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Abstract - Resonant column and hollow cylinder torsional shear tests were carried out on geotextile-reinforced sand to investigate shear
modulus and damping characteristics of the reinforced sands. The tests were carried out on unreinforced and reinforced specimens with
2, 3 and 4 geotextile sheets under various confining pressures. Test results show that geotextile makes sand stiffer, in such a manner that
shear modulus increases with number of geotextile sheets. A power function can describe increase of maximum shear modulus with
confining pressure and number of geotextile sheets. On the other hand, damping ratio increases with number of geotextile sheets, and
decreases with confining pressure. In addition, scale effect is investigated by extrapolating the lab results to in-situ conditions.
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1. Introduction
Reinforcement with geosynthetics has gained in popularity due to its versatile applications in various problems such as
retaining walls, pavements, foundations, and embankments [1]. Geotextiles improve mechanical properties of the soils
through friction with the soil, contributing to the shear resistance depending on the direction of the failure plane with respect
to the reinforcements, and providing confining pressure through limiting lateral deformations [2]. With regard to the cost of
the in situ tests on geosynthetic-reinforced soils, there is more tendency to use physical modelling in different scales,
however, in some cases, element testing have been carried out to qualitatively evaluate mechanical behaviour of
geosynthetic-reinforced soils [3,4,5].
Although there are a few cases reporting mechanically stabilized earth (MSE) failure [6], MSE retaining walls and slope
structures are generally assumed resistant to earthquakes due to their flexibility [7]. However, there is a need to evaluate
shear modulus reduction and damping properties of reinforced soils to estimate retaining wall seismic acceleration
considering wave scattering, and wall displacement [8,9]. In addition, pseudo-static external stability of MSE walls depends
on the seismic coefficient (k), which is a parameter highly dependent on the stiffness degradation and damping properties of
the reinforced soil [7].
Although there are some studies on the liquefaction potential of geotextile-reinforced sands [10,11], there are a few
studies addressing dynamic deformation properties (i.e., shear modulus and damping ratio) of geotextile-reinforced soils.
For example, Akbulut and Pamakcu [12] used resonant column tests to show that maximum shear modulus and damping
ratio increases with number of geotextile sheets in clays.
This paper aims to study stiffness degradation and damping properties of geotextile-reinforced sands. Clean sand is
reinforced with two, three, and four sheets of geotextiles, and then tested in resonant column and cyclic hollow cylinder
torsional shear device to evaluate shear modulus and damping ratio of the reinforced sand from very low to high shear strains.
The scale effect is also evaluated to show how the results of this study can be extrapolated to in-situ conditions.

2. Tested Materials and Procedures
A silica sand was selected to be reinforced with geotextile sheets to investigate shear modulus and damping
properties of geotextile-reinforced granular soils. The sand was uniformly graded with a mean grain size, D50 of 0.25
mm, coefficient of uniformity, Cu of 1.75 and a specific gravity of 2.67. Its grains were sub-angular to sub-rounded in
shape. It had a maximum and minimum void ratio of 0.82, and 0.43 respectively. Two, three or four sheets of a woven
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geotextile (weight per unit area= 200 gr/m2, and thickness=1.2 mm) produced from polypropylene were inserted between
the soil layers. Each geotextile sheet had a longitudinal/transverse strength of 12 kN/m when elongation reaches as
high as 50% or more.
Resonant Column and hollow cylinder torsional shear tests were performed to investigate dynamic deformation
properties of geotextile-reinforced sands at low and large shear strains respectively. All the tests were carried out under
unconsolidated undrained conditions at various confining pressures of 100, 300, and 500 kPa. The sand was reinforced
with either 2, 3, or 4 sheets of geotextile (Fig 1). Clean sand specimens were also tested to provide a basis for the
comparison of the test results. A total of 24 resonant column, and hollow cylinder torsional shear tests were carried
out.
The specimens were compacted in several layers until achieving a relative density of 70% and a water content of
3%. After compacting and leveling each layer of soil, the reinforcement was placed horizontally. Diameter of the
reinforcement was slightly less than that of the specimen. The resonant column specimens had an identical diameter,
and height of 10 cm. The specimens tested in the hollow torsional device had an outside diameter of 10 cm, inside
diameter of 5 cm, and a height of 10 cm. All the torsional shear tests were conducted under strain-controlled conditions
with a frequency of 0.1 Hz, and continued up to 40 cycles of loading. Shear modulus and damping ratio were calculated
at the cycle 10 of loading. The hysteretic loop shown in Fig. 2 corresponds to a single amplitude shear strain of 0.2%, and
indicates the equivalent shear modulus and damping ratio during the tenth cycle of loading.

Fig. 1: Geotextile arrangements used in this study.

Fig. 2: Cycle 10 of loading on reinforced sand with three sheets of geotextiles, under a confining pressure of 500 kPa.

3. Test Results and Discussion
Monotonic behaviour of the geotextile-reinforced sand tested in this study has already been investigated through
monotonic triaxial compression, triaxial extension, and torsional shear tests [13]. Test results revealed that geotextiles

ICGRE 144-2

improve mechanical properties of the sand, since both strain at failure and undrained shear strength increased with the number
of geotextile sheets in sand.
3. 1. Maximum Shear Modulus
At very low shear strain levels (less than 10-3%), shear modulus (G), and damping ratio (D) remain essentially constant;
shear modulus is at its maximum value (Gmax), and damping ratio at its minimum value (Dmin). On the other hand, many
experimental investigations carried out on sandy and normally consolidated clayey soils in early studies [14] showed Gmax
was basically related to the mean effective principal stress, p and void ratio, e expressed by the well known equation:

(

𝐺𝑚𝑎𝑥
𝑃𝑎
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) = 𝐴𝐹(𝑒) ( )n

(1)

𝑃𝑎

in which 𝑃𝑎 is atmospheric pressure, A is an empirical constant reflecting soil fabric formed through various stress and
strain histories, n is empirically determined exponent, approximately equal to 0.5, and F(e) is a void ratio function [14,15].
Figure 3 shows variation of Gmax in terms of confining pressure in geotextile-reinforced sands. Values of Gmax were
obtained from resonant column tests at very low shear strains of about 5×10-3%. As observed, Gmax increases with number of
geotextile sheets, and confining pressure. Table 1 presents values of AF(e), and exponent n in Eq. (1) for the tested materials
using the least square method. As seen, values of n are very close to 0.5 irrespective of number of geotextile sheets used.
Figure 3 also presents the variation of minimum damping ratio in terms of confining pressure for geotextile-reinforced
sands. As may be seen, regardless of the confining pressure minimum damping ratio generally increases with number of
geotextile sheets. In addition, Dmin decreases with confining stress, which is in accordance with Zhang et al. [16]
investigations on the effect of confining pressure on the minimum damping ratio.

Fig. 3: Maximum shear modulus in geotextile-reinforced sands.
Table 1: Parameters of Eq. (1) for tested materials.

Material
Sand
Sand+2 Geotextile Sheets
Sand+3 Geotextile Sheets
Sand+4 Geotextile Sheets

AF(e)
1520.4
1677.9
1787.7
1918.4

n
0.457
0.481
0.481
0.477

Coefficient of Determination (R2)
0.99
0.99
0.99
0.99
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3. 2. Shear Modulus Characteristics
Figure 4 shows the plot of equivalent shear modulus (G) versus single amplitude shear strain from 0.0001 to 1.0% for
geotextile-reinforced sands under confining pressures of 100 and 500 kPa. It is observed that the results are influenced by
number of geotextile sheets and confining pressure. For geotextile-reinforced sands shear modulus increases with number of
geotextile sheets, and confining pressure. It appears that the effect of 2 and 3 sheets of geotextiles on the shear modulus is
negligible when shear strain level is greater than 0.01%.

Fig. 4: Shear modulus in geotextile-reinforced sands under confining pressure (p) of 100 and 500 kPa.

3. 3. Normalized Shear Modulus and Damping Ratio
It is customary to represent the variation in shear modulus (G) at any shear strain level by normalizing it with the
maximum shear modulus (Gmax). This facilitates comparison of the relationship of soils of different types. Figure 5 presents
the strain-dependent normalized shear modulus G/Gmax and damping ratio D for the clean sand tested in this study along
with modulus reduction and damping curves from Darendeli [17]. As observed, normalized shear modulus matches well with
the Darendeli’s, however, damping ratios are higher than Darendeli’s. Fig. 6 shows the modulus reduction and damping ratio
curves for geotextile-reinforced sands under low and high confining pressure of 100 and 500 kPa respectively. It is evident
that stiffer (elastic) behavior is captured, when number of geotextile sheets increases, and normalized shear modulus
increases with the number of geotextile sheets. On the other hand, damping ratio increases with the number of geotextile
sheets, but decreases with confining pressure.
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Fig. 5: Modulus reduction and damping curves for the sand tested in this study under various confining stresses (p).

Fig. 6: Modulus reduction and damping curves for geotextile-reinforced sand tested in this study under confining pressures of 100
and 500 kPa.
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4. Scale Effect
Selection of the appropriate reinforcing material is important in the element testing from scaling point of view. Reducing
tensile strength/stiffness of the reinforcing material by a suitable amount helps to represent the in-situ condition accurately.
Based on the scale effect rules [18], the relationship between prototype and model reinforcement stiffness can be calculated
as follows:
𝐾𝑝 = 𝐾𝑚 𝜆2

(2)

where Kp and Km are reinforcement stiffness of prototype and model respectively, and  is the scale.
The geotextiles used in this study were not scaled down for element testing, and hence results of this study are subjected
to scale effect. However, the results can be extrapolated to account for the scale effect. Table 2 presents the amount of
increase in Gmax of the parent sand when geotextile sheets are added.
Table 2: Effect of geotextiles on the maximum shear modulus.

Material

No. of
Geotextile
Sheets per
10 cm

Confining
Pressure
(atm)

Maximum
Shear Modulus
of Parent Sand
(Gmax/Pa)

Sand
Sand
Sand
Sand+2GTX Sheets
Sand+2GTX Sheets
Sand+2GTX Sheets
Sand+3GTX Sheets
Sand+3GTX Sheets
Sand+3GTX Sheets
Sand+4GTX Sheets
Sand+4GTX Sheets
Sand+4GTX Sheets

0
0
0
2
2
2
3
3
3
4
4
4

1
3
5
1
3
5
1
3
5
1
3
5

1504
2601
3095
1668
2903
3591
1775
3103
3816
1906
3309
4077

Increase in
Gmax due to
Geotextile
Reinforcement
(%)
0
0
0
10.9
11.6
16.0
18.0
19.3
23.3
26.8
27.2
31.7

Average
Increase
in Gmax
(%)
0

12.9

20.2

28.6

Number of Geotextile sheets per 10 cm of soil thickness (N10) (column 2 of Table 2) times tensile strength of the
Geotextile sheet (T0) used in this study can be correlated linearly to the average increase in Gmax (column 6 of Table 2) to
predict the effect of geotextile spacing on shear modulus:
PIGmax=6.93(N10T/T0)

(R2=0.98)

(3)

in which PIGmax is percentage increase in Gmax of parent sand, and T is tensile strength of the geotextile in the field.
For example, in a reinforced retaining wall project, if we decide to use high strength geotextile sheets with tensile
strength 5-fold of the geotextile used in this study (T=5T0), and with a spacing of 25 cm (i.e. 2 sheets of geotextiles in 25
cm), then N10=2×10/25=0.8, and PIGmax=6.93(0.8×5T0/T0)=27.7%. Similar procedure can be pursued to evaluate the scaling
effect on shear modulus and damping ratio at various shear strain levels.
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5. Conclusion
A laboratory study was carried out to investigate the effect of geotextiles on shear modulus and damping ratio of
geotextile-reinforced sands. It was shown that geotextiles enhance stiffness of the sand, and shear modulus increases with
number of geotextile sheets. It was shown that a power function can successfully describe increase of maximum shear
modulus with confining pressure and number of geotextile sheets. On the other hand, damping ratio increases with number
of geotextile sheets, and decreases with confining pressure. Scale effect was also investigated by extrapolating the lab results
to in-situ conditions. It was shown that use of geotextile-reinforced sands can lead to as high as 28% increase in maximum
shear modulus.
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