10/<20*
H 50.145 (W) 1.15 225 - 32.0/32.0* 15/18?
N 66447 (W) 0.90 194 1256 44.4/39.6* 27/22%

NW nonwoven, W woven

#Machine direction/cross machine direction
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Fig.2 Enlarged views of geotextiles used in study

system described in detail by Athanasopoulos et al. [8],
which was designed and fabricated in order to make the
shear box capable of accommodating interface shear test-
ing, was used in the tests. For sand—geotextile interface
testing, the proper parts of the system were placed and
assembled in the lower part of the shear box in the order
indicated in Fig. 3b. The geotextile sheet was placed and
clamped on the rough interface plate and dry sand was
placed and compacted in layers in the upper part of the
shear box. The sand was compacted using a hand oper-
ated tamper and care was taken in order to produce sand
layers with constant density. The relative density (D,) of
the sands ranged from 83 to 93%. As reported in available
literature, the difference between the angles of internal
friction (¢) of medium dense (D, = 46%) and dense (D,
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= 80%) sand is 6.5° [32]. For the same type of sand, the
increase of sand relative density from an average value
of 51% (medium dense condition) to an average value of
93% (dense condition) results in an increase of the friction
angle 6 by 6°-7° in sand—nonwoven geotextile interfaces
[32, 33] and by 5°-10° in sand—woven geotextile inter-
faces [34]. Finally, negligible differences in the friction
angles @ and 6 were obtained by Lee and Manjunath [35]
for an increase of sand relative density from 50 to 80%.
Based on this information, it can be concluded that the
range of sand relative density in the present study does not
have a substantial effect on the results obtained since it is
not expected to cause variations in the friction angles ¢
and o larger than 1°. The large-scale tests were conducted
according to ASTM Standard D5321 [1], with normal
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Fig.3 Large (300 mm) shear box: a dimensions, b system for sand—
geotextile interface testing

stresses (o,) equal to 100, 200 and 400 kPa, at a constant
rate of shearing equal to 1 mm/min and were completed at
a horizontal displacement of 30 mm.

All the other direct shear tests were conducted using a
conventional apparatus of controlled displacement with
a 100 mm square shear box. The specimen configura-
tion used in these tests, is shown schematically in Fig. 4a
and is depicted in Fig. 4b. The dry sand was placed and
compacted in the lower part of the shear box. The sands
were compacted using a hand operated tamper and care
was taken in order to produce sand layers with constant
density. The geotextile sheet was placed and fixed on the
rough surface of a wooden block and, then, the block with
the geotextile sheet was placed in the upper part of the
shear box in contact with the sand. Taking into considera-
tion that evidence of negative influence on the test results
was not found in the literature for this test setup and that it
is also suggested by Koerner [3], it is intuitively believed
that placing the sand and the geotextile in the lower and
the upper parts of the shear box, respectively, will yield

Normal Stress

T ==+—Geosynthetic
Sand ‘

{ =+——Shear box

(b

Fig.4 Specimen configuration for sand—geotextile interface testing
with the 100 mm shear box

practically the same results as the customary test setup
used in the large-scale tests. Since geotextiles of different
thickness and compressibility were tested in this study, it
was very complicated to adjust the height effectively with
the wooden block in the lower part of the shear box so as
the sand—geotextile interface to coincide with the shearing
plane. This adjustment was accurately made in the large-
scale tests with the “adjustable height spacer” included in
the system of Fig. 3b. Thus, the specimen configuration of
Fig. 4 was preferred in the conventional tests for simplicity
reasons. All conventional tests were conducted at a relative
density (D,) of the sands between 87 and 97%, with normal
stresses (o,) equal to 100, 200 and 400 kPa, at a constant
rate of shearing equal to 0.25 mm/min and were completed
after failure at the sand—geotextile interface (peak value of
shear force). The chosen rate of shearing is equal to 0.25%/
min with reference to the dimension of the shear box in
the shearing direction and is comparable to the equivalent
shearing rate of 0.33%/min used in the large-scale tests. A
number of conventional tests were repeated for the verifi-
cation of data resulting in differences between shear stress
values at failure ranging from 1.1 to 10.6%. Consequently,
the repeatability of the tests is considered satisfactory.
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Triaxial Compression Testing

Triaxial compression tests were conducted using specimens
with a diameter of 70 mm and an overall height of 144 mm.
The specimens were reinforced with a number of horizontal
geotextile layers (V) equal to 3, 5 or 7. The geotextile discs
had a diameter equal to the diameter of the specimens and
were placed in the positions shown in Fig. 5a—c, respec-
tively. The sands were compacted using a special hand oper-
ated tamper and extreme care was taken in order to produce
sand layers with constant density. Tests were conducted at
an average relative density of the sands equal to 88%, with
confining pressures (o3) equal to 10, 25, 50, 100, 200 and
400 kPa and at a constant rate of axial displacement equal to
0.6 mm/min. Duplicate tests were conducted on specimens
prepared with 2, 4 and 6 (N-1) geotextile layers, arranged
as shown in Fig. 5d—f, respectively, in order to determine
the effect of the reinforcement disc placed at the mid-height
of the specimen. This was dictated by consistent observa-
tions indicating that slippage between sand and geotex-
tile occurred definitely at least on this reinforcement disc.
Reinforced sample configurations same as those shown in
Fig. 5b, e have been used previously [28-30] in an attempt
to separate the effect of the central reinforcement layer and
to estimate values for the interface friction coefficient (tand)
using the computation method described in “Computation
Method of Interface Friction Coefficient”.

Direct Shear Test Results

Typical “shear stress—horizontal displacement” curves
obtained from large-scale and conventional direct shear tests,
conducted on various sand—geotextile interfaces, are shown
in Fig. 6. All curves obtained present a peak indicating fail-
ure at the sand—geotextile interface. The typical “vertical
displacement—horizontal displacement” curves presented
in Fig. 7, show an initial decrease and a subsequent increase
of the specimen height as shearing progresses. Although the
measured values are low, these observations signify com-
pression and expansion at the sand—geotextile interface,
respectively. The shear and normal stress values at failure
were used to plot the “shear stress—normal stress” diagrams,
in order to evaluate the interface shearing resistance between
the geotextiles and the sands. As it is typically shown in
Fig. 8, the interaction behavior can be described by a lin-
ear Mohr—Coulomb failure envelope with adhesion values
equal to zero. Values of interface friction coefficient (tand)
were obtained from the slope of the failure envelopes and are
independent of the interfacial normal stress. The interface
friction coefficient values were also normalized in terms of
the internal friction coefficients (tang) of the corresponding
sands. The resulting values of friction efficiency (E,, =tans/

@ Springer

Fig.5 Geotextile placement in sand specimens for triaxial compres-
sion testing

tang) range from 71 to 104% and are in good agreement with
the typical range for geotextiles which is equal to 60-100%
of soil friction [3].

Finally, two series of large-scale tests were conducted
on the R 20-30 sand—HS 400/50 geotextile interface,
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Fig.6 Typical shear stress—horizontal displacement curves from direct shear tests

by shearing in the machine and cross machine directions,
respectively. This was dictated by the significant difference
in tensile strength of this geotextile in the two directions, as
shown in Table 2. However, nearly equal tané values (dif-
ference =2.8%) were obtained for the two directions of HS
400/50 geotextile.

Effect of Shear Box Size

As explained earlier, the direct shear tests with the large-
scale and the conventional shear box were conducted using
the same normal stresses and equivalent shearing rates with
the purpose of comparing their results. This comparison
is made in Table 3 for interfaces between dry, dense sand
with rounded grains and a variety of woven and nonwoven
geotextiles. The value of friction coefficient (tand) from the

large-scale tests on HS 400/50 geotextile is the average of
the values obtained, as stated above, for the two directions of
this geotextile. As shown in Table 3, the friction coefficient
values obtained from the tests with the 300 mm shear box
are generally either smaller or larger than the ones obtained
from testing with the 100 mm shear box. The differences
between the tané values obtained from the two shear boxes
can be considered as low, since they are lower than + 6% for
the nonwoven geotextiles and range from —10.4 to + 13.2%
for the woven geotextiles. The larger differences observed
for the woven geotextiles can possibly be attributed to their
structure and geometry. In conclusion, the aforementioned
observations indicate that the results of the two tests are
comparable and, therefore, that the 100 mm shear box is
suitable for interface testing of materials like those used in
the present study. For that reason, the conventional 100 mm
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Fig.7 Typical vertical displacement—horizontal displacement curves from direct shear tests

shear box was used for the parametric investigation pre-
sented in the subsequent sections.

Effect of Geotextile Type and Properties

As also shown in Table 3, the type of geotextile affects sub-
stantially the values of interface friction coefficient lead-
ing to differences between them as high as 31%. However,
nonwoven geotextiles generally present tand values in the
same range as woven geotextiles. Considering the proper-
ties of nonwoven or woven geotextiles of the same types
and manufacturers (Table 4), the tané value does not pre-
sent a consistent variation with increasing mass per unit area
and tensile strength of the geotextile. The abovementioned
observations indicate that the sand—geotextile interaction
behavior depends mainly on the surface characteristics of
the geotextiles which are strongly influenced by the geo-
textile type.

@ Springer

Effect of Sand Grain Shape and Size

The results of direct shear tests conducted with four differ-
ent geotextiles and two sands having the same grain size
and differing in grain shape are shown in Table 5. It is eas-
ily observed that the values of the friction coefficient are
higher for sand with subangular grains than for sand with
rounded grains. On the contrary, the friction efficiencies
(E,) are higher for the sand with rounded grains indicating
a more effective mobilization of soil friction in comparison
with the sand with subangular grains. The same trend is
also noticed on the basis of the results reported by Anubhav
and Basudhar [11] for two woven geotextiles in contact with
one sand with rounded grains and one sand with angular
grains, having ¢ values equal to those of the sands tested in
the present study. This behavior is attributed to the larger
difference between the tang values compared to the differ-
ence between the tand values of the sands differing in grain
shape. Presented in Table 6 are the results of direct shear
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obtained from direct shear tests

sand—geotextile

tests conducted with one nonwoven and one woven geotex-
tile without apertures in contact with three sands having
the same (rounded) grain shape and differing in grain size.

Although an increase of friction coefficient with decreasing
sand grain size is obvious only for the nonwoven geotextile,
the friction efficiency (tand/tang) increases with decreasing
sand grain size in both geotextiles with the exception of R
40-100 sand—SG 80/80 geotextile interface. This increase
may be possibly attributed to the more efficient mobilization
of soil friction by the larger number of grains in contact with
the geotextile, as the sand grain size decreases.

Triaxial Compression Test Results

The triaxial compression tests on geotextile reinforced sands
were also conducted for the investigation of the mechanical
behavior of the composite material and the results of that study
can be found in another publication [36]. More specifically, it
was observed that (a) the reinforced sands present higher shear
strength than unreinforced sands for all geotextiles tested, (b)
the shear strength of reinforced sand increases with increasing
number of geotextile layers, (c) reinforced sands with sub-
angular grains present higher shear strength than reinforced
sands with rounded grains, and (d) the increase of the shear
strength of reinforced sand caused by the decrease of sand
grain size is generally not as pronounced as that effected by
the sand grain shape [36]. As typically shown in Fig. 9, the
triaxial compression tests yielded bilinear failure envelopes
for the composite material irrespective of the number of geo-
textile layers (Fig. 9a), the sand grain shape (Fig. 9b) and the
sand grain size (Fig. 9c), which is in good agreement with the
observations of other investigators [16, 17]. In the part of the
bilinear failure envelopes before the break point, failure of the
composite material is due to slippage of the geotextile with
regard to the surrounding soil (type I failure). After the break
point, failure occurs by excessive deformation during which
the geotextile is stretched in unison with the surrounding soil
(type I failure). Therefore, values of friction coefficient tand
were computed using the method of the subsequent section,
for all triaxial compression tests conducted with the confining

Table 3 Effect of shear box

: A Geotextile Type 300 mm shear box 100 mm shear box Difference in tané®

size and geotextile type on R

20-30 sand—geotextile interface tand E, (%) tand E, (%)

friction
B 200 Nonwoven 0.69 94 0.69 94 0.0
TS 50 Nonwoven 0.66 90 0.63 86 +4.5%
SF 56 Nonwoven 0.58 79 0.60 82 —-3.4%
F 400 Nonwoven 0.69 94 0.73 100 —-5.8%
SG 80/80 Woven 0.76 104 0.66 90 +13.2%
HS 400/50 Woven 0.72 99 0.71 97 +1.4%
N 66447 Woven 0.67 92 0.74 101 —-10.4%
H 50.145 Woven 0.63 86 0.69 94 -9.5%

4[(tand3p mm — taNS, g mm)/tand300 mml X 100
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Table 4 Effect of geotextile

. i Geotextile Type Mass per unit area Max. tensile load Coefficient of Efficiency
properges on R 20—39 sgnd— (g/m?) (KN/m) friction E (%)
geotextile interface friction t ¢

and
SF 40 Nonwoven 136 8.5 0.62 85
SF 56 Nonwoven 190 12.8 0.60 82
SF 77 Nonwoven 260 20.0 0.63 86
SF 111 Nonwoven 375 29.0 0.57 78
TP 240 Woven 240 50.0/50.0 0.60 82
TP 310 Woven 310 66.0/66.0 0.57 78
TP 400 Woven 400 86.0/86.0 0.60 82

Table 5 Effect of sand grain shape on sand—geotextile interface fric-
tion

Geotextile Type Rounded sand (R Subangular sand
20-30) (S 20-30)
tand E, (%) tand E, (%)
SF 56 Nonwoven 0.60 82 0.78 73
SG 80/80 Woven 0.66 90 0.76 71
H 50.145 Woven 0.69 94 0.92 86
N 66447 Woven 0.74 101 0.82 77

Table 6 Effect of sand grain size on sand—geotextile interface friction

Rounded sand Grain size Nonwoven geo- Woven geotex-

D5, (mm) textile (SF 56) tile (SG 80/80)

tand E, (%) tand E, (%)
R 20-30 0.71 0.60 82 066 90
R 3040 0.51 066 94 0.67 96
R 40-100 0.25 072 96 0.66 88

pressures (o3) that resulted in points on the first part of the
bilinear failure envelopes (type I failure).

Computation Method of Interface Friction
Coefficient

A method developed for computing values of the interface
friction coefficient (tand) from the results of triaxial compres-
sion tests [28—30], was used in this investigation. More specifi-
cally, the “equivalent” confining stress increase (Ac;) concept
[37] attributes the observed shear strength increase, due to
reinforcement, to the development of an additional confining
pressure Aoy which is considered uniformly distributed over
the entire cylindrical surface of the reinforced soil specimen
and can be expressed, for failure conditions, as [17]:

%3
Aoy = P X Ao, 1)
1

@ Springer

where o, is the same minor principal stress for tests on rein-
forced and unreinforced soil in kPa, o, is the major principal
stress at failure of the unreinforced soil in kPa and Ag; is
the major principal stress difference at failure between rein-
forced and unreinforced soil in kPa. Therefore, the contribu-
tion of the geotextile disc at the mid-height of the specimens
to the shear strength increase was quantified by determining
the corresponding confining stress increase (Aos). This was
achieved by (a) conducting triaxial compression tests with
the same confining pressure (o3) for unreinforced sand and
sand reinforced as shown in Fig. 5, (b) determining Ao; y
and Ao; y_ for N (3, 5, 7) and N—1 (2, 4, 6) layers of rein-
forcement, respectively, by applying Eq. 1 and (c) setting
Acy=Ac; )\ — Aoy y_y- The value of the interface friction
coefficient (tand) was then computed by applying Eq. (2)
[28-30]:
Aoy  3H

tané = U_lr X E )
where R, is the radius of the reinforcement disc in cm, H is
the overall height of the specimen in cm and ¢, is the major
principal stress at failure in kPa, which is set equal to the
axial stress at failure of the sand specimen reinforced with
N layers of geotextile.

Parameters of Friction at Sand-Geotextile
Interfaces

The values of the interface friction coefficient (tand), com-
puted using Eq. 2 for specimens tested in triaxial compres-
sion, generally indicate a dependence of tand on the applied
confining pressure to the sand—geotextile interface. How-
ever, the actual interfacial normal stress cannot be evalu-
ated reliably and the applied confining pressure (63) can be
considered as a good qualitative indicator of the interface
normal stresses developing during the triaxial compres-
sion test. Accordingly, presented in Fig. 10 are the results
obtained for the interfaces between SG 80/80 woven geo-
textile and all sands tested during the present investigation
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Fig.9 Failure envelopes from triaxial compression tests on sands
reinforced with geotextiles

using the specimen configurations shown in Fig. 5b, e (§
and 4 geotextile layers). It can be observed that the value
of the friction coefficient tand decreases with increasing

0.9
Geotextile: SG 80/80 Sand

<
g -+S20-30
o --R 20-30
Q
;g 0.8 -+-R 30-40
b5, -=-R 40-100
3
=
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E

0.6
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Minor principal stress, o; (kPa)

Fig. 10 Effect of confining pressure applied in the triaxial compres-
sion tests on friction coefficient at sand—geotextile interfaces

normal stress (increasing o) in agreement with the results
of pullout tests [37]. In view of that, the average values of
friction coefficient tané obtained from all specimens with
5 and 4 geotextile layers tested in triaxial compression, are
presented in Table 7 for simplicity reasons. These values of
tand were also normalized with regard to the internal fric-
tion coefficients (tang) of the corresponding sands and the
resulting values of friction efficiency (E,,) are also presented
in Table 7. For the geotextiles without apertures (SF 56 and
SG 80/80), the values of E, range generally between 65 and
104% and are in good agreement with the typical range of
friction property of geotextiles, which is equal to 60—-100%
of soil friction [3]. The values of E, obtained for the inter-
faces between sands with rounded grains and geotextiles
with apertures (H 50.145 and N 66447), are higher than
100% and range from 116 to 131%. These high £, values can
be attributed to the interlocking of sand grains in geotextile
apertures. Values of E, considerably higher than 100% were
also reported by Athanasopoulos [38] for sands in contact
with a geotextile with apertures. The relatively low E,, values
obtained for S 20-30 sand can be considered as mobilized
values indicating that maximum E,, values were not reached
in these tests. For that reason, triaxial compression tests
were conducted on S 20-30 sand specimens reinforced with
3 and 2 as well as with 7 and 6 layers of H 50.145 geotextile,
arranged as shown in Fig. 5a, d, c, f, respectively. The meth-
odology of the preceding section was applied to the results
of these tests and the obtained values of friction coefficient
tand for the combinations of 3-2 and 7-6 geotextile layers
are equal to 0.54 and 0.34, respectively. These values are
lower than the value of 0.63 obtained for the S 20-30 sand—
H 50.145 geotextile interface and the combination of 5-4
geotextile layers (Table 7). Consequently, the tand values
were not improved by conducting the triaxial compression

@ Springer
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9 tests with a combination of geotextile layers different from

o that of 5—4 layers which gives the best results.
§ < - The average values of friction coefficient tand obtained
= |9 s from triaxial compression tests, are also compared in Table 7
At ! to the values obtained from the direct shear tests conducted
'gr\r _ with 100 mm shear box. For sand with subangular grains
S q - — o (S 20-30), the tano values obtained from triaxial compres-
E QR E=2 = sion tests are lower than those obtained from interface direct
% shear tests; for sands with rounded grains, the tand values
§ E i oNoo % Fé § | % | obtained from triaxial compression tests are equal or higher
- than those obtained from interface direct shear tests. For
_ geotextiles without apertures, the tand values obtained from
;‘3 the two tests are comparable, since the differences between
§ them range from — 13.3 to +9.2% and can be considered as
a;:‘% k! g low. The only exception is R 30-40 sand—SF 56 geotex-
21 % B tile interface, where the large difference between the two
° tests (—30.3%) is attributed to the very high value of tané
é & obtained from the triaxial compression test. On the contrary,
E ;s 2 =) 3 & | = ‘ the results of the two tests are not comparable for geotex-
= tiles with apertures, since the observed differences in tand
% sleszas % are .as high as +36% (Table 7). These large differenc§s gre
Ol8]ls38333 | S | attributed (a) to the low tané values obtained from triaxial
compression tests with S 20-30 sand, which are consid-
S ered as mobilized and not as maximum, and (b) to the high
N tand values obtained from triaxial compression tests with R
§ a o o - 20-30 sand, possibly due to a more effective interlocking of
= 3\_ c c o sand grains in geotextile apertures in comparison with that

2| o - ! developed during direct shear testing.

L1 By comparing the triaxial compression test results
§ 8 ‘Qj obtained for the two sands (S 20-30 and R 20-30) having
g f:, |8 REE&LELIR the same grain size and differing in grain shape (Table 7),
E % it is observed that tand values are higher and friction effi-
=13 T2 8888 ciencies E,, are lower for sand with subangular grains (S
E clf|sssscscsce<e 20-30) than for sand with rounded grains (R 20-30). This
‘; _ observation does not apply to the triaxial compression tests
£ ?‘l conducted with the two geotextiles with apertures for the
é § reasons given in the previous paragraph. From the results of
§ a% = @ < « § triaxial compression tests conducted with geotextiles with-
S Al T n s I x out apertures in contact with three sands (R 20-30, R 30—40
% = § and R 40-100) having the same grain shape and differing in
;E 2ls g § grain size (Table 7), it can be seen that both friction coef-
u§ % ;s 288 a L8| 2 "g ficient and efficiency increase with decreasing sand grain
% & R size with the exception of the R 30—40 sand—SF 56 geotex-
2 8l ]lawomooveowals E tile interface. Therefore, the results of triaxial compression
;f, R S 2 2 pac 2 S S E’ §~ tests for geotextiles without apertures are also in qualitative
§0 7 ~§ agreement with the direct shear test results regarding the
'% “é é é effect of sand grain shape and size on the sand—geotextile
ol % g interaction. For geotextiles with apertures, the effect of sand
2 & SAREBEEARA E- I grain size on friction efficiency is quantified using the aper-
Tg 3 ~§ ture ratio (A/Ds,), defined as the ratio of the aperture size
f S = ST § § Qg of the ge(?textlle to the mean grain size of the san.d. The
2l gl g' < S‘r 5 g aperture sizes (A) of H 50.145 and.N 66447 geotextiles are
i 12 ~ ~ ~ S equal to 1.20 and 0.77 mm, respectively, and the mean grain

@ Springer



International Journal of Geosynthetics and Ground Engineering (2018) 4:8

Page130f15 8

sizes (D5) of sands are presented in Table 1. Due to the dif-
ferent aperture sizes of the two geotextiles used, the results
obtained from triaxial compression tests on the three sands
with rounded grains and the two geotextiles with apertures
are presented together in Fig. 11. It is evident that there is
a relationship between friction efficiency and aperture ratio
and that the most favorable interlocking of sand grains in
geotextile apertures, resulting in the maximum value of fric-
tion efficiency, is developed for an optimum value of aper-
ture ratio approximately equal to 1.9. This optimum value of
aperture ratio is in agreement with the value of 1.6 reported
by Athanasopoulos [38] and lies between the value of 1.0
reported by Juran et al. [39] and Vangla and Latha Gali [14]
and the value of 3.1 reported by Bauer and Mowafy [40].

Conclusions

Based on the results of this investigation and within the
limitations posed by the number of tests conducted and the
materials used, the following conclusions may be advanced:

e The interaction at the sand—geotextile interface deter-
mined by conducting direct shear tests can be described
by linear failure envelopes presenting negligible adhesion
values and friction coefficient values ranging from 71 to
104% of the internal friction coefficients of the sands.

e The direct shear tests conducted with 300 and 100 mm
square shear boxes gave comparable values for the inter-
face friction coefficient. Therefore, the 100 mm shear box
is appropriate for interface testing of materials similar to
those used in the present investigation.

e The sand—geotextile interaction behavior depends on
the surface characteristics of the geotextiles which are

140
Geotextiles: H 50.145, N 66447

_ Sand
S * R 20-30
Li 130 F A R 30-40
3 m R 40-100
2
S
b=
[}
=
2 120 F
2
) - ]

110

1 2 3 4 5

Aperture ratio, 4/Ds,

Fig. 11 Effect of aperture ratio on friction efficiency values obtained
from triaxial compression tests

strongly influenced by the geotextile type as well as on
the interlocking of sand grains in geotextile apertures.

¢ Rounded shape and decreasing size of the sand grains
were found to mobilize more effectively the soil fric-
tion at the sand—geotextile interface.

e The values of the interface friction coefficient decrease
with increasing confining pressure applied during the
triaxial compression tests and, as a result, with increas-
ing interface normal stress developing during these
tests.

e For geotextiles without apertures, the values of the
interface friction coefficient obtained by triaxial com-
pression tests are in good agreement with the typical
range for similar geotextiles (60-100% of soil friction).
For geotextiles with apertures, triaxial compression
tests generally yield interface friction coefficients sig-
nificantly higher than the internal friction coefficients
of sands, in agreement with the results of other inves-
tigators.

e The results of sand—geotextile interface friction obtained
from triaxial compression tests are in quantitative and
qualitative agreement with the results obtained by inter-
face direct shear tests, for geotextiles without apertures.

e For geotextiles with apertures, the aperture ratio (aper-
ture size of geotextile / mean grain size of sand) affects
substantially the friction efficiency. According to the
experimental results reported herein, the maximum value
of friction efficiency is developed for an optimum value
of aperture ratio approximately equal to 1.9, in agreement
with the results of other investigations.

e Based on the comparisons made with the interface direct
shear test results of this study and the experimental
results of other studies, there are adequate indications
that the triaxial compression testing techniques used in
this investigation for estimating values of the friction
coefficient at sand—geotextile interfaces offer a feasible
alternative to pullout and direct shear tests.

The aforesaid conclusions are limited to uniform sands
with grain sizes similar to those used in this investigation.
Also, the effect of well graded backfill materials on the
soil-geotextile interaction is not discussed in the present
study.
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