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Abstract

In this study, a numerical model is developed to study concrete-filled FRP tube (CFFT) pile
behavior and interactions with foundation soil under lateral loading. The model, based on nonlinear
finite element analysis (NFEA) and the disturbed state concept (DSC), considers material and
geometrical nonlinearity as well as the interface of soil with fiber-reinforced polymer (FRP).
Furthermore, the structural and geotechnical performance of the interface of soil and CFFT pile is
studied by utilizing 3D finite element models of full-scale field tests conducted during the
construction of a highway bridge on route 40 in Virginia. Based on deflection along the length of
the pile, the model results are in good agreement with the experimental data. To investigate the
effects of various parameters on the behavior of CFFT piles and local buckling, a parametric study
was also performed on different geometrical and material properties, including the pile diameter
to length ratio, FRP tube thickness, concrete strength, and soil properties. It was found that the
surrounding soil and length to diameter ratio exerted the most noticeable influence, followed by
concrete strength. The FRP thickness had the least impact on the results.
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Introduction

Failure of bridge foundations exposed to corrosion in a marine environment can result in the
collapse of the entire structure. The safety and durability of bridge structures thus necessitate long-
term maintenance and is of great concern to civil engineers and government departments in the
design of sustainable infrastructure. Because the superstructure is dependent upon the foundation,
replacing corroded piles can be difficult and expensive (Roddenberry et al. 2014). For this reason,
highway agencies and researchers have begun to investigate the use of anti-corrosive materials and
the viability of protecting bridge piles with composite materials such as fiber-reinforced polymer
(FRP) composites, especially in the form of concrete-filled FRP tube (CFFT) piles (Mirmiran and
Shahawy 1997 and Fam et al. 2003b). FRP is a composite material made of a polymer matrix
reinforced with fibers. Different types of polymer matrix are often used in the composites,
including epoxy, vinyl ester, or polyester resins. FRP tubes used in CFFTSs is usually manufactured
using filament winding technique, and then the tube is filled with concrete. The advantage of FRPs
used in CFFTs with respect to conventional piles casted in steel molds without FRP is that they
are less susceptible to corrosion in corrosive and harsh environments. Furthermore, the FRP tube
will provide a passive confinement to the concrete core to enhance the strength and ductility of the
core. On the other hand, the filling concrete can provide lateral support to the FRP tube to
overcome buckling problems (Fam et al. 2003b). Over the last two decades, FRP composite
materials were used in practice for several deep foundation applications ranging from bearing piles
for light structures to waterfront barriers and fender piles (Fam et al. 2003a; Fam and Rizkalla

2001a; b; Mirmiran and Shahawy 1996, 1997).



Valez and Rayhani (2017) studied the axial and lateral load transfer mechanism of hollow FRP
tube piles in soft clay. In this study, the load transfer behavior of small-scale FRP piles was
compared to that of traditional steel piles to evaluate the feasibility of FRPs as piling materials.
The FRP fiber orientation was found to have a significant influence on the pile capacity. Piles with
lower stiffness experienced larger pile head deflections under lateral loading compared to steel
piles. A case study was conducted by Pando et al. (2006) on CFFTs used in the foundation of a
bridge on Route 40 in Virginia under axial and lateral loadings. By comparing the lateral responses
of the CFFT and the reinforced concrete (RC) piles, they showed a similar lateral stiffness up to a
lateral load of approximately 40 to 50 kN, which is due to the propagation of cracking in the
composite pile. The CFFT pile showed lower stiffness than RC pile in the post-cracking zone while
continuing to sustain lateral load with relatively larger deformations.

While pile foundations are mainly subjected to axial loads, in some circumstances, they will be
subjected also to lateral loads due to excavation, scouring, seismic loads, or other reasons (Liang
et al. 2013a; b; Poulos 2014). Hence, the lateral performance of piles is of great importance, and
several researchers have conducted numerous theoretical and experimental studies to investigate
this behavior. Chae et al. (2004) conducted experimental and numerical studies on a laterally
loaded conventional short piles and pier foundations located near slopes by using a three-
dimensional finite-element model (FEM). The piles were assumed to be linearly elastic, whereas
the sand was considered to have non-associative properties by using the Mohr-Coulomb (MC)
failure criterion. Based on the concept of the subgrade reaction theory, Zhang et al. (2013)
proposed semi-analytical solutions using the power-series method to evaluate the response of a
vertical pile with different cross sections and embedded in a multilayered soil system to support

lateral loads at the head level. The solution was verified by back-predicting responses of laterally-



loaded concrete piles in two existing cases. By comparing results, it was noticed that the pile
response was controlled by the subgrade soil stiffness at shallow depth of nearly 3—4 times the pile
diameter. This finding was found to hold in this study also as discussed later.

Su and Zhou (2015) determined the effects of the loading direction on the behavior of laterally
loaded pile groups by using a comprehensive experimental study. Pile groups with various
configurations embedded in sand were subjected to lateral loads along different horizontal
directions. The results show that the loading direction has a predominant effect on the evolution
and eventual distribution of force among piles in the pile group, the bending responses along the
piles, and the total lateral resistance of the pile group. Han et al. (2017) used an energy-based semi-
analytical approach to study the performance of pile foundations under lateral loading conditions.
Based on the results, a stiffer pile response is observed when degrees of freedom in certain
directions are constrained in the soil. Hazzar et al. (2017) performed a three-dimensional numerical
study to evaluate the effects of vertical loads on the behavior of laterally loaded piles. The piles
were modeled as linear elastic materials in elastoplastic soil using the Mohr-Coulomb constitutive
model with a non-associated flow rule. Numerical results showed that the lateral resistance of the
pile did not vary considerably with vertical loads in a homogeneous sandy soil. On the other hand,
applying vertical loads on a pile embedded in clayey soil was discovered to be detrimental to its
lateral capacity.

Although many studies have been conducted on the structural behavior of CFFTs, the soil-structure
interaction of CFFT piles was not previously considered. It is important to consider the interaction
of CFFTs and soil, since the behavior of underground piles is more complex than that of
conventional columns. In the present research, a nonlinear finite element model is developed to

predict the mechanical behavior of CFFT piles embedded in soil. The damage model and failure



criterion used in the proposed model are based on the disturbed state concept (DSC) and the Mohr-
Coulomb failure criterion, respectively. To verify the computational results, experimental data
from precast CFFT piles used in the construction of a new bridge on route 40 in Virginia (Pando
et al. 2006) were used to obtain the model parameters for different lateral loadings. After
verification of the developed model, a parametric study was carried out to determine the effects of
the specimen length to diameter ratio, FRP tube thickness, concrete strength, and surrounding soil
on the lateral deflection, FRP axial tensile stress at the extreme tension fiber, soil pressures,

bending moment, shear force, and axial load of the pile.

Numerical Modeling

The two main structural components of CFFT piles are the concrete infill and the FRP tube. The
relative stiffness of these two components controls the pile performance in relation to vertical and
lateral loads. A numerical model based on the DSC damage model and the Mohr-Coulomb failure
criterion is developed to predict the elastic-plastic behavior of CFFT piles under various lateral
loading conditions, by using nonlinear finite element analysis (NFEA) in three dimensions. The

interface of composite piles with the confining soil is also investigated in the proposed model.

Disturbed State Concept

The proposed model is based on the DSC damage model, in which, the behavior of the material
can be expressed in terms of the behaviors of its components during deformation (Desai, 2015).
The DSC model is formulated as the decomposition of the material behavior into relatively intact
(RI) component representing the undamaged behavior of the material, and a fully adjusted (FA)

component representing the microcracked part of the material. A schematic representation of the



DSC damage model is shown in Fig. 1, where the white and black areas represent the Rl and FA
components, respectively. In its initial response, all of the material is relatively intact (RI), without
any cracks or microcracks. As the applied loading increases, the FA response becomes more
predominant, and the propagation of microcracks results in entirely FA behavior at failure.
Between the two extremes of the material state (i.e., between Rl and FA), the disturbance factor,

according to the concept proposed by Desai (2001), can be represented as:
D =D, (1—e"%) (1)
where Dy is the ultimate value of the disturbance, and A and Z are material parameters, and {p is

the accumulated deviatoric plastic strain:
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where i are j are the tensor index notations corresponding to the three Cartesian directions X, v,
and z (1,2 and 3 in the above equation), E;j is the deviatoric strain tensor of the total strain tensor
&ij and the integral is from first loading step (n=1) up to last loading step (nsyp). The disturbance of

two arbitrary points in the plastic zone can be found by using the following equation and

substituting in Eq. 1 to determine the A and Z parameters of Eq. 1 above.
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where 6%, 6™ and o represent relatively intact (RI), fully adjusted (FA), and the current stresses,
respectively. In the modeling procedure, the Rl and FA states are correlated as a function of the
deviatoric plastic strain. As shown in the graph in Fig. 1, the disturbance increases as the
microcracks propagate in the element.

The three parameters Dy, A, and Z are the disturbance parameters used to predict the mechanical

behavior of the corresponding material from experimental or field tests. The residual strength and
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confining conditions control the FA behavior, whereas the elastic modulus and Poisson’s ratio and
cohesion (if existing) affects the RI behavior. Once the disturbance parameters are defined for each

element, stress increments can be obtained using the following equation (Desai 2015):

D
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Where the disturbance value (D) equals zero in the pre-failure stage. Models that can be used to
predict the RI response of the material range from simple mathematical models to constitutive
models such as the Mohr-Coulomb failure criterion. In this research, the nonlinear finite element
analysis (NFEA) was conducted by considering large deformation and adopting the Mohr-
Coulomb failure criterion. The results of the model were then used as the RI response of the
material using the elastic stiffness matrix C¢, which can be interpreted as relatively undamaged
behavior. On the other hand, the residual strength of the material is obtained by considering the
FA state as shown in Fig. 1. At the beginning, the material behavior will be in its RI state (i.e., the
Gaussian point has not yielded yet). As the loading increases and the behavior starts being
nonlinear, governed by an elasto-prefectly plastic behavior (i.e., Gaussian point has yielded), the
damage parameter will start increasing from zero to a value, Dy, then the elastoplastic stiffness
matrix C® is corrected for each increment of stress using Eq.4. i.e., upon finding the disturbance
(D) in Eq. 1 for two arbitrary points of the graph, the elastoplastic stiffness matrix, Cep, given in
Eq. 5 (by Khoei 2005) is then corrected to account for damage caused in the post-peak response,
as shown in Eq. 4 to find the stress increments. Then, the current state of stress in the element can
be obtained by adding the stress increment given by Eq. 4 to the stress in the element calculated
from the previous step.

C,nn’C,
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Where H is the hardening modulus, n is the flow rule vector that represents the growth direction
of the failure surface.
The utilized plasticity model (Mohr-Coulomb)

The Mohr-Coulomb failure criterion was used as the plasticity model to govern the material
behavior of the solid elements and to consider the interface behavior as well as the effect of friction.
The corresponding yield surface is an irregular hexagon in the principal stress space. An important
characteristic of this model is that it can provide different elastoplastic stress-strain curves for
various paths of stress for different loading conditions such as simple shear, compression, and
extension loading. For this reason, the applied plasticity model is often regarded as appropriate for
frictional materials. The yield function of the Mohr-Coulomb failure criterion can be written as

(Zienkiewicz and Taylor 2005):

Vo

F=J,sino+J,p cose—Tsinq)sine—c CoS (6)

where J1 and Jop represent the first invariant of stress, and the second invariant of deviatoric stress,
respectively; and ¢ and ¢ represent the cohesion and angle of friction of the Mohr-Coulomb failure

criterion. 0 is the Lode angle, which can be written as:
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where Jsp is the third invariant of deviatoric stress. The value of 6 must be acquired within the

range of [-n/6, n/6] (Zienkiewicz and Taylor 2005).

The Developed Three-Dimensional Finite Element Model
The mechanical behavior of CFFTs and concrete piles can be predicted by the proposed model. It

should be noted that this model can also be used for the CFFT columns, which are a special case
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of CFFT piles. The main factors addressed by the model are: (i) the contact problem associated
with the interface of concrete, FRP laminate and soil, (ii) large deformations, considered in several
increments and iterations, (iii) the modeling of plasticity by using the Mohr-Coulomb failure
criterion, and (iv) the softening effect of concrete in compression, based on the disturbed state
concept.

A three-dimensional mesh of elements was generated for a cylindrical CFFT pile. A
schematic representation of the mesh generated is shown in Fig. 2. It should be noted that the figure
is scaled to illustrate the configuration of the elements. Each element was mapped onto a cubic
element with unit dimensions as shown for an arbitrary element. For each element, the stresses
were calculated for eight quadratic Gaussian points, by using values of 32 for the coordinates,
with respect to the unit value in each direction (Zienkiewicz and Taylor 2005). After the main
calculations were performed, to extract the modeling results, the stress values were extrapolated
by the same reverse procedure as for the element nodes. Thus, instead of using a circular sector
element, cubic elements with unit dimensions were utilized for the interpolation and extrapolation
of stress values.

To address the contact problem resulting from the interface of the composite pile and soil,
a separate mesh was generated for concrete, soil and contact elements (see Fig. 3). As can be seen
in Fig. 3, the interface of the composite pile and soil is represented by the white areas between the
soil and the concrete. Full bonding between the concrete and the FRP tube was assumed since the
calculated shear stress was in the range of 35 to 50 kPa, which is much lower than the bond strength
between FRP and concrete measured by Helmi et al. (2005) for a similar situation. Moreover, the

slippage behavior at the interface of the pile and the soil was modeled by using the Mohr-Coulomb



failure criterion similar to the used plasticity model. It should be noted that the mesh generated

was scaled used for a schematic illustration of the mesh.

Local Buckling under Axial Compression and Lateral Soil Pressure

The critical stress for local buckling can be controlled by using the following procedure: An
approximate closed-form solution for axial loading can be developed to check the local buckling
of the pile. According to Batdorf (1947), for medium-length cylinders, the smallest critical stress
can be estimated by using Eq. 8, for a cylinder with a radius of r, and a wall thickness of t:

Et

c,,=0.577
r1-v?

(8)

When soil pressure exists, the governing buckling equation can be expressed as:

E (tY
Cocr :m(Fj €))

The combined pile loading does not result in local buckling if the following formula is satisfied

(Odland 1978):

2 2
czez( % ] +( % ] <1 (10)
Gz,cr cFe,cr

If the local buckling factor (C.s) is less than one, it can be concluded that applying both lateral soil

pressure and axial loading to a hollow pile will result in a greater probability of buckling than is
the case with pure axial compression. Thus, if a hollow pile fails due to buckling at the ground
surface, there is a higher chance of buckling at the depth of maximum axial stress.

Model Verification

To verify the parameters of the proposed model, experimental field test results were obtained from

Fam et al. (2003b). The composite piles were concrete-filled glass fiber-reinforced polymer
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(GFRP) tubes considered for a highway bridge on route 40 in Virginia, with an outer diameter and
tube thickness of 624.8 mm (24.6 in.) and 5.41 mm (0.213 in.), respectively. The wall structure of
the GFRP tube consisted of three layers. The thickness of the inner and outer layers was each 1.88
mm, and they composed of fibers oriented at +34 degrees with respect to the axial axis of the tube.
The middle layer’s thickness was 1.65 mm and contained fibers oriented at 85 degrees with respect
to the axial axis. The profile of the surrounding soil at the site was composed of various soil layers,
including sand and clay. The soil conditions were loose at the top and stiff at the bottom of the soil
layers. In Fig. 4, the cross-section of the concrete pile is presented along with the soil profile, as
well as an arbitrary cross-section, A-A. The total length of the composite pile was 13.1 m,
including the length of the pile that was not covered by soil. The compressive strength of the

concrete used was reported to be 41.4 MPa (Fam et al. 2003b).

Material Properties

Table 1 presents the mechanical properties of soil, concrete, and FRP used in the proposed model:
the elastic modulus (E), Poisson’s ratio (v), cohesion (c), and the angle of internal friction (¢). The
developed model considered three upper Sand layers (Sand 1, Sand 2 and Sand 3), overtopping a
deeper clay layer. The parameters used in Table 1 were obtained from the SPT test results reported
by Pando et al. (2006) shown in Fig. 4 and using a commonly used soil correlations for strength
and stiffness (i.e., Schmertmann, 1975; Kulhawy & Mayne, 1990; Bowles, 1997 and the CFEM
2006). The FRP tube properties presented in Table 1 were also obtained from the same
experimental study by Pando et al. (2006) and confirmed by Fam et al. (2003b) and Kaw (2005).
In the model, a friction coefficient (1) of 0.31 was used. The initial modulus of elasticity (E) for
concrete is based on the following equation related to the requirements of Committee 318 of the

American Concrete Institute (ACI) (2014):
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E, = 4700,/f ', (11)
where E¢ and ¢ represent the elastic modulus and the compressive strength of concrete in MPa,
respectively. The parameters of the Mohr-Coulomb failure criterion were obtained by using the

following equations (Zhao 2000):

f'—f'
:Sin_l _c "t
? [f'c+f't]
c NI i

T

(12)

where f’t represent the uniaxial tensile strength of concrete, which can be expressed as (ACI

committee 318 2014):

f' =0.62f" (13)

Model Verification Results

Model verification graphs are presented in Fig. 5, showing the lateral deflection for four
different lateral loads cycles applied at the top of the composite pile: 48.9, 80.1, 93.5, and 120.1
kN. As shown in the figure, the lateral deflection of the composite pile below a depth of seven
meters is approximately zero indicating that the pile is fully fixed in the ground below this depth.
Besides, it can be noticed that a slight stiffening occurred in the response between the second and
third loading cycle (i.e., between the 80.1 kN and the 93.4 kN). This stiffening may be related to
the soil failure that occurred in the top portion of the pile (i.e., in the top 3 meters) as the passive
capacity of the soil was exceeded during the second loading cycle whereas the lower part is still
not yielded (below - 3 meters). Also, the pile appeared to form a hinge at a depth of about 5 m, as
can be noticed, particularly from the performance of the last two load cycles as the surrounding

soil started to yield. For example, as the maximum load from the second to the third cycles
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increased by approximately 17% the lateral deflection increased by about 17% (i.e., from 16.1 to
18.9 mm), whereas, after the supporting soil yielded, the deflection increased by almost 80 % as
the maximum load increased by only 29% between the third and fourth loading cycles. It can be
seen from Fig. 5 that there is a good agreement between the developed model predictions and the
experimental data, and that the developed model is capable of simulating the pile and soil behaviors
adequately. As a result, the developed model can be used to perform parametric studies, as

described below.

Parametric Study

The effect of different model parameters including height-to-diameter ratio of specimens, FRP
tube thickness, concrete strength and surrounding soil was investigated on the moment, shear, axial
curves as well as lateral deflection and FRP and soil stresses of composite piles along the depth

under a 100 kN of applied load.

Effect of length/diameter ratio
As shown in Fig. 6, three different length/diameter (L/D) ratios: 15, 20, and 25, were used in the
proposed model to investigate the effect of geometry on the lateral deformation of composite piles
under a constant lateral load of 100 kN. A constant composite pile length (L) of 13.1 m was
assumed, while the diameter (D) was changed in order to compare the results. As can be seen in
the figure, the greater the L/D ratio at a certain depth, the greater the lateral deflection of the
composite pile.

The proposed model was used to examine the effect of the length/diameter (L/D) ratio of

CFFT piles on the bending moment, shear force, axial load, and axial tensile stress of the FRP
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tube, and on the lateral deformation plotted against the normalized depth (Z/D). The results of the
corresponding parametric study are shown in Fig. 6. It can be seen that an increase in D (i.e., a
decrease in L/D) results in an increased maximum moment, shear force and axial load for the CFFT
pile. Moreover, the normalized depth at which the maximum moment occurs decreases with lower
L/D values. The bending capacity of CFFT piles with a diameter of 0.62 m is reported to be
approximately 502 kN.m (Fam and Rizkalla 2001a). Higher shear force and axial load values were
obtained for composite piles with lower L/D ratios, as shown in Fig. 6 (e) and (f). In addition, Fig.
6 (b) shows an increase in the FRP axial tensile stress at the extreme tension fiber with a higher
L/D ratio, although the trend was not consistent. Stresses exceeding 250 MPa were not considered
as zero, due to the brittle mechanical behavior of FRP laminates. In Fig. 6 (a), the effect of L/D
values on lateral deflection is depicted. Fig. 6 (c) shows that an increasing L/D ratio also results in

greater stresses in the soil.

Effect of FRP tube thickness

To determine the effect of FRP thickness (t) on the mechanical behavior of CFFT piles, different
FRP thicknesses, including 5, 7, and 9 mm, were studied. In addition to providing better passive
confining pressure for the CFFT piles, a thicker FRP layer also reduces the lateral pile deformation
due to the greater strength of the composite material. The maximum lateral CFFT pile deflections
obtained at ground level were 28.4 and 27.8 cm, for FRP thicknesses of 9 and 5 mm, respectively.
Increasing the thickness of the FRP laminate also resulted in a small increase (1-3%) in the
maximum FRP tensile stress, and in the maximum soil compressive stress. Moreover, a five
percent increase in the maximum CFFT pile moment was obtained by increasing the FRP thickness

from 5 to 9 mm. The maximum shear along the length of the composite pile was not noticeably
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affected by the change in thickness. Therefore, in the parametric study the effect of FRP thickness

was not found to be significant with regard to CFFT pile mechanical properties.

Effect of concrete strength

To evaluate the effect of concrete strength on the maximum lateral deflection, maximum moment,
maximum lateral soil compressive stress, and maximum axial FRP stress, six different concrete
strength values, ranging from 0 to 55 MPa, were used with lateral loads of 12, 50 and 100 kN. The
corresponding graphs are presented in Fig. 7. With a lateral load of 100 kN, for concrete strengths
of 30, 40 and 50 MPa, the maximum CFFT pile lateral deflections at the soil surface were found
to be 32.7, 29.5 and 27.3 cm, respectively. Increasing the concrete strength from 25 to 55 MPa
decreased the maximum axial FRP stress and the maximum moment by 14% to 15% and resulted
in a five percent reduction in the maximum lateral compressive soil stress. It should be noted that
the effect of different concrete strengths is more noticeable in the graphs than that of FRP
thickness.

The small degree of influence may be due to the fact that elastic properties were mainly
affected, and the plastic properties of concrete were not the primary factor in controlling the results.
It should be mentioned that in most cases concrete strengths less than 25 MPa were not used,
because these resulted in rupturing of the FRP tube. Hence, the effects of concrete strengths less
than 25 MPa were investigated only under a small lateral load of 12 kN, as illustrated in Fig. 7.
For a lateral load of 100 kN, with greater concrete strengths, the maximum lateral CFFT pile
deflection was reduced by approximately 18%, while the maximum FRP and soil stress decreased
by approximately 20%. In Fig. 7 (b), in the 100 kN curve the maximum moment exhibits a

reduction of almost ten percent.
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Effect of surrounding soil

The effect of soil type was investigated by using the numerical results for three different soil types,
as shown in Fig. 8. The elastic moduli of the loose, medium, and dense sand used in this parametric
study were 10, 30, and 60 MPa, respectively. The friction angle (¢) values related to the Mohr-
Coulomb failure criterion were 32°, 36°, and 40° for loose, medium, and dense sand, respectively.
As shown in Fig. 8 (a), the maximum lateral deflections of loose, medium, and dense sand were
26.9, 29.5, and 32 cm, respectively. As can be seen in Fig. 8 (b), denser surrounding soil decreased
the maximum FRP axial stress by 17.4%. Similarly, the maximum moment was reduced by
approximately 17%, as shown in Fig. 8 (d). Fig. 8 (c) shows that the maximum soil stress decreased
by approximately 7%. Furthermore, the shear and axial load were reduced by nearly 6% to 8%, as
seen in Fig. 8 (e) and (f). Thus, it can be concluded the effect of soil type is more noticeable than
that of other parameters such as concrete strength, FRP thickness and pile diameter. Cohesionless
soil such as sand collapses and flows with the composite pile upon reaching an active state, as the
pile is laterally loaded. Thus, the gap in the interface is negligible in comparison to the pile
displacement. Likewise, the change in soil stress during pile driving is negligible in comparison to
changes in soil stress due to lateral loading of the composite pile (Achmus et al. 2009). For this

reason, the effect of pile installation is ignored in the model.

Effect of load eccentricity
To obtain the normalized form of load eccentricity from the soil surface, the ratio of the height of
the pile above the ground (h) to the embedded length of the pile in the soil (Ls) was considered to

be the load eccentricity (e), as shown in Fig. 9. The effect of the applied load eccentricity (e) on
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the maximum lateral deflection, maximum moment, maximum lateral soil stress, and maximum
axial FRP stress was investigated. The results are presented in Fig. 10. It can be seen that increasing
the load eccentricity from 0 to 0.3 results in a much greater increase in maximum lateral deflection
and maximum moment for a lateral load of 100 kN, than for a lateral load of 12 kN. However, a
lower rate of increase is seen in the maximum lateral soil stress and maximum axial FRP stress,
due to the fact that the greater the height of the pile above ground level, the more FRP local
buckling occurs in the pile. Thus, for lower values of load eccentricity, as illustrated in Fig. 10,
increases in lateral load have a noticeable effect on the results; however, as higher load eccentricity

values are reached, with greater above-ground pile lengths, failure is controlled by local buckling.

Local buckling of hollow FRP pile

Introducing the FRP tube values obtained by Fam et al. (2003b) into Eq. 7 yields 6;,4=161.4 MPa,
which is greater than 6,=120.2 MPa at the ground surface. In this case, local buckling at ground
level is not the controlling factor for hollow FRP tube or CFFT pile failure. However, introducing
the pile values into Eq. 8 yields oe,cr=1.29 MPa, whereas based on the values shown in the graphs
06=27.81 kPa. In this case, local buckling will control failure under combined loading at the level

of maximum FRP stress. This can be estimated by using Eq. 9, as follows:

2 2
Cze:( % J { % ] ~1.49>1 (13)
Gz,cr Ge,cr

Table 2 shows local buckling factor (C,e) values corresponding to different L/D ratios and FRP

thicknesses (t). It can be seen that a pile with L/D=15 is very susceptible to local buckling, whereas
FRP tubes with L/D=25 or a wall thickness of 9 mm are not subject to buckling. It should be noted

that these values are overestimated for pure bending since not all of the cross-section is under
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maximum compression. Furthermore, adding a low-strength internal material such as concrete
with aggregates partially replaced by tire-derived aggregates (TDA) may prevent local pile
buckling, providing a cost-effective and environment-friendly solution. Further research is needed
to investigate the local buckling of FRP piles filled with other low-strength materials in addition

to concrete.

Conclusion
In this research, a novel numerical model was developed to predict the behavior of concrete-filled
FRP tube (CFFT) piles interacting with a soil foundation under lateral loading conditions. The
model, based on nonlinear finite element analysis (NFEA) and the disturbed state concept (DSC),
is a damage model that considers material and geometrical nonlinearity in addition to the interface
of soil and FRP. A case study of a highway bridge on route 40 in Virginia was used to verify the
model. Furthermore, a comprehensive parametric study was conducted to investigate the effect on
CFFT pile behavior of the pile length to diameter ratio, FRP thickness, concrete strength, and soil
strength. Different concrete strengths, including 32, 41, and 55 MPa, were considered with100 kN
lateral loading. To examine the behavior of a hollow tube (having zero concrete strength) without
failure, a 10 kN horizontal load was applied to the pile. The following conclusions can be drawn
from this research:
e The slenderness of CFFT piles has a significant effect on their mechanical behavior. For
example, decreasing the L/D ratio from 25 to 15 resulted in an 18% increase in the

maximum moment.
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e FRP thickness was found to be the least significant parameter in the parametric study. For
instance, increasing the thickness from 5 to 9 mm resulted in only a five percent increase
in the maximum moment of a CFFT pile.

e With a lateral load of 100 kN, decreasing the concrete strength from 55 to 25 MPa resulted
in a 15% increase in the maximum moment of a CFFT pile. Furthermore, with an applied
load of 10 kN, a 10% increase in the maximum moment was obtained by reducing the
concrete strength from 20 to 0 MPa.

e In a parametric study of surrounding soil, dense sand with a friction angle of 40° resulted
in a maximum moment 17% greater than that found for loose sand with a friction angle of
32°,

e Local buckling is a major controlling factor for FRP tubes at the maximum FRP stress level
rather than at the ground surface. To address this issue, a low-strength internal material

could be used to prevent local buckling of the pile.
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Table 1. Mechanical parameters used in the proposed model.

Soil
Parameter | Concrete Sandl Sand2 Sand3 Clay FRP
Elasticity E(MPa) | 30241 | 932 1520 1812 8.15 | 15,162
\ 0.2 029  0.29 029 03 | 032
Plasticity (MPa) 6.43 0.1 0.1 0.1 5.0 -
¢ (deg) 55.51 340 380 420 29.0 -

Table 2. Local buckling factor (C.) values corresponding to different L/D ratios and FRP

thicknesses (t).

L/D t (mm)
Depth 15 20 255 7 9
Ground level 15 07 04|07 04 0.2
Maximum FRP stress | 40 19 11|19 10 0.7
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Fig 1. Schematic representation of DSC damage model based on the concept by Desai (2001)
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Fig. 3. Schematic representation of mesh generated for the interface of concrete, FRP laminate

and soil in the proposed model
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Fig. 6. Effect of the length/diameter (L/D) ratio on CFFT pile behavior, with a lateral load of 100
kN: (a) lateral deflection, (b) FRP axial tensile stress at the extreme tension fiber, (c) soil

compressive stress, (d) bending moment, (e) shear force, and (f) axial load
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deflection, (b) FRP axial tensile stress at the extreme tension fiber, (c) soil compressive stress,

(d) bending moment, (e) shear force, and (f) axial load
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