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Abstract.  Soils are usually weak in tension therefore different materials such as geosynthetics are used to address
this inadequacy. Worldwide annual consumption of geosynthetics is close to 2000 million m? and the value of these
materials is probably close to US$1500 million. Since the total cost of the construction is at least four or five times the
cost of the geosynthetic itself, the impact of these materials on civil engineering construction is very large indeed.
Nevertheless, there are several significant problems associated with geosynthetics, such as creep, low modulus of
elasticity, and susceptibility to aggressive environment. Carbon fiber reinforced polymer (CFRP) was introduced
over two decades ago in the field of structural engineering that can also be used in geotechnical engineering. CFRP
has all the benefits associated with geosynthetics and it boasts higher strength, higher modulus, no significant creep
and reliability in aggressive environments. In this paper, the performance of a CFRP reinforced retaining wall is
investigated using the finite element method. Since the characterization of behavior of soils and interfaces are vital for
reliable prediction from the numerical model, soil and interface properties are obtained from comprehensive
laboratory tests. Based on the laboratory results for CFRP, backfill soil, and interface data, the finite element model is
used to study the behavior of a CFRP reinforced wall. The finite element model was verified based on the results of
filed measurements for a reference wall. Then the reference wall simulated by CFRP reinforcements and the results.
The results of this investigations showed that the safety factor of CFRP reinforced wall is more and its deformations
is less than those for a retaining wall reinforced with ordinary geosynthetics while their construction costs are in
similar range.
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1. Introduction

Experiences have shown that earth materials have relatively good resistance against
compression; however, they are weak in tension. Throughout history, several attempts have made
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to overcome the tensile weakness of soil to construct earth structures such as earth dams, slopes
and retaining walls. Utilizing a tensile element within the soil mass to improve the tensile strength
of the soil is a technique that has been used in the past. Today, using tensile elements in the soil
mass is commonly used in earth structures such as Mechanically Stabilized Earth (MSE) wall that
is developed in the current form since 1960. MSE wall structures are commonly used for retaining
walls, bridge abutments, dams, seawalls, and dikes. Recently, MSE walls have become very
popular mainly due to their flexibility, large bases, and cost effectiveness compared to
conventional retaining walls.

The first MSE walls date to between 5000 B.C and 2500 B.C. The Babylonians constructed
ziggurats (large towers) of earth that were reinforced with horizontal sheets of reed laid at regular
intervals. The most notable remains of these ziggurats are those at Agar Quf near Baghdad, Irag.
The overall height of the ziggurats was about 87 m (Retaining wall 2012). The first MSE wall in
the United States was constructed in 1971 on State Route 39 near Los Angeles, California. Since
1997, approximately 23,000 MSE walls have been constructed in the world. The highest MSE wall
built in the United States is 30 m (98 ft) high (Retaining wall 2012). At present, construction of
mechanically stabilized earth (MSE) walls has increased significantly worldwide and specifically
in the United States. For instance, on average more than 850 000 m? of MSE are constructed
annually in the United States (Berg et al. 2009). The elements used for reinforcing can differ but
they usually include steel and geosynthetics.

Vidal in 1960 introduced a technique in which galvanized steel strips were used in cohesionless
soil to improve its properties. Since then, the use of geotextiles or synthetic fabrics as
reinforcement has become more popular due to increased performance in comparison to metal
reinforcement (Gray and Ohashi 1983). However, there are some significant problems associated
with geotextiles, such as creep and low modulus of elasticity. In this study, Carbon Fiber
Reinforced Polymer (CFRP) is used to address these problems. Due to the high tensile capacity of
CFRP, which is one of the polymeric artificial products, numerous theoretical and experimental
studies about their usage in reinforcing structures especially concrete have been performed. The
results showed that CFRP is almost ten times stronger than steel in tension; therefore, it is possible
to resolve the above issue by using CFRP as reinforcement in soil.

Saadatmanesh et al. (2010) studied the long-term behavior of different types of FRP laminates
containing unidirectional and bidirectional fabrics such as carbon. The samples were exposed to
nine different environments. These environments were simulated using four different chemical
solutions with a pH of 12.5, 10, 7, and 2.5 and substitute seawater. Additional CFRP samples were
exposed to ultraviolet (UV) radiation, temperatures of 60 and 50°C (140 and 122°F) with 95%
relative humidity (RH), and soil with 25% moisture content and active microorganisms in
specially constructed chambers. Uniaxial tension tests were performed on the samples after 6000,
12,000, and 20,000 hours of exposure as well as on control samples; and tensile properties were
measured for each specimen. The results showed the carbon laminates exhibited very little loss of
mechanical properties under the above conditions.

In the first part of this research the properties of the carbon-FRP (CFRP) are found from tensile
testing, and then interface properties between CFRP and a backfill soil are defined. After
identifying the materials properties of CFRP, backfill soil, and interface, a solution procedure
needs to be adopted. Limit equilibrium and the finite element methods are two among methods
used commonly for analysis and design of reinforced soil structures.

Limit equilibrium is an easier approach that has been used to design reinforced soil structures.
For initial design of MSE wall using CFRP, limit equilibrium method is used in this investigation.
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Nevertheless, the limit equilibrium design approach does not account for deformations or stress
distributions in soil or reinforcement (Rowe and Ho 1992). In addition, limit equilibrium methods
often underestimated failure of two geosynthetics reinforced soil walls consisting of granular and
cohesive backfills (Wu 1992).

Finite element analysis has been used widely in geotechnical problems and also to simulate the
behavior of reinforced wall by Seed et al. (1986), Adib et al. (1990), Chew et al. (1990), Bathurst
et al. (1992), Pal (1997), Fishman and Desai (1991) and El-Hoseiny (1999). It is has been realized
that it is necessary to use appropriate constitutive models for soil, interface and reinforcement. A
number of constitutive models have been used in finite element analysis. In this research, a
hardening plasticity model is used for soil, Mohr-Column (M-C) model is used for interface, and
linear elastic model is used for soil reinforcements and concrete panel.

2. Scope and objective

The objective of this paper involves testing and numerical model for soils and interface to
simulate behavior of a MSE wall reinforced with CFRP, a novel reinforcement material. A
comprehensive series of triaxial and interface shear tests were performed, then a numerical model
was developed to model a MSE wall reinforced with CFRP by using Plaxis software. Finally, the
results of the MSE wall reinforced with CFRP were compared with the MSE wall reinforced with
geogrid.

3. Material modelling
3.1 Soil behavior

The Hardening soil (HS) model in Plaxis (2006) was used in numerical simulation of the CFRP
reinforced retaining wall. Hardening soil model is based on two failure criteria and plastic
potentials. A family of Mohr-Coulomb criterion for deviatoric failure and an elliptic cap for
volumetric failure were used in HS model. Some properties of the HS model are described as
follow:

« stress dependent stiffness according to a power law with input parameter m’

 Plastic straining due to primary deviatoric loading with input parameter E;gf.

« Plastic straining due to primary compression with input/parameter Egjg.

« Elastic unloading / reloading with input parameters E,;” , vy.

 Failure according to the Mohr-Coulomb model with parameters ¢ (cohesion), ¢ (internal
friction angle) and y (dilatancy angle).

The basic idea for the formulation of the Hardening-Soil model is the hyperbolic stress-strain
relationship. The stress dependent stiffness moduli for primary loading and unloading/reloading
are defined as

Eso = Egy F(p) "
Ew = Ey) F(p)
where
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Eggf and E2¢/ are the reference stiffness moduli in primary deviatoric loading and unloading
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reloading state corresponding to the reference stress p™.
E,.q is oedometric modulus and E™ is its value at reference stress of p¢ and is given by
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For the triaxial case the yield function is defined according to Eq. (4).

—pe Ly @

Where; q is deviatoric stress and g, is equivalent to the shear strength.
The plastic shear strain y? according to Eq. (5) is used as the relevant parameter for frictional
hardening.
yP =l —eb — &b =2e8 — &l ~ 267 (5)

Where &1, &pand ez, are main components of plastic strain.
A cap type yield surface is introduced to close the elastic region in the direction of isotropic
stress axis. The definition of the cap yield surface is as follow
q>
— 2 2
fo=—z+pr'-p; (6)
where « is the aspect ratio of the elliptic cap and p, is the pre-compression pressure. Fig. 1 shows

the shape of the yield surface in the principal stress space.

G,

Fig. 1 Hardening-Soil model in principal stress space for cohesionless soil (Plaxis 2006)
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The vyield surface of a hardening plasticity model can expand due to plastic straining.
Distinction is made between two main types of hardening, hamely shear hardening and volumetric
hardening. Shear hardening is used to model irreversible strains due to deviatoric loading.
Compression hardening is used to model irreversible plastic strains due to compression in
oedometer loading and isotropic loading (Schanz 1998). Further information about the Hardening
model can be found in Plaxis material manual (Plaxis 2006).

3.1 Interface behavior

An elastic-plastic model was used to describe the behavior of the interfaces. The Mohr-
Coulomb criterion is used to distinguish between elastic behavior, where small displacements can
occur within the interface, and plastic interface behavior when permanent slip may occur.

For the interface to remain elastic the shear stress 7 is given by

7] < o, tang; + ¢; (7
And for plastic behavior 7 is given by
I7| = o, tang; + ¢ 8

Where o,,¢@; and c; are the normal stress, friction angle and cohesion of the interface
respectively. The interface properties are calculated from the soil properties and a strength
reduction factor, R can be used for interfaces.

tan (S R tan Dsoil < tan Dsoil (9)

When the interface is elastic then both slipping (relative movement parallel to the interface) and
gapping (relative displacements perpendicular to the interface) could be expected to occur. The
magnitudes of these displacements are

O¢.

Elastic gap strain = f t; (20)
oed i
. . 47
Elastic slip strain = o t; (11)

i

Where; oy and z; are normal and shear stress on the interface respectively, G; is the shear
modulus of the interface, Eqeq; is the one-dimensional compression modulus of the interface and t;
is its thickness.

4. Materials and methods

4.1 Materials

4.1.1 Carbon fiber reinforced polymer

In this study, unidirectional carbon fabric was used with density of 779 g/m2 and it was
impregnated using Epoxy RL 200 to form the CFRP. Epoxy RL200 is used to transmit forces
between fibers and the applied loads since adhesion between individual fibers is limited. Epoxy
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Fig. 2 General over view of interface between soil and CFRP: (a) Configurations for interface
layer for CFRP Sample & backfill; (b) CFRP sample

RL 200 is made of one part resin (bisphenol A based) and one part hardener (polyethylene
polyamine) by volume. This epoxy has a pot life of 30 sec at room temperature and is fully cured
after one hour at 25°C.

To obtain the material properties of CFRP, a total number of eight straight strips of CFRP with
dimensions of 25.4 mm by 304.8 mm and thickness of 0.635 mm were tested in tension. The
average tensile strength of 931 MPa, tensile modulus of elasticity of 60,949 MPa and Poisson’s
ratio of 0.34 were obtained from tests.

Note that HDPE geogrid (e.g., Tensar SR2), which is used for many soil-reinforcement projects
such as Tanque Verde-Wrightstown-Pantano Roads project in Tucson, Arizona USA, has a
maximum tensile strength of 17 MPa and tensile modulus of elasticity of 240 MPa. Based on these
tests, the maximum tensile strength and tensile modulus of elasticity of Geo-Composite (CFRP)
are approximately 50 and 250 times higher than maximum tensile strength and tensile modulus of
elasticity of geogrid respectively.

4.1.2 Backfill sail

The soil was collected from Tanque Verde wash in Tucson, AZ USA. It is the same soil that
Desai and El-Hoseiny (2005) reported for the MSE wall constructed near Tucson, AZ by using
geogrid. The soil was classified as SP poorly graded or gravelly sand according to ASTM D2487-
11. Followings are the index properties: specific gravity = 2.64; D10, D30, D60 = 0.48, 1.00, 1.75
mm, respectively; emnax = 0.71, emin = 0.37; ydmax = 18.84 KN/m?; ydin = 15.35 kKN/m?; and optimum
moisture content = 8.0%. The friction angle was 40 degrees which was determined by direct shear
test according to ASTM D3080.

4.2 Methods

4.2.1 Sample preparation for interface testing

To fabricate a CFRP sample, a layer of carbon fiber with dimension of 20 x 20 cm was
saturated by epoxy RL 200. The average thickness CFRP sample was approximately 1.5 mm. After
complete curing the samples were cut in circular shape with diameter of slightly bigger than 16.5
cm for interface testing. Fig. 2 shows the details of the sample.

5. Experimental procedures and results

Three types of tests were performed: (1) triaxial tests on the backfill soil; (2) interface tests
under displacement control on CFRP-Backfill; and (3) interface normal test under load control
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condition on CFRP-Backfill.

As it was mentioned previously, the same backfill soil was used in this investigation as Desali
and El-Hoseiny (2005), who performed triaxial tests including loading, unloading, and reloading
on the samples under different initial confining stresses, o3 =17.5, 35.0, 52.0, 70.0, 140.0, 210.0,
345.0, and 420.0 kPa. The maximum confining pressure related to the approximate field pressure
of about 480 kPa. Typical results for hydrostatic test and triaxial shear tests under o3 = 35, 210
and 420 kPa are shown in Fig. 3.

The interface and normal behavior between soil and the CFRP specimens were performed using
CYMDOF (Cyclic Multi Degree of Freedom) device which is intended for testing the interfaces.
Details of the CYMDOF device are given in Desai and Rigby (1997).

Cyclic shear tests were performed including loading, unloading, and reloading under a wide
range of initial normal stresses such as 17.5 kPa, 35 kPa, 70 kPa, 140 kPa, 210 kPa, 350 kPa, 525
kPa, 875 kPa, and 1050 kPa. In these tests, vertical load was first applied on the specimen then
horizontal (shear) load was applied by the displacement control method. Typical results for o, = 70,
210 and 875 kPa are shown in Fig. 4.
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Fig. 3 Typical observed responses of soil for normal behavior and shear behavior for o5 = 35,
210 and 420 kPa (El-Hoseiny 1999)
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The interface friction angle and adhesion between CFRP and soil were obtained as 41.5° and 58
kPa, respectively (Fig. 5).

Similar to the isotropic compression tests and cyclic shear tests, the normal tests on interface
specimens were performed under a wide range of initial normal stresses to evaluate the normal
stiffness of the interface. The results of the interface normal tests are shown in Fig. 6.
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Interface shear and normal stiffness, ks and k,,, were obtained as the average slopes of unloading
and reloading curves shown in Figs. 4 and 5 respectively. However, as it was mentioned before,
Plaxis (2006) assumes the strength properties of interfaces are linked to the strength properties of
the soil layers by a strength reduction factor. Since the interface friction angle of the soil and CFRP
was larger than friction angle of the soil, therefore the interface friction angle of soil and CFRP
was assumed equal to the soil friction angle. This is one of the limitations of using the interface
elements in Plaxis.

6. Finite element analysis
6.1 Numerical model

Plaxis program (2006) was used to simulate the MSE wall (Tanque Verde Wrightstown-Pantano
Project, Panel 26-32). Hardening soil model was used to characterize the backfill soil and linear
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Fig. 7 Location of instruments for wall panel 26-32 (FHWA 1989)

elastic/plastic model was used for reinforcements and concrete panel, and Mohr-Coulomb model
was used for interface.

6.2 Calibration the model

In order to calibrate the numerical model and examine its accuracy, the model was constructed
based on an actual MSE wall as a reference model. The reference wall was instrumented with
sensors at different depths of soil to provide the vertical stress, horizontal and vertical strains and
temperatures (Desai and EI Hoseiny 2005).

Forty three MSE walls unit were constructed at Tanque Verde Road to grade separated
interchanges on the Tanque Verde Wrightstown-Pantano roads projects in Tucson, AZ, between
November 1984 and October 1985. The project used geogrid geogrid reinforcement in
mechanically stabilized earth (MSE) retaining walls in a large transportation related project in
North America (FHWA 1989). The geometry of wall and the location of sensors in the reference
wall are illustrated in Fig. 7.

Two panels, 26-30 and 26-32 were instrumented in the field. Panel 26-32 was simulated was
used as the reference wall in this study. The wall height was 4.88 m and its width was 3 m made of
precast reinforced concrete panel. Reinforced geogrids were connected to the concrete facing
panels at the elevations shown in Fig. 7 and their length was 3.66 m. The geogrid was a uniaxial
product made from high density polyethylene (HDPE) stabilized with about 2.5% carbon to
provide resistance to attack by ultraviolet light (FHWA, 1989). At the top of the wall fill, a
pavement structure composed of 10.2 cm coarse base covered by 24.1 cm of concrete was
constructed. Further details of the configuration are given by Berg et al. (1986).

6.3 Parameters
Soil and interface parameters were determined from laboratory tests and reinforcement and

concrete panel parameters were adopted from manufacturers’ literature. The parameters used in
numerical simulation were according to Table 1.
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Table 1 Material parameters used in finite element analysis of MSE wall
(A) Parameters for backfill and interface

Material contant Symbol Backfill Interface (geogrid) Interface (CFRP)
Adhesion (kPa) c - 66 58
Friction angle/interface angle(degree) Plo 40 34 41.5
Secant stiffness in standard Ee, 428 i )

drained triaxial test (MPa)

Tangent stiffness for primary

(reh) ] )
oedometer loading (MPa) Eoed 34.3

Unloading / reloading stiffness (MPa) E.™"  399.8 - -
Power for Stress-level dependency of stiffness m 0.5 - -
Lateral coefficient (normal consolidation) Ko™ 0.4 - -
Failure ratio R¢ 0.9 - -

Reference stress for stiffnesses (kPa) p" 100 - -

(B) Parameters for geogrid and concrete wall

Symbol Geogrid CFRP Concrete panel

Axial stiffness (KN/m) EA 2250.4 38703 -
Max axial tension force (KN/m) N, 19.0 591 -
Thickness (mm) t 15 0.635 152.2
Tensile/compression modulus of elasticity (kPa) E 1.50E+06 6.09E+07 2.10E+07
Poisson ratio Vv 0.3 0.34 0.15
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Fig. 8 Finite element mesh with interface elements
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In the FE model the side boundaries were placed at a distance of 2.5 times of the length of the
reinforcement and the bottom boundary was placed at a distance of about 3 times the height of the
wall. Such distances and the assumed boundary conditions were considered to approximately
simulate the semi-infinite extent of the system. Fig. 8 shows the details of the FE model.

Surcharge load including pavement and traffic loads was assumed to be equal to 20 kN/m
(Desai and El-Hoseiny 2005). The rest of details for soil and wall facing of the configuration were
the same as the one was investigated by Desai and El-Hoseiny (2005). The number of CFRP layers
and their locations were designed to achieve internal and external safety factors similar to those in
the reference wall.

6.4 Verification of the FE model

In order to verify the numerical model, the results of FE analysis were compared with the data
obtained from the field (FHWA 1989). Vertical stress at the elevation of 1.5 m from the wall base
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Fig. 9 Vertical stress vs. distance from the wall faces at elevation 1.5 m, after opening traffic
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Fig. 10 Geogrid strain at elevation 1.4 m vs. distance from wall for panel 26-32 face at elevation
1.4 m, after opening traffic
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resulted from numerical analysis are compared with vertical stress measured in the filed in Fig. 9.

Fig. 10 shows the axial strain in geogrid located at the elevation of 1.4 m from wall base. In this
figure the data recorded by sensors in the field are shown. Horizontal strains of the soil at 2.4 m of
the wall resulted from FE model and mustered in the field are shown in Fig. 11.

Based on these comparisons it can be concluded that the correlation between FE model and
filed results are satisfactory. However, the comparison for soil somewhat is slightly different. The
differences can be due to the sensors not perfectly installed, error in readings, and the limitations
of model used in this study. However, it can be considered that the proposed model can be
applicable for further analysis. Desai and El-Hoseiny (2005) used advanced DSC model and
obtained satisfactory correlation and analyzed mainly Panel number 26-30. In the current analysis,
a simpler model is used and Panel 26-32 is analyzed; however, the results are quite satisfactory.

7. Comparing MSE walls with CFRP and geogrid reinforcements

The application of CFRP in the reinforcement of retaining walls was study by comparing the
performances of the reference wall reinforced by Geogrid and CFRP. Several configurations for
number of reinforcements and their arrangements were studied using the calibrated numerical
model. Fig. 12 shows some configurations used in this study.

The safety factor (SF) calculated for MSE wall reinforced with different layers of Geogrid and
CFRP are shown in Fig. 13. Here SF and the displacement of the top of the wall for geogrid (10
layers) are shown by single values that the SF was calculated by the model and the displacement
was taken from the field data.

Based on Fig. 13, the MSE wall reinforced with three number of CFRPs has factor of safety
(SF) and maximum wall deformations at the top of the wall of 1.85 and 9 mm, respectively. On the
other hand the MSE wall reinforced with ten numbers of geogrid has factor of safety and
maximum wall displacement of 1.38 and 22 mm, respectively. Therefore, the MSE wall reinforced
with three numbers of CFRP deforms less and is more stable than the MSE wall reinforced with
ten layers of geogrid.
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Fig. 14 Vertical stress vs. distance from wall face for CFRP and geogrid MSE wall at elevation 1.5 m

As shown in Fig. 13 as the number of CFRP increases the factor of safety increases and the
maximum wall deformations decreases. For instance, the MSE wall reinforced with ten CFRPs has
factor of safety and maximum wall deformation of 2.03 and 7.6 mm, respectively which has
approximately 9 % higher factor of safety and 16% deform less than the MSE wall reinforced with
ten numbers of CFRP. The MSE wall reinforced with three and five numbers of CFRPs were
selected for further investigation.

Fig. 14 shows the vertical stress in the soil at the elevation of 1.5 m above the wall base and Fig.
15 shows the horizontal stress on wall face in different elevations. It can be seen in Fig. 14 that the
vertical stress distribution in all cases is almost similar but CFRP shows higher vertical stress than
geogrid. The horizontal stress for CFRP-wall is also higher than geogrid-wall as shown in Fig. 15.
The results can be considered reasonable, since higher vertical stress is expected for higher
horizontal stress. Note that field measurements for horizontal soil stress were not available for the
adopted panel 26-32.

—&— Tensar SR2 (Plaxis, ten numbers of reinforcement)
—— CFRP (Plaxis; five numbers of reinforcement)
—<— CFRP (Plaxis; three numbers of reinforcement)

Wall elevation (m)

| Y

20 25 30 35 40 45 50
Horizontal soil stress (kPa)

Fig. 15 Horizontal soil stress vs. elevation of the wall for CFRP and geogrid near wall face
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Because of lower number of reinforcements, three or five, the stresses are higher in CFRP
compared to that for ten layers of geogrid. This may not be of concern because the axial capacity
of CFRP is much higher.

Fig. 16 shows axial forces in the reinforcements. It can be seen that the CFRP has tensile force
higher than geogrid. In addition as numbers of CFRP decreases from five to three numbers of
reinforcement, the values of vertical and horizontal stresses decrease (Figs. 14 and 15), and the
tensile forces in reinforcement and wall movement decrease as expected (Figs. 16 and 17). To
eliminate the vertical spacing limitation and for more stable wall, the MSE wall reinforced with
five numbers of CFRP can be chosen for this case.

Computed horizontal displacements of the wall are illustrated in Fig. 17. As shown in this
figure CFRP walls experiences movements much lower than geogrid wall. Since the stiffness of
CFRP (EA where E = Young’s elastic modulus and A is the area) is approximately 20 times higher
than that of geogrid, the MSE wall with CFRP had approximately 15 mm smaller maximum

—8— Tensar SR2 (Plaxis; ten numbers of reinforcement)
—— CFRP (Plaxis; five numbers of reinforcement)
—<— CFRP (Plaxis; three numbers of reinforcement)

:///

, /
£

0 5 10 15 20 25 30 35
Tensile force (kN/m)

Ny

Wall elevation (m)

Fig. 16 Comparison of CFRP and geogrid for horizontal tensile force carried by reinforcement near wall face

Tensar SR2 (Plaxis; ten numbers of reinforcements)
————— CFRP (Plaxis; five numbers of reinforcements)
— - — - CFRP (Plaxis; three numbers of reinforcement)
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~
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Fig. 17 Movement of the wall face for CFRP and geogrid MSE wall
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horizontal deflection than the MSE wall with Tensar SR2. Based on the numerical results shown in
Fig. 16 the factor of safety for tensile stress of CFRP in MSE wall was approximately 20; however,
the factor of safety for geogrid in MSE wall was approximately 2.

8. Conclusions

In this study the applicability of CFRP in the reinforcement of retaining walls investigated
using the finite element method. Material properties required for numerical simulations obtained
from laboratory tests. The finite element model calibrated using the data available for a reference
wall with Tensar geogrid. The geometry of the reference wall and its material properties were used
in the numerical simulations. The results of the model for MSE wall reinforced with geogrid and
CFRP were compared.

Based on the numerical results, the predicted displacements for CFRP were significantly lower
than those for geogrid wall. This can be considered to be useful from design viewpoint. The safety
factor was higher for five layers of CFRP wall than geogrid wall with ten layers.

The comparisons of costs for the two cases (ten layers of geogrid and five layers of CFRP)
show that the costs for five layers of CFRP is slightly less than for ten numbers of geogrid.
Considering the much higher strength and capacity of CFRP against environmental factors such as
acidic environment (pH 2.5) CFRP would be more suitable. It loses approximately 10 % of its
strength after 20,000 hrs while steel dissolves in this acidic environment. In an alkaline
environment (pH 12.5) CFRPs approximately loses 5% of its strength after 20,000 hrs. On the
other hand fiber glasses lose 60 % of its strength (Saadatmanesh et al. 2010). Thus, CFRP
reinforcement can be considered as an alternative replacement for traditional geosynthetics from
both strength and economic points of view.
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