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a b s t r a c t

This paper presents the results of a laboratory and numerical study on the effects of cement treatment of
the interface between geotextile and sand on the bearing capacity of a foundation built on geotextile-
reinforced sand. The bearing capacity of a 25 cm � 7.5 cm strip footing on a 90 cm � 25 cm � 30 cm
sand box reinforced using a single-layer reinforcement of different lengths including, 20, 30, 45, 60, 75
and 90 cm, was studied in a laboratory. A cement-treated zone was created on the geotextile to improve
the friction and adhesion of the interface zone. Tests were also conducted on reinforced soil without a
cement-treated zone and the results were compared. A finite element model was calibrated and used for
further studies. The results of the laboratory tests indicated that cement treatment of the interface be-
tween the geotextile and sand increases the bearing capacity of the foundation by 6%e17%, depending on
the length of the reinforcement. The effectiveness of the cement-treated interface on improving of the
bearing capacity is more evident with shorter-length reinforcements. For a certain bearing capacity, the
required length of the reinforcement was reduced by approximately 40% when the interface zone of the
sand and reinforcement was cement-treated. The effect of the cement-treated zone on the bearing ca-
pacity was more evident in low settlement levels, and decreased as the length of the reinforcement
increased.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

The mechanical properties of soil as a granular material depend
on its friction, cohesion, interlocking, and confinement. The inclu-
sion of geosynthetics as a mechanical stabilization method im-
proves the mechanical properties of soil (Shukala and Yin, 2006).
Geosynthetics are widely used to improve the performance and
stability of fills and foundations (Wu and Pham, 2013; Miao et al.,
2014). The application of an adequate tensile reinforcement
within a soil mass can enable it to retain both itself and the added
surcharge (Yang et al., 2016). The contribution of reinforcements to
the bearing capacity of a foundation is dependent on the occur-
rence of settlements, and is not notable for small-strain elastic
deformations (McCartney and Cox, 2013). The bearing capacity or
stability of geosynthetic-reinforced systems is governed by three
criteria: axial failure, pullout, and the sliding of the reinforcements
(Shukala and Yin, 2006). The required axial load capacity for
), arsam.m.1370@gmail.com
reinforcements can be provided using high-strength or multilayer
reinforcements (Ouria et al., 2016). To utilize the axial capacity of
high-strength geosynthetics, a high pullout capacity is also
required for the reinforcements. The pullout mechanism is the
result of the relative sliding of the reinforcement with respect to the
confining soil at the interface zone. The pullout capacity of geo-
synthetics depends on the normal stress, anchorage length, inter-
face friction angle, and adhesion. Therefore, the number of
reinforcement layers, as well as the reinforcement length, axial load
capacity, interface properties, and embedment depth are influential
parameters in improving the bearing capacity of a foundation built
on geosynthetic-reinforced soil.

Increasing the number of reinforcement layers increases the
ultimate bearing capacity at a decreasing rate (Basudhar et al.,
2007; Tafreshi and Dawson, 2010); however, additional reinforce-
ment layers are not very effective in settlement reduction
(Basudhar et al., 2007). Guido et al. (1986) reported a 12% increase
in the bearing capacity of a foundation placed on a two-layer planer
reinforcement when compared to the bearing capacity of the same
foundation placed on a single layer of reinforcement located at a
depth 0.25-times greater than the foundation width. Tafreshi and
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Table 1
Basic properties of the sand.

D10 (mm) 0.4

D30 (mm) 0.6
D60 (mm) 1.2
CU 3
CC 0.75
w 2%
f 35�

g 16.1 kN/m3
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Dowson (2010) reported a 50% increase in the ultimate bearing
capacity when two layers of planer reinforcement were used
instead of a single layer. The different bearing capacities reported in
these experiments could be the result of using different materials,
reinforcement lengths, and depths. Chen and Abu-Farsakh (2015)
developed an analytical method to calculate the effect of the
number of reinforcement layers on the bearing capacity of strip
footing in terms of the number of layers, the depths of the re-
inforcements, and other parameters. Increasing the length of the
reinforcements improves the ultimate bearing capacity of the
foundation up to a certain limit, at which point a further increase
shows no additional improvement (Cicek et al., 2015). The optimum
length of the reinforcements for a maximum increase in bearing
capacity is 3- to 6-times the foundation width (Abu-Farsakh et al.,
2013; Cicek et al., 2015).

The depth of the reinforcement is another parameter influ-
encing the bearing capacity of a foundation. The suggested optimal
depths of the first and last layers of reinforcement are approxi-
mately 0.33e0.5- and 1.25-times the foundation width, respec-
tively (Abu-Farsakh et al., 2013). The type of reinforcement is also
an important factor in the improvement of the bearing capacity of
the foundation (Ferreira et al., 2015). A single-layer geogrid rein-
forcement will increase the bearing capacity of the foundation by
10e15% in comparison to a single-layer geotextile reinforcement
(Guido et al., 1986; Tafreshi and Dawson, 2010).

To increase the bearing capacity of a foundation, depending on
the geometrical limitations, increasing the anchorage length is not
always a feasible option. Mechanical anchorage or chemical
bonding can be used to increase the interlocking, friction, and
adhesion of the soil and geosynthetic materials applied, thereby
increasing the bearing capacity of a foundation built on reinforced
soil. A corrugation of reinforcement strips was used to improve the
pullout capacity of the reinforcements (Racana et al., 2003). Taghavi
and Mosallanezhad (2016) proposed a grid-anchor system to
improve the ultimate bearing capacity of foundations placed on
geogrids. Ebadi et al. (2015) used cement treatment to increase the
interface shear strength of soil and a non-woven geotextile. A
limited number of studies have been conducted on the effects of
cement treatment of the interface between the soil and reinforce-
ment on the bearing capacity of a foundation. The objective of the
present study was to investigate the effects of the cement treat-
ment of the soil-geotextile interface on the bearing capacity of
foundation built on reinforced soil.

In recent years, concrete canvas or fabric and fiber reinforced
concrete have been developed for application in the geotechnical
engineering field (Colombo et al., 2013; Li et al., 2016). Concrete
canvas is a flexible cement powder permeated fabric that hardens
when hydrated and changes into a thin, durable, waterproof, and
fire-resistant concrete layer (Li et al., 2016). When a layer of
cement-treated sand is placed on the geotextile, the resulting
composite material will be similar to concrete canvas but not
exactly the same. Although textile and fibers were originally
applied to concrete canvas to increase the tensile strength and
flexibility of the concrete, in the present research, cement is used to
increase the roughness, interface friction, and adhesion at the
interface between geotextile and sand. A cemented material ad-
heres to the geotextile surface, and produces a firm cemented layer
on the geotextile, thereby transferring the slip surface from the
sand-geotextile interface to the cemented zone and sand interface.
Cement is a very cheap and plentiful material in Iran, whereas
geotextile is more expensive than cement. This procedure can be
employed to reduce the anchorage length required in reinforced
soil systems. A similar procedure using epoxy resin was employed
by Toufigh et al. (2016) to improve the interface behavior between
sand and carbon fiber reinforcement sheets. They used an epoxy
resin to adhere the sand particles to the surface of carbon fiber
sheets to produce a rough surface.

In this study, laboratory tests were conducted on geotextile-
reinforced soil with and without a cement-treated interface, and
the results were compared. In addition, a numerical model was
calibrated and used to model the effects of the cement treated zone
on the bearing capacity of the footing.

2. Materials and methods

2.1. Sand

The sand used in this study was collected from an area north-
east of Ardabil city in Iran, and was classified as poorly graded in
Unified Soil Classification system according to ASTM D2487-11
(2011). The internal friction angle of the sand was determined us-
ing a direct shear test according to ASTM D3080-04 (2004),
whereas the moisture content and unit weight of the sand were
determined based on ASTM D2216-05 (2005) and ASTM C127-07
(2007), respectively. The basic properties of the sand are given in
Table 1.

2.2. Geotextile

Non-woven geotextile was used in this study as reinforcement.
The cement-treated geotextiles were saturated using distilled wa-
ter, followed by the spraying of 1.5 kg/m2 of Portland cement onto
the surface using a salt shaker, with a sand layer placed on top. Both
sides of the geotextile were treated in the same manner. The water
absorbed by the geotextile permeated the cement and sand layers
initiating the hydration process of the cement. The composite
material was cured at room temperature (20 �C) for one week.
Hydration of the cement layer produced a cemented zone adhering
the sand particles to the geotextile and producing a rough surface.
The thickness of the cement treated zones adhering to the geo-
textiles was approximately 1.5e3 mm. The cement treatment
procedure for the geotextile used in this research is shown in Fig. 1.

The axial load capacity and elastic modulus of the geotextile
were determined in a laboratory according to ASTM D4595-11. The
results of the tensile tests of the cement-treated and pristine geo-
textiles are shown in Fig. 2.

The interface friction angles of the cement-treated and pristine
geotextiles were determined in the laboratory according to ASTM
D5321/D5321M-14 (2014). The failure envelope of the interface
shear tests of the pristine and cement-treated geotextiles and sand
are shown in Fig. 3.

The mechanical properties of the pristine and cement-treated
geotextiles and their interface with sand are listed in Table 2.

2.3. Experiment setup

A test setup consisting of a steel box, a loading device, and
measurement instruments was used in this study. The internal



Fig. 1. Geotextile surface treated with cement and sand.

Fig. 2. Axial loading curves of cement-treated and pristine geotextiles.

Fig. 3. Interface shear strength of sand and geotextile, and sand and cement-treated
geotextile.
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dimensions of the steel box were 90 cm (length) � 30 cm
(height) � 25 cm (width). The box was made of 0.5-cm-thick steel
plates, and its front wall was made from 1-cm-thick marked pol-
yflex glass. The inside of the box was polished to reduce the wall
friction effect. Two U-shaped steel supports were used to prevent
lateral expansion of the box, and a steel plate was used as the strip
footing. The footing length, width, and thickness were 25, 7.5, and
1.5 cm, respectively. Both sides of the footing were loaded using
two 10 kg weights in a 20 cm � 25 cm area. A CBR test apparatus
was used as the loading and measurement device. Diagrams of the
test box and loading device, and photographs of the test setup, are
shown in Fig. 4.
3. Preparation and test procedure

The most important aspect of an experiment study is the ability



Table 2
Mechanical properties of pristine and cement treated geotextiles.

Axial load capacity (kN/
m)

Extension at failure
(%)

Elastic modulus (kN/
m)

Unit mass (kg/
m2)

Interface friction angle
(�)

Interface adhesion
(kPa)

Pristine Geotextile 5.29 74% 7.59 0.3 25 5
Cement-treated

geotextile
9.17 55% 16.67 7 34.4 2.7

Fig. 4. Diagram and photographs of test setup.
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to produce similar specimens (i.e., repeatability). The average unit
weight of the sand in the test box was considered as a control
criterion equal to 16.1 kN/m3. To achieve similar average unit
weights during the tests, 60 kg of sandwas used in each experiment
with similar dimensions. The sand was placed in four layers in the
box. The weights of the first and second layers were 18.2 kg. The
weights of the sand used for the third and fourth layers were 13 and
10.6 kg, respectively. The thicknesses of the first, second, third, and
fourth layers were 5, 5, 3.5, and 3 cm, respectively. The geotextile
layer was placed between the third and fourth layers. Each layer
was compacted using a 14 cm � 14 cm square plate with a 3.8 kg
weight dropped 50 times on each layer from a height of 15 cm.
Because a portion of the compaction energy of the upper layers was
transmitted to the lower layers, the initial thicknesses of the upper
layers were taken less than those of the lower layers. The footing
was loaded at a rate of 1 mm/min. The same procedurewas used for
the preparation of all models. Tests were conducted on both un-
reinforced and reinforced sand using six different reinforcement
lengths, namely, 20, 30, 45, 60, 75, and 90 cm, in both cement-
treated and pristine conditions. Each test was conducted three
times, with the average of the three experiments considered the
final result of the test. It should be noted that some of the tests were
conducted more than three times to obtain repeatable results.
Because the presence of reinforcement layers is not notable in small
settlements (McCartney and Cox, 2013), the ultimate bearing ca-
pacity of the foundations was considered to be the bearing pressure
for a settlement of 14 mm (near the maximum displacement of the
loading device), or the point at which the load-settlement curve
becomes horizontal.

4. Laboratory results

Fig. 5 shows the deformations of the foundation and rein-
forcement at the end of the laboratory test. The deformed shape of
the geotextile is illustrated in Fig. 5 (b). It can be seen that the
deformation of the reinforcement is localized near the edge of the
foundation.

The results of the tests conducted for different reinforcement
lengths without cement treatment are illustrated in Fig. 6. The
vertical axis is the bearing pressure. It can be seen that the geo-
textile reinforcement has improved the bearing capacity and
reduced the settlements of the footing.

Fig. 7 shows the test results of the unreinforced model, rein-
forced model, and model reinforced with a cement-treated
Fig. 5. Deformations of sand and
interface for a 30-cm reinforcement length. The results of these
tests show that reinforcement with a cement-treated interface is
more effective than reinforcement without a cement treatment.
The ultimate bearing capacity of the footing for the 14-mm set-
tlement was improved by 80% when compared with the unrein-
forced condition using a layer of 30 cm reinforcement, and was
improved by 100% when using the same reinforcement with 1.5 kg/
m2 of cement treatment. In addition, the reinforced model with the
cement-treated interface has smaller settlements at the same
pressure when compared to the reinforced model without a
cement-treated interface.

The results of the model tests reinforced using different rein-
forcement lengths of a cement-treated interface are illustrated in
Fig. 8. A comparison of Figs. 8 and 6 shows that the ultimate bearing
capacities of all models with similar reinforcement lengths are
higher when the interface of the geotextile and sand was treated
using cement.

Fig. 9 shows the bearing pressure ratio (BPR) of models rein-
forced using cement-treated geotextile compared to that of models
reinforced using pristine geotextile at different settlements. It can
be seen that the effects of the cement treatment on improving the
bearing pressure of the footing are more evident at lower settle-
ments. Therefore, cement treatment can be used to decrease the
settlements of geotextile-reinforced foundations.

The average values of the ultimate improving ratios (UBPR) of
reinforced footings with and without a cement-treated interface
are illustrated in Fig. 10. In this figure, UBPR is the ratio of the ul-
timate bearing capacity of reinforced footing to unreinforced
footing for a 14-mm settlement, Lg is the length of the re-
inforcements, and B is the width of the footing. It can be seen that
the reinforced footings with a cement-treated interface have a
larger bearing capacity. Increasing the length of the reinforcements
increases the ultimate bearing capacity while reducing the
improvement rate for both cement-treated and untreated models.

The ratio of the ultimate bearing capacity of reinforced footings
with a cement-treated interface compared to the reinforced model
without a cement-treated interface (UBPRC) is illustrated in Fig. 11.
It can be seen that the effect of the cement-treated interface on the
bearing capacity of the foundation decreases as the length of the
reinforcement increases.

Guido et al. (1986) and Tafreshi and Dawson (2010) reported a
10e15% increase in the bearing capacity of a foundation built on
geocell-reinforced sand when compared with the same footing
built on geotextile-reinforced sand. As can be seen in Fig.11, cement
geotextile layer after loading.



Fig. 6. Results of model tests on unreinforced and reinforced models with different reinforcement lengths.

Fig. 7. Results of tests on unreinforced and reinforced models, and model reinforced with cement-treated interface with 30 cm reinforcement length.
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treatment of the interface zone improved the bearing capacity by
6e17%. Therefore, geotextile reinforcement with a cement-treated
interface can be used instead of a geocell or geogrid reinforcement.

For equal bearing capacity of the strip footing on reinforced
sand, the required lengths of cement-treated geotextile versus
pristine geotextile is illustrated in Fig. 12. Cement treatment of the
interface of the reinforcements reduces the required length to
achieve a certain bearing capacity. It can be concluded from Fig. 12
that the treatment of the interface zone of geotextile with 1.5 kg/m2

of cement reduces the length of the reinforcement by approxi-
mately 40%.
5. Numerical modeling

The experimental test results were modeled using the finite
element method (FEM), which can be used to simulate the me-
chanically stabilized soil structures (Rowe and Liu, 2015; Ouria
et al., 2016; Ambauen et al., 2016). A link element was used for
geotextile sheets (Chakraborty and Kumar, 2015). However, link
elements can only bear axial tension. The von Mises model was
used to describe the elasticeplastic behavior of the geotextile. In
addition, the MohreCoulomb elasticeplastic model was used for
sand. This model is simple and sufficiently accurate for non-



Fig. 8. Results of tests on unreinforced and reinforced models with cement-treated interface with different reinforcement lengths.

Fig. 9. Ratio of bearing pressure of reinforced models with cement-treated interfaces to the bearing pressure of reinforced models with pristine geotextile at different settlements.

Fig. 10. Ratio of improvement in ultimate bearing capacity of reinforced models with and without cement-treated interfaces for 14 mm settlement.
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Fig. 11. Effect of cement-treated interface on the improvement of ultimate bearing capacity of reinforced soil.

Fig. 12. Equivalent length of geotextile with and without cement-treated interface for a certain bearing capacity.
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cohesive soils (Zheng and Fox, 2016; Oliaei and Kouzegaran, 2017).
The internal and interface friction angles of soil, soil-geotextile, and
cement-treated soil geotextile are tabulated in Tables 1 and 2 The
Poisson's ratio of the sand was taken as 0.15 and its elastic modulus
was calculated using a back analysis method based on the results of
the unreinforced test model (E ¼ 20,000 kPa). Strip footing was
modeled on reinforced sand using 30 cm of geotextile with and
without a cement-treated interface. The FE model and the mesh of
the test model are shown in Fig. 13. Because the test setup was
symmetric, only the right-half side of the laboratory model was
simulated in the numerical model to minimize the computational
requirements (Hegde et al., 2015).

The results of the numerical analysis of strip footing on unre-
inforced sand are provided in Fig. 14. It can be seen that the nu-
merical model predicted the ultimate bearing capacity of the
footing with an 8% error, which likely resulted from the material
model employed in the numerical analysis, which was based on the
linear elasticity prior to failure. Although at low settlements the
bearing pressure calculated using the FEM is larger than the labo-
ratory results, the ultimate bearing capacity and settlements at high
bearing pressures are acceptable.

After calibration of the FE model based on the laboratory tests
for the unreinforced model, strip footing on reinforced sand was
modeled. Zero-thickness and thin-layer interface elements were
used in the model for pristine and cement-treated soil and geo-
textile interfaces, respectively.

Cement treatment produced cemented zones adhering to both
sides of the geotextile. Inspections of the cement-treated geo-
textiles after the tests indicate that the cement-treated zone
remained intact, which means that sliding between the sand and
geotextile occurred at the interface between the cement-treated
zone and sand. Therefore, in the FE model, a 1.5 mm thick inter-
face zone was defined on both sides of the geotextile elements by
thin layer interface elements. The average cement content of the
treated zone was approximately 20%. The cohesion and internal
friction angle of the cement-treated zone were determined to be
300 kPa and 38�, respectively.

The results of the numerical analysis of reinforced footings are
shown in Fig. 15.

It can be seen in Fig. 15 that the results of the numerical model
correlate well with the laboratory tests. Numerical calculations
show that the cement treatment increased the bearing capacity of
the reinforced footing by 10%, whereas based on the laboratory
results it was improved by 12% for 30 cm geotextile with a cement-



Fig. 13. Finite element model of the test setup.

Fig. 14. Bearing capacity of unreinforced model based on laboratory testing and numerical analysis.

Fig. 15. Bearing capacity of reinforced model with and without cement-treated interface based on laboratory tests and numerical analysis (Lg ¼ 30 cm).
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Fig. 16. Mobilized axial force of reinforcements (Lg ¼ 30 cm).

Fig. 17. Average mobilized interface shear stress (Lg ¼ 30 cm).
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treated interface.
The axial forces of the reinforcements based on the numerical

analysis are shown in Fig. 16. As Fig. 16 shows, the mobilized axial
force of the cement-treated geotextile was larger than the axial
force of pristine geotextile. This can also be described based on the
results in Fig. 17, which shows the average mobilized shear stress of
the interface elements. The mobilized interface shear stress was
increased in the cement-treated model, which means that, in the
cement-treated model, the reinforcement sheet was restricted in
the soil mass more strongly than in the pristine model, which
resulted from the stronger interface parameters.

As shown in Fig. 5, the deformation of the geotextile sheet was
localized near the edge of the foundation at up to 10 cm from the
center. It can be seen in Figs. 16 and 17 that the mobilized axial load
in the geotextile and the interface shear stress between the soil and
geotextile are both also localized at the same location. The localized
mobilization of the reinforcement forces depends on the failure
mode of the soil (Patra and Shahu, 2012). No mobilized interface
shear stress occurs in the last 5 cm of the geotextile from either side
(the model is symmetric). Therefore, it can be concluded that only
20 cm of the central part of the geotextile had fully interacted with
the surrounding soil and participated in the improvement in the
bearing capacity. This is in accordancewith the improvement in the
bearing capacity shown in Fig. 10, in which the increment rate of
improving ratio is shown to decrease as the length of the geotextile
increases.
6. Conclusions

A series of laboratory tests were conducted to evaluate the ef-
fects of a cement-treated interface of sand and geotextile on the
bearing capacity of strip footing on geotextile-reinforced sand. An
FE model was developed to model the laboratory conditions and
was applied to further studies after the calibration. The results of
the laboratory tests showed that the bearing capacity of the footing
on reinforced sand using a single layer of geotextile was 1.46- to
2.2-times the bearing capacity of the same footing on unreinforced
sand, depending on the length of the geotextile. Treating the
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interface zone of the sand and geotextile of the same footing with
1.5 kg/m2 of cement increased the bearing capacity by 1.71- to 2.34-
times that found under unreinforced conditions. The effects of
cement treatment on the improvement of the bearing capacity was
approximately 17% for Lg/B ¼ 2.6 and 6% for Lg/B ¼ 12 depending
on the length of the geotextile. This means that the effectiveness of
the cement treatment of the interface zone on the bearing capacity
is more evident for shorter reinforcements with a shorter
anchorage length. The bearing capacity of geocell- or geogrid-
reinforced footings is 10e15% more than the bearing capacity of
the same footings reinforced using geotextile. Therefore, geotextile
with a cement-treated interface can be considered an alternative
for geocell and geogrid reinforcements in areas where cement is
plentiful and cheap. In addition, the rate of improvement in the
bearing pressure of cement-treated geotextile-reinforced models
was more evident in smaller settlements when compared to pris-
tine geotextile-reinforced models. This means that cement treat-
ment of the interface zone can be used to reduce the settlement of
footings on geotextile-reinforced sand. Cement treatment of the
interface zone reduces the required anchorage length. The results
of laboratory tests indicate that, for an equal ultimate bearing ca-
pacity, the required anchorage length of cement-treated geotextiles
was approximately 60% of the required anchorage length of pristine
geotextiles. The durability of cement-treated geotextile was not
investigated in this study. Further research is required to determine
the corrosive effect of cement on geotextile.

References

Abu-Farsakh, M., Chen, Q., Sharma, R., 2013. An experimental evaluation of the
behavior of footings on geosynthetic reinforced sand. Soils Found. 53 (2),
335e348.

Ambauen, S., Leshchinsky, B., Xie, Y., Rayamajhi, D., 2016. Service-state behavior of
reinforced soil walls supporting spread footings: a parametric study using
finite-element analysis. Geosynth. Int. 23, 156e170.

ASTM C127e07, 2007. Standard Test Method for Specific Gravity and Absorption of
Coarse Aggregate. ASTM International, West Conshohocken, PA. www.astm.org.

ASTM D2216e05, 2005. Standard Test Methods for Laboratory Determination of
Water (Moisture) Content of Soil and Rock by Mass. ASTM International, West
Conshohocken, PA. www.astm.org.

ASTM D2487e11, 2011. Standard Practice for Classification of Soils for Engineering
Purposes (Unified Soil Classification System). ASTM International, West Con-
shohocken, PA. www.astm.org.

ASTM D3080e04, 2004. Standard Test Method for Direct Shear Test of Soils under
Consolidated Drained Conditions. ASTM International, West Conshohocken, PA.
www.astm.org.

ASTM D4595-11, 2011. Standard Test Method for Tensile Properties of Geotextiles by
the Wide-width Strip Method. ASTM International, West Conshohocken, PA.
www.astm.org.

ASTM D5321/D5321M-14, 2014. Standard Test Method for Determining the Shear
Strength of Soil-Geosynthetic and Geosynthetic-Geosynthetic Interfaces by
Direct Shear. ASTM International, West Conshohocken, PA. www.astm.org.

Basudhar, P.K., Saha, S., Deb, K., 2007. Circular footings resting on geotextile-
reinforced sand bed. Geotext. Geomembranes 25 (6), 377e384.
Chakraborty, D., Kumar, J., 2015. Bearing capacity of circular footings on reinforced
soils. Int. J. Geomech. ASCE 15 (1). http://dx.doi.org/10.1061/(ASCE)GM.1943-
5622.0000343 art. no. 04014034.

Chen, Q., Abu-Farsakh, M., 2015. Ultimate bearing capacity analysis of strip footings
on reinforced soil foundations. Soils Found. 55 (1), 74e85.

Cicek, E., Guler, E., Yetimoglu, T., 2015. Effect of reinforcement length for different
geosynthetic reinforcements on strip footing on sand soil. Soils Found. 55 (4),
661e677.

Colombo, I.G., Magri, A., Zani, G., Colombo, M., di Prisco, M., 2013. Erratum to: textile
reinforced concrete: experimental investigation on design parameters. Mater.
Struct. 46 (11), 1953e1971.

Ebadi, M., Habibagahi, G., Hataf, N., 2015. Effect of cement treatment on soil non-
woven geotextile interface. Sci. Iran. A22 (1), 69e80.

Ferreira, F.B., Vieira, C.S., Lopes, M.L., 2015. Direct shear behavior of residual soil-
geosynthetic interfaces e influence of soil moisture content, soil density and
geosynthetic type. Geosynth. Int. 22 (3), 257e272.

Guido, V.A., Chang, D.K., Sweeney, M.A., 1986. Comparison of geogrid and geotextile
reinforced earth slabs. Can. Geotechnical J. 23, 435e440.

Hegde, A.M., Sitharam, T.G., 2015. Three-dimensional numerical analysis of geocell
reinforcement soft clay beds by considering the actual geometry of geocell
pockets. Can. Geotechnical Eng. J. 52 (9), 1396e1407. http://dx.doi.org/10.1139/
cgj-2014-0387.

Li, H., Chen, H., Liu, L., Zhang, F., Han, F., Lv, T., Zhang, W., Yang, Y., 2016. Application
design of concrete canvas (CC) in soil reinforced structure. Geotext. Geo-
membranes 44, 557e567.

McCartney, J.S., Cox, B.R., 2013. Role of strain magnitude on the deformation
response of geosynthetic-reinforced soil layers. Geosynth. Int. 20 (3), 174e190.

Miao, L., Wang, F., Han, J., Lv, W., 2014. Benefits of geosynthetic reinforcement in
widening of embankments subjected to foundation differential settlement.
Geosynth. Int. 21 (5), 321e332.

Tafreshi, Moghaddas S.N., Dawson, A.R., 2010. Comparison of bearing capacity of a
strip footing on sand with geocell and with planar forms of geotextile rein-
forcement. Geotext. Geomembranes 28 (1), 72e84.

Oliaei, M., Kouzegaran, S., 2017. Efficiency of cellular geosynthetics for foundation
reinforcement. Geotext. Geomembranes 45, 11e22.

Ouria, A., Toufigh, V., Desai, C.S., Toufigh, V., Saadatmanesh, H., 2016. Finite element
analysis of a CFRP reinforced retaining wall. Geomechanics Eng. 10 (6),
757e774. http://dx.doi.org/10.12989/gae.2016.10.6.757.

Patra, S., Shahu, J.T., 2012. Pasternak model for oblique pullout of inextensible re-
inforcements. J. Geotechnical Geoenvironmental Eng. 138 (12), 1503e1513.

Racana, N., Grediac, M., Gourves, R., 2003. Pull-out response of corrugated geo-
textile strips. Geotext. Geomembranes 21, 265e288.

Rowe, R.K., Liu, K.W., 2015. Three-dimensional finite element modelling of a full
scale geosynthetic-reinforced, pile-supported embankment. Can. Geotechnical
J. 52, 2041e2054.

Shukala, S.J., Yin, J.H., 2006. Fundamentals of Geosynthetic Engineering. CRC Press.
Taghavi, S.H.S., Mosallanezhad, M., 2016. Experimental analysis of large-scale

pullout tests conducted on polyester anchored geogrid reinforcement sys-
tems. Can. Geotechnical J. http://dx.doi.org/10.1139/cgj-2016-0365. Published
on the web 1 December 2016.

Toufigh, V., Ouria, A., Desai, C.S., Javid, N., Toufigh, V., Saadatmanesh, H., 2016.
Interface behavior between carbon-fiber polymer and sand. J. Test. Eval. 44 (1),
385e390. http://dx.doi.org/10.1520/JTE20140153.

Wu, J.T.H., Pham, T.Q., 2013. Load-carrying capacity and required reinforcement
strength of closely spaced soil-geosynthetic composites. J. Geotechnical Geo-
environmental Eng. 139 (9), 1468e1476.

Yang, S., Leshchinsky, B., Zhang, F., Gao, Y., 2016. Required strength of geosynthetic
in reinforced soil structures supporting spread footings in three dimensions.
Comput. Geotechnics 78, 72e87.

Zheng, Y., Fox, P., 2016. Numerical investigation of geosynthetic-reinforced soil
bridge abutments under static loading. J. Geotechnical Geoenvironmental Eng.
142 (5), 04016004.

http://refhub.elsevier.com/S0266-1144(17)30135-8/sref1
http://refhub.elsevier.com/S0266-1144(17)30135-8/sref1
http://refhub.elsevier.com/S0266-1144(17)30135-8/sref1
http://refhub.elsevier.com/S0266-1144(17)30135-8/sref1
http://refhub.elsevier.com/S0266-1144(17)30135-8/sref2
http://refhub.elsevier.com/S0266-1144(17)30135-8/sref2
http://refhub.elsevier.com/S0266-1144(17)30135-8/sref2
http://refhub.elsevier.com/S0266-1144(17)30135-8/sref2
http://www.astm.org
http://www.astm.org
http://www.astm.org
http://www.astm.org
http://www.astm.org
http://www.astm.org
http://refhub.elsevier.com/S0266-1144(17)30135-8/sref10
http://refhub.elsevier.com/S0266-1144(17)30135-8/sref10
http://refhub.elsevier.com/S0266-1144(17)30135-8/sref10
http://dx.doi.org/10.1061/(ASCE)GM.1943-5622.0000343
http://dx.doi.org/10.1061/(ASCE)GM.1943-5622.0000343
http://refhub.elsevier.com/S0266-1144(17)30135-8/sref12
http://refhub.elsevier.com/S0266-1144(17)30135-8/sref12
http://refhub.elsevier.com/S0266-1144(17)30135-8/sref12
http://refhub.elsevier.com/S0266-1144(17)30135-8/sref13
http://refhub.elsevier.com/S0266-1144(17)30135-8/sref13
http://refhub.elsevier.com/S0266-1144(17)30135-8/sref13
http://refhub.elsevier.com/S0266-1144(17)30135-8/sref13
http://refhub.elsevier.com/S0266-1144(17)30135-8/sref14
http://refhub.elsevier.com/S0266-1144(17)30135-8/sref14
http://refhub.elsevier.com/S0266-1144(17)30135-8/sref14
http://refhub.elsevier.com/S0266-1144(17)30135-8/sref14
http://refhub.elsevier.com/S0266-1144(17)30135-8/sref16
http://refhub.elsevier.com/S0266-1144(17)30135-8/sref16
http://refhub.elsevier.com/S0266-1144(17)30135-8/sref16
http://refhub.elsevier.com/S0266-1144(17)30135-8/sref17
http://refhub.elsevier.com/S0266-1144(17)30135-8/sref17
http://refhub.elsevier.com/S0266-1144(17)30135-8/sref17
http://refhub.elsevier.com/S0266-1144(17)30135-8/sref17
http://refhub.elsevier.com/S0266-1144(17)30135-8/sref17
http://refhub.elsevier.com/S0266-1144(17)30135-8/sref18
http://refhub.elsevier.com/S0266-1144(17)30135-8/sref18
http://refhub.elsevier.com/S0266-1144(17)30135-8/sref18
http://dx.doi.org/10.1139/cgj-2014-0387
http://dx.doi.org/10.1139/cgj-2014-0387
http://refhub.elsevier.com/S0266-1144(17)30135-8/sref20
http://refhub.elsevier.com/S0266-1144(17)30135-8/sref20
http://refhub.elsevier.com/S0266-1144(17)30135-8/sref20
http://refhub.elsevier.com/S0266-1144(17)30135-8/sref20
http://refhub.elsevier.com/S0266-1144(17)30135-8/sref21
http://refhub.elsevier.com/S0266-1144(17)30135-8/sref21
http://refhub.elsevier.com/S0266-1144(17)30135-8/sref21
http://refhub.elsevier.com/S0266-1144(17)30135-8/sref22
http://refhub.elsevier.com/S0266-1144(17)30135-8/sref22
http://refhub.elsevier.com/S0266-1144(17)30135-8/sref22
http://refhub.elsevier.com/S0266-1144(17)30135-8/sref22
http://refhub.elsevier.com/S0266-1144(17)30135-8/sref23
http://refhub.elsevier.com/S0266-1144(17)30135-8/sref23
http://refhub.elsevier.com/S0266-1144(17)30135-8/sref23
http://refhub.elsevier.com/S0266-1144(17)30135-8/sref23
http://refhub.elsevier.com/S0266-1144(17)30135-8/sref25
http://refhub.elsevier.com/S0266-1144(17)30135-8/sref25
http://refhub.elsevier.com/S0266-1144(17)30135-8/sref25
http://dx.doi.org/10.12989/gae.2016.10.6.757
http://refhub.elsevier.com/S0266-1144(17)30135-8/sref27
http://refhub.elsevier.com/S0266-1144(17)30135-8/sref27
http://refhub.elsevier.com/S0266-1144(17)30135-8/sref27
http://refhub.elsevier.com/S0266-1144(17)30135-8/sref28
http://refhub.elsevier.com/S0266-1144(17)30135-8/sref28
http://refhub.elsevier.com/S0266-1144(17)30135-8/sref28
http://refhub.elsevier.com/S0266-1144(17)30135-8/sref29
http://refhub.elsevier.com/S0266-1144(17)30135-8/sref29
http://refhub.elsevier.com/S0266-1144(17)30135-8/sref29
http://refhub.elsevier.com/S0266-1144(17)30135-8/sref29
http://refhub.elsevier.com/S0266-1144(17)30135-8/sref30
http://dx.doi.org/10.1139/cgj-2016-0365
http://dx.doi.org/10.1520/JTE20140153
http://refhub.elsevier.com/S0266-1144(17)30135-8/sref33
http://refhub.elsevier.com/S0266-1144(17)30135-8/sref33
http://refhub.elsevier.com/S0266-1144(17)30135-8/sref33
http://refhub.elsevier.com/S0266-1144(17)30135-8/sref33
http://refhub.elsevier.com/S0266-1144(17)30135-8/sref34
http://refhub.elsevier.com/S0266-1144(17)30135-8/sref34
http://refhub.elsevier.com/S0266-1144(17)30135-8/sref34
http://refhub.elsevier.com/S0266-1144(17)30135-8/sref34
http://refhub.elsevier.com/S0266-1144(17)30135-8/sref35
http://refhub.elsevier.com/S0266-1144(17)30135-8/sref35
http://refhub.elsevier.com/S0266-1144(17)30135-8/sref35

	Laboratory and numerical modeling of strip footing on geotextile-reinforced sand with cement-treated interface
	1. Introduction
	2. Materials and methods
	2.1. Sand
	2.2. Geotextile
	2.3. Experiment setup

	3. Preparation and test procedure
	4. Laboratory results
	5. Numerical modeling
	6. Conclusions
	References


