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Abstract

Fiber-reinforced polymer (FRP) rods fabricated from unidirectional fibers and a polymer
matrix strengthen effectively reinforced concrete (RC) members. The pultrusion is a production
method of FRP rod. The FRP rods show various advantages, such as light and no-corrosion. Most
FRP rods have higher tensile strength than standard steel bars. Therefore, the FRP rods can be used
as an alternative reinforcement of steel bars in RC structures. In addition, FRP rods can be applied
in near-surface mounted (NSM) systems for strengthening existing concrete structures. The tensile
properties of FRP rods in adhesively bonded anchorages are expected to be studied in detail.
Numerous experimental studies were conducted on FRP rods made of glass, carbon, aramid, or
basalt fibers. The previous studies have reported that the tensile properties of FRP rods are affected
by the shear-lag effect. However, these studies referred to the tensile failure, the shear-lag effect of
FRP rods as a phenomenon without a mechanical explanation. Moreover, the effects of mechanical
properties of fibers, matrix, fiber-matrix interface on FRP rod properties have not been investigated

in detail.

To quantify factors affecting the tensile properties of FRP rods, this study performed a
numerical investigation on aramid FRP rods to assess the shear-lag effect, tensile load-capacity,
and tensile strength. In addition, the effects of fiber, matrix, and fiber-matrix interface on the
behavior of FRP material in three dimensions were demonstrated by micro-models. Firstly, two
representative volume element (RVE) models of fibers and matrix were proposed to predict
engineering constants and strengths of the FRP material in three dimensions. Based on the
predicted strength, the criteria were designed. Then, the main simulation, including the FRP rod,
the filling material, and the steel tube, was carried out to analyze FRP rods under the variation of
interfacial conditions between materials, including full-bonding strength and partiallybonding
strength models. In the partially-bonding strength model, the interfaces between materials were
simulated as cohesive zone models with the variation of bond strengths and fracture energy release

rate.

A technique called submodeling was applied to enhance the simulation results. The submodel
was cut from the main simulation model and only applied to simulate FRP rods with finer meshes.
The study proposed a procedure for calculating the stress distribution in any cross-section of an
FRP rod. The simulation results agreed well with the previous experimental study. The findings

clearly indicated the position of the failure section in which the tensile stress distribution is unequal.
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The load-capacity, failure modes, shear-lag effect were predicted based on the maximum stress
criterion. The results revealed that the FRP material strengths enforce the failure in two modes
associated with the transverse and longitudinal directions of FRP rods. In addition, diameter is a
significant factor that increases the shear-lag effect and reduces the tensile strength of the FRP rods.
The numerical simulation provided a new method to predict the load-capacity of FRP rods. The

study consists of 6 chapters. Outline of the chapter was presented as follows:

Chapter 1 introduces about kinds of FRP rods and their application in civil engineering. The
chapter shows the research objects, the gaps in composite studies, and the scopes of the present

research.

Chapter 2 summrizes the review of previous studies related to the theoretical studies of the
composite materials. The chapter reveales the gap of theory. In addition, the study compares the
advantages and disadvantages of previous studies and proposes methods and models for the present

study.

Chapter 3 presents the simulations of the representative volume element (RVE) models to
determine the mechanical properties and strengths of composite materials. The study investigates
the effects of the fiber properties and fiber-matrix interface on composite mechanical properties in
detail. The RVE-1 model was employed to predict engineering constants of the FRP material. The

RVE-2 was applied to predict the tensile and shear strengths in three dimensions.

Chapter 4 shows the numerical simulations of the FRP rod tensile tests with various cases of
the materials in Chapter 3. The models are built in two cases of the interface between the FRP rod
and filling material: full-bonding and partially-bonding strengths. In the case of the full-bonding
strength, three models are built with three hypotheses of FRP rod material. Three models, A, B,
and C, were proposed to demonstrate the effect of fiber properties on FRP properties. Model A was
built based on the hypothesis that the FRP rod is made of transversely isotropic fibers. Model B
was made to simulate with an FRP rod of isotropic fibers. Model C assumes the FRP rod as an
isotropic material. In the case of the partially-bonding strength, the study models various interface
cases between the FRP rod and the filling materials to investigate the bonding effects. The proposed

models were applied to simulate FRP rods from D3 to D8 to analyze the diameter effect.

In Chapter 5, the difference between the proposed models was discussed to show the
advantages and disadvantages of each model. Firstly, the study compared models (A, B, and C) to
highlight the effect of fiber properties on FRP rods. Secondly, the study compared the partially-

bonding strength and full-bonding strength models to investigate the bonding effects on the tensile
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properties of FRP rods. Moreover, the chapter illustrates the existence of the shear-lag effect and

demonstrates the diameter effect on tensile strength in FRP rods.

Chapter 6 summarizes the novel findings and research significance of the study. In addition,

recommendations for future works were also presented.
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Chapter 1. Introduction
1.1. Background

Fiber-reinforced polymer (FRP) materials are the combinations of fibers (e.g., carbon, glass,
aramid, basalt,...) with matrix materials such as epoxies or vinyl esters. FRPs have been widely
used in various engineering applications. Figure 1.1 shows the global market and applications of
FRPs, with about 21% for construction [1]. The applications in civil engineer include three main
areas: 1) replacing the role of traditional materials (steel, concrete, wood,...) in the structural
design; 2) combining with traditional materials in design new structures; 3) strengthening current

structures.

Corrosion
Resistance
equipment, 11.8%

Electrical/Electronic
. 10.0%

Apphiance/B

/

Construction _/ : \
2() 8%, | ransportation,
3 H%u

Figure 1.1. Markets and applications of FRP materials [1].

In reinforced-structure applications, three common shapes of the FRPs offered by
manufacturers are sheets, cables (tendons), and rods [2]. Four well-known fabricating processes of
FRP in civil engineering are filament winding, pultrusion, vacuum compaction processes, matched
mold processes. The pultrusion process is the most simple method used in producing rods, tendons,

and sheets with unlimited length. Figure 1.2 shows the processes of a pultrusion method.



Figure 1.2. Pultrussion method [3].

Most FRPs show higher tensile strength and lower Young’s modulus than conventional steel.
In steel structures, the FRPs are often used for strengthening steel structures. The common shape
of FRP in this strengthening system is sheets (strips). Zhao et al. [4] showed bond tests and
applications of FRP sheets for strengthening steel hollow section members. Schnerch [5] proposed
a guide to design strengthening systems on steel structures. Moreover, the effectiveness FRPs in

steel structures was studied under fatigue and instability conditions [6—8].

The applications of FRPs in concrete structures are more popular than those in steel structures.
All three FRP shapes (sheet, bar, and tendon) are used in concrete structures. The FRP tendons
could play the role of steel cables in the prestressed systems [9—13]. The FRP bars are used as steel
rebars in concrete structures or as strengthening materials in near-surface mounted (NSM) systems
[14-24]. The FRP plates are generally used in externally bonded systems [25-30]. The design of
concrete structures strengthened with FRP materials has been guided in some codes such as ACI

PRC-440.1-15 [31], CEB-FIP 40 [32], and ACI 440.2R-08 [33].

The FRP bars are more popular than the other shapes. FRP bars include many shapes of the
cross-sections, as shown in Figure 1.3. The general shape of the FRP bars is the round section
called FRP rods. The shape of FRP rods is similar to that of steel rebars. In engineering structures,
FRP rods are often used to enhance the load-carrying capacity of concrete structures subjected to
tensile shear forces or bending moments. Hence, the load-capacity of FRP rods under tension is a
significant factor. Moreover, the tensile behavior of the FRP rods needs to be studied in detail.

2



Figure 1.3. Pultrussion FRP bars [19].

The properties of FRP rods depend on the quality of constituting materials, fiber orientation,

1.2. Research objectives

and volume fraction. The matrix in FRP rods shows the isotropic property. However, the fibers in
FRP rods present various properties, such as the isotropic behavior (glass fibers) and transversely
isotropic behavior (carbon and aramid fibers). Many tests on FRP rods made of a similar fiber
volume fraction showed that the apparent tensile strength decreases with the diameter increase [34—
36]. Some studies [37—43] indicated that the shear-lag effect reduces the tensile strength of FRP
rods. It is due to the fact that the shear-lag causes unequal tensile stress distribution on the cross-
section, with higher values at outer and lower ones at inner areas. However, a reasonable procedure
for predicting the axial tensile stress distribution in the cross-section has not been proposed yet.
The stress distribution is a factor to assess the failure of FRP rods. In addition, it is unclear how the
transversely isotropic properties of FRP rods and such fibers (aramid and carbon) are collected and

evaluated. Consequently, the behavior of FRP rods in the tensile models has been limited.



A numerical model of the FRP rods under tension was suggested for the bonded anchorage
carbon FRP tendons [44]. However, this study only focused on analyzing the bond performance of
the filling material. In addition, it is inappropriate to assume carbon FRP rods as isotropic materials.
It should be noted that FRP rods could directly connect to concrete or via an adhesive. Therefore,
in general, the tensile behavior of FRP rods depends on many factors, such as FRP materials,
adhesives, and bond interfaces. To quantify the failure of FRP rods in detail, the present study
employed two three-dimensional (3D) models of FRP rods under tensile forces. The first numerical
model of the FRP rod assumed the full-bonding at the interface between FRP rods and the filling
material [45]. The second numerical model considered the effect of the interfaces (FRP rod-epoxy

and epoxy-steel tube) on the failure of FRP rods.

1.3. Scopes of the research

The study aims to demonstrate the failure properties of FRP rods under various potential
conditions. Two finite element (FE) models for a tensile test of the FRP rod in a bond joint were
developed. The reference fiber material is aramid FRP (AFRP). The AFRP rod is embedded at the
center of the steel tube filled with a high-performance epoxy resin. The properties of interfaces
(FRP rod-epoxy and epoxy-steel tube) are varied to evaluate the interfacial bonding effect. A
technique called the sub-modeling method was used to enhance the accuracy of the results.
Furthermore, the study proposes representative volume element (RVE) models to predict the
mechanical properties and failure criteria of the FRP material. The effect of transversely isotropic
properties of fibers on the stiffness of FRP rods was considered in RVE models. Finally, the FE
models are applied to various diameters (3, 4, 6, and 8 mm) to quantify the diameter effect. The
relationship of failure modes, the shear-lag effect, and the load-capacity of FRP rods is illustrated

in detail. The following issues are addressed in detail:

1. The transversely isotropic properties of FRP rods from original materials were determined

by using RVE models.
2. The failure criteria of the FRP material were estimated to assess the failure of FRP rods.

3. Two models (full-bonding strength and partially-bonding strength) relating to the effect of

the interfaces were presented to investigate the failure of FRP rods.

4. The relationship of failure modes, the shear-lag effect, and the load-capacity of FRP rods

was illustrated in each case of the interfacial bond.

5. The model in this study can be applied to predict the load-capacity of FRP rod in tension.
4



1.4. Outline

Chapter 1: This is the introduction section of the knowledge of the tensile behavior of FRP
rods. The section also shows the limitations of previous studies and the purpose of the present study.

In addition, the chapter shows the scope of the present study and the layout of the thesis.

Chapter 2: This is the literature review of previous researches. The section highlights the

gaps in previous studies and proposes models and theories for the present study.

Chapter 3: This chapter shows numerical models to predict the transversely isotropic
properties of FRP material. In addition, the failure criteria of the FRP material are determined. The

tensile properties of the composite material were investigated in the transverse direction.

Chapter 4: This chapter shows numerical models under tensile forces in two cases of the
interfacial bond between FRP rods and filling materials. Two models, A and B, were proposed to
investigate the fiber effect on the composite properties. The failure modes and shear-lag effects of

FRP rods were studied in detail.

Chapter 5: This chapter shows the discussion about the fiber-properties effects and the bond
effects on the longitudinal tensile properties of FRP rods. The shear-lag effect was compared in

two cases of the interfacial bond between the FRP rod and filling material.

Chapter 6: This chapter summarized the significant findings and gave a final judgment on

them. In addition, the chapter suggests future works and limitations.



Chapter 2. Literature review

The properties of FRP rods depend on the quality of constituting materials, fiber
orientation, and fiber volume fraction. Modeling all fibers and the matrix in a composite
structure is a challenge due to the small sizes of fibers. A simple rule is to consider
heterogeneous materials as equivalent homogeneous materials with approximate

mechanical properties, as shown in

Figure 2.1. FRP rods are unidirectional (UD) fiber-reinforced composites.
Therefore, the FRP rods show properties of transversely isotropic materials. Prediction of
engineering elastic constants helps to assess the FRP rod behaviors under tensile loading.

Moreover, the strength of FRP materials should be considered in the failure of FRP rods.

The properties of interfaces (FRP rod-epoxy and epoxy-steel tube) are varied to
evaluate the interfacial bonding effects. The interfaces are modeled as cohesive zone
models in case of partially-bonding strength. The accuracy of results was enhanced by
modeling the FRP rods with finer meshes. The sub-modeling method was applied to
interpolate the boundary conditions of FRP rod models from the entire models of tensile

tests.

(a) heterogeneous material

Figure 2.1. Micromechanics process [46].



2.1. Determining properties of FRP rods

Figure 2.2 shows the tensile properties of fibers, a matrix, and their composition.
The tensile strengths of the fibers are significantly higher than that of the matrix. However,
the ultimate tensile strain of the matrix is much higher than that of the fibers. The failure

strain of an FRP composite is assumed to be the ultimate strain of fibers.

Stress,
(MPa) fibers
1800-490G
600-300%+ composite
matrix
34-130¢

»
>

0.4-4.8%  >10% Strain(%)

Figure 2.2. Stress-strain relationships of fibrous reinforcement and matrix [47].

This study focused on AFRP rods made of unidirectional fibers and a matrix by the
pultrusion method. Both AFRP rods and aramid fibers exhibit transversely isotropic
properties. The transversely isotropic material follows restrictions on engineering

constants in Eq. (1). Hook’s law of the transversely isotropic materials was introduced in

Equation (1)
o1 Ci1 Ci2 Cip 0 0 07 &
ep) Ciz Coa (a3 0 0 0f]e&
o3| _[Ciz Ca3 Cp 0 0 0})& (1)
a0 0 0 (Cup-0Cy/2 0 0%
os 0 0 0 0 Cee 0|7
o) Lo o o 0 0 Coel Yo



Engineering elastic constants include Young’s moduli (E1, E2, E3), shear moduli
(G2, G13, G23), and Poisson’s ratios (vi2, vi3, w1, w31, W3, v2). The relations between
parameters follow Equation (2). The number 1 denotes the longitudinal direction of the

fibers. The numbers 2 and 3 indicate the transverse direction.

E, = E;
G2 = Eq3
Vizg = Vi3 (2)
Gyy =
B 7201+ vy)

The transversely isotropic material follows restrictions on engineering constants in

Equation (3).

Vij

ﬁ
E,  E

,E- 3
0< < El ,j=1.3;i#j )
]

A=T1—= vy — VazVap— V31 Vi3 — 2Vp V35 V13 > 0

Experiments to examine the properties of FRP materials are always a big challenge
due to the small sizes of fibers. To determine the properties of FRP material, all
engineering constants have to be predicted to define each value C;; in Equation (1). Many
methods could be applied to find engineering constants and listed in two groups: the rule
of mixture formulas and numerical models. The theory of the prediction methods is based
on the analysis of micromechanics using the representative volume elements (RVEs). The
shape of an RVE model depends on the fiber volume fraction and fiber distribution, as

shown in Figure 2.3.



Figure 2.3. Typical representative volume elements (RVE) for (a) rectangular

packing array and (b) hexagonal packing array [46].

2.1.1. Methods based on the rule of mixture formulas

This method assumes fibers and the matrix as isotropic materials in the RVE model.
Figure 2.4 shows an RVE model under tension in the longitudinal direction. The model

assumes a perfect bond between fibers and the matrix.

_ Poisson Effect

Figure 2.4. RVE subjected to longitudinal uniform strain [46].

Barbero [46] presented Equation (4) to calculate the longitudinal modulus E;. The

equation follows the rule of mixtures with fiber ratio V; and matrix ratio V,,. The



longitudinal modulus E; was estimated from the modulus of fibers E and modulus of
matrix Ey,. The value Ey,, is much lower than Ef. It means that the longitudinal modulus

mainly depend on the modulus of fibers.

Ey = EfV; + EpVpn )

The transverse modulus is predicted from the RVE model under transverse tension,
as shown in Figure 2.5. Equation (5) was used to find the transverse modulus. However,
this equation underestimated the actual value of the transverse modulus E,. Barbero [46]

indicated that the Equation (5) should not be utilized for designing composite structures.

Figure 2.5. RVE subjected to transverse uniform stress [46].

E.E
f
Ea =5 +n1:1V (%)
Vm + EmVy

Halpin-Tsai [48] proposed a better equation as follow:
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& _Emll—ﬂvfl
(6)
n= (Ef/Em) —1
(Ef/Em) +<

where {'is an empirical parameter. However, it is quite complicated to determine the

value ¢

a) In-plane shear G, (b) Intralaminar s

Figure 2.6. Models to determine the shear moduli [46].

The shear moduli include the in-plane shear and intralaminar shear, as shown in

Figure 2.6. The prediction of in-plane shear modulus follows Equation (7) [46].
Equation (7) based fiber-matrix volume fraction is quite simple. However, it is not an

accurate equation.

G
i (7)
Vin + VG /Gy

Gz = Gi3 =

Barbero [46] presented a much accurate equation for in-plane shear modulus and

intralaminar shear modulus, as follows:

11



Ve(1 = Gm/Gy)
Gm/Gr + S3(1+Vp)(1 — Gn/Gy)

S3 =0.49247 — 0.47603V; — 0.02748Vf2

G12 =613=Gm 1+

8
Vf+774(1_Vf) ®
023 = Gm
n,(1 = V) + V;Gp /Gy
T+ = 74 = )

Predicting the Poisson ratios from an RVE model is a big challenge. Barbero [46]
showed a simple equation based on the rule of mixtures. The in-plane Poisson ratio was

calculated as follows:

Vig = Vi3 = ViV + vV 9)

All equations introduced above are the most simple method to predict the engineer
constants of an equivalent homogeneous material from an RVE model. However, Barbero
[46] did not show an equation to find the Poisson ratio 1,3. Another method uses the
periodic microstructure model (PMM). Barbero [46,49] indicated that this method could
predict all engineering constants of the transversely isotropic material. The predicted
results using the PMM method fit experimental results in the cases of isotropic fibers,
such as glass and basalt. However, this method is unsuitable for applying to composites

of transversely isotropic fibers, such as carbon and aramid.

2.1.2. Methods based on the numerical models

RVE modeling is an effective method to find the mechanical properties. Sun and
Vaidya [50] employed two numerical RVE models based on the hypothesis of the square
and hexagonal distributions of fibers, as shown in Figure 2.7. The method in this study
was compared with methods using the energy balance approach [51] and the mechanical
approach [51-52]. The results demonstrated that RVE model methods are more effective

than predicting engineering constants of unidirectional (UD) FRP materials.

12
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| —

. matrix

Square Array Hexagonal Array

Figure 2.7. RVE models of square and hexagonal array distributions [50].

Barbero [49] employed a hexagonal RVE model into ANSYS software [54] to
predict the FRP material properties. Figure 2.8 shows the details and sizes of the RVE
model. The interfaces between fibers and the matrix are perfect. The material properties
of fibers and matrix are assumed as linear. Equation (10) shows the relationship between

the three-dimension (3D) sizes of an RVE model.

a, =a,/4
as = aztan(600)
2 (10)
3 ndf /2
r- 2a,2a5

The basic theory of this method is using the averaging method. The relationship

between average stress-strain in the RVE-1 model is assumed as follow:

Gu = Coplp (11)

where G, and zj are the average stress and strain, respectively. Values are calculated over
the total volume of the RVE model. The coefficients («, f= 1- 6) are contracted notation
to indicate six following components of stress and strain. Cqp is the stiffness tensor

members in Equation (1).

13



Hexagonal distribution
Fibers

Figure 2.8. Hexagonal array RVE model.

Luciano et al. [55] demonstrated the relationship between displacements of edges

and strains of the RVE model, as shown in Equation (12).

—a,<x,<a
_ 0 25X =0
ui(ay, xz,%3) — ui(—ay, X, x3) = 2a,8;; {_a3 < x5 < as
—a; < X < ayq)
— 0 1="1-=""1
u; (X1, Az, x3) — u;(x1, =0z, x3) = 20,85 {—a3 <x, <a,) (12)
—a; < x; < a4)
— 0 1="1—="1
u; (X1, X2, a3) — u;(x1, X2, —az) = 2aze;3 {_az <, <ay

where u; and 8?]- are the applied displacement on each edge and applied strain of the

RVE model, respectively. In addition, 2a; 8?]- indicates the total displacement over

length 24; to enforce a strain 5%.
The theory assumes continuity inside the RVE model. It means that there are no

voids and cracks. The applied strain g?j denotes the average strain of volume &
-1 0 _ =
g =y ) adV =& =% (13)
14
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where i, j = 1-3 is contracted notation. The relationship between i, j and e, S follows the

rule in Equation (14):

o f=i ifi=j

o f=9—i—] ifi#] (14)

By setting a unit value for the applied strain in Equation (11) with = 1-6, the RVE
model is subjected to six components of strain. The computation is conducted with each

of the cases. The stiffness tensor C,p could be determined from Equation (15).
— 1 -
Cop =0y = ;fv 0, (X1, %, x3)dV with =1 (15)

Barbero [49] reported a numerical simulation of the RVE model in ANSYS to find
all components of the stiffness tensor Cyp. In addition, the study showed a procedure for
calculating all engineering constants of the transversely isotropic material via tensor

components in Equation (16):

Ey = Ciq — 2C1,/(Caz + Cp3)
E, = E3 = [C11(Caz + Cp3) — 2CH] (Cp — C33)/(C11Cyp — Cfy)
Gy = G13 = Cgg
Gz = Caa = (Cyp — Cp3)/2
Vip = Vi3 = C12/(Cap + Cp3)
Vaz = (C11Cp3 — sz)/(cnczz - C122)

(16)

where E, G, and v denote Young’s modulus, shear modulus, and Poisson’s ratio,
respectively. The index numbers in these notations include 1 for the longitudinal direction

of fibers, 2 and 3 for transverse directions of fibers, respectively.

A significant advantage of this method is simple for calculation. Although the
formulae are currently more popular for predicting engineering constants in composite
practice designs, the methods are less accurate than the numerical RVE model methods.
In addition, the second advantage of using computer simulations is that it allows
investigation for various cases of fibers, such as isotropic or transversely isotropic

properties. Therefore, the numerical RVE model methods adapt the properties of aramid
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composites in this study. The present study enhanced the RVE model developed by
Barbero [49] with transversely isotropic properties of fibers. The model was named RVE-

1 used in predicting engineering constants of FRP rods.

2.2. Failure criterion and strengths of FRP materials

The application of failure criteria for predicting damage of UD composites is
complicated due to complex failure behavior. Cui ef al. [56] compared many stress-based
criteria in predicting delamination. The stress-based criteria include interactive criteria
(Tsai-Hill [57], Tsai-Wu [58], and Hashin-Rotem [59,60]) and non-interactive criteria
(the maximum stress and strain criteria). Cui et al. [56] showed that the interactive criteria
are better than the non-interactive criteria. However, these criteria are based on the
combination of various stresses. Therefore, it is difficult to use the interactive criteria for

predicting failure modes.

The fiber angle formed by fibers and force directions is an important factor affecting
the utilization of criteria. Vasiliev and Morozov [61] indicated that the maximum stress
criterion is consistent with experimental results when the fiber angle is close to 0° and
90°. With respect to the fibers angle 0° in the present study, the maximum stress criterion
was employed to predict the failure of FRP rods. Furthermore, the advantage of the
maximum stress criterion is able to identify failure modes which the interactive criterion

can not do.

The ratio between stress and strength was calculated in each direction, which is
shown in Equation (17). As specified in the FRP rod models, three axes include 1 fiber
direction, 2 radius direction, and 3 rotation angle « direction. The failure index is the
maximum value of stress-strength ratios. The failure will occur when the failure index

IF=1'

(F1c/F1cf or Fi/Fief
FZC/FZCf or th/Fth
F3C/F3cf or F3t/F3tf

|Fi2|/Fiop
|Fi3l/Fisp
|Fo51/Fasr

Ir = max <

(17)
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where [ is the failure index. Fiic, F2c, F3c denote the compressive stress in three directions.
Fu, Fa, F3 denote the tensile stress in three directions. The other notations denote

strengths in 3D models.

Strength is determined when failure initially occurs in structures. Therefore,
strength is one of the criteria to assess the damage in structures. The strength of composite
structures is more complicated than that of traditional materials like steel and aluminum.
There are a variety of failure modes, including fiber breaking, matrix crazing, fiber-matrix
interface debonding, delamination, ...[46]. Determining strength values in Equation (17)
helps to identify the failure of FRP materials. The present study investigated the tensile
behavior of FRP rods. Therefore, the authors focused on the tensile strength (F 5, Fyy,

F3¢f) and shear strength (Fy5f, Fi35, Fozp).

2.2.1. Prediction strengths by formulas

Determining all strength values in Equation (17) is difficult. It requires a lot of
information about fibers and the matrix in the composite. Barbero [46] introduced the
longitudinal tensile strength Fy;; and transverse tensile strength F,;r of UD composites

in Equations (18) and (19), respectively.

Em (18)

O-:n = Fft
Ef

where Fy; is the tensile strength of the fibers. oy, is the stress of the matrix at failure time.

Ey, and Er are moduli of the matrix and fibers, respectively.

Forp = FipeCy [1 + (v = JVp) (1 B i_?)]

4V
C,=1—- |—2—

(1 = Vy)

(19)



where F,,; is tensile strength of the matrix. E7 is the transverse modulus of the fibers. I},
is the void volume fraction in composite. C, is an empirical parameter. Therefore, the

proper value of C, is unclear in the calculation.

Transverse strength also could be followed Equation (20) based on the transverse

modulus of the composite E, [46].

E
Faer = P Co(1 = V') 25 (20)
m
The in-plane shear strength of UD composites was determined as follows
(i,
Fipp = Fi3p = Fpe Gy, (1 + (v - ,/Vf)) (1 — G—A) (21)

where G,, and G, are the shear modulus of the matrix and the axial shear modulus of the
fibers, respectively.
The transverse shear strength F,3r was determined from the Mohr-Coulomb

criterion for UD composites under the transverse compression.

Fy35 = Fpepcosay(singy + cosapcot2ay) (22)

where F,3¢ is the transverse compressive strength of UD composites. Parameter ¢ the
angle of the fracture plane.

In addition, Barbero [46] introduced some formulas based on the fracture toughness
in modes I and II to predict the transverse tensile strength or shear strength. However,
these equations are complicated and require experimental values of fracture toughnesses.
Predicting the strengths of UD composites by formulas is simple. However, these
methods show many disadvantages, especially in predicting transverse tensile strength

and shear strength.
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2.2.2. Prediction strengths by RVE models

The hexagonal RVE model called RVE-1 in Figure 2.8 is inappropriate to predict
the strengths of FRP materials while it can be used for assessing other properties of FRP.
The primary reason is owing to unequal transverse-strengths in the X and Y directions.
Using 3D RVE models to predict the strengths of composite materials has been proposed
in some studies [62—66]. Asp et al. [62] conducted simulation models based on the fiber
distribution, including square array, hexagonal array, and square-diagonal array. The
study assumed the matrix as a linear material. In addition, the main weakness of this study

is that it ignored the effects of the interfacial bond between fibers and matrix.

Top

Left ~N N N o~ |Right

‘f_}.‘ L{ | 'B.,';mm..' S 5_.._

(a)
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(b)

Figure 2.9. RVE models: (a) 2D model [65], (b) 3D model [66].

Three studies [63—65] suggested the RVE models with the random distribution of
fibers. The bilinear CZM was applied to model the interfaces between fibers and matrix.
These studies highlighted the significant effect of the interfacial strengths on the
transverse strength of the RVE model. In addition, these authors indicated that contact
stiffness and interfacial fracture energy slightly affect the transverse tensile strength.

These studies assumed that the interfacial strengths (O‘?nax, Otnax) Were the same for both

modes I and II. The interfacial strengths varied from 15 to 90 MPa [63], 60 to 120 MPa
[64], 39.1 to 78.2 MPa [65]. Three previous studies used two-dimensional elements for
the numerical models. Such approaches, however, have failed to address the in-plane
shear strength of UD composites. Bhuiyan [66] proposed a 3D model to predict failure
strengths in UD composites. The study assumed that matrix and interface strengths are
similar, with a specified value of 80 MPa. The theory is inappropriate in considering the
failure of UD composite under transverse tension, as shown in Figure 2.10. The failure
firstly appears at the fiber-matrix interfaces where the normal interfacial strength o3}, 1S

smaller than matrix tensile strength.

Regarding the interfacial strengths, Yademellat et al. [67] and Floros et al. [68]
showed that the interface strengths were distinct in modes I and II. The interfacial normal

strength in these studies was 20 and 8.3 MPa, respectively [63, 64]. Indeed, the interfacial
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normal strength was much smaller than the interfacial tangential strength and matrix
tensile strength. Hence, the low interfacial normal strength for the RVE-2 model was

recommended in the present study.

Figure 2.10. Debonding at fiber-matrix interface and failure under transversal load

[69].

The present study proposed a new model, RVE-2, to predict the strengths of FRP

rod material, as shown in

Figure 2.11. The fiber distribution in the new model was assumed as a random
distribution. With respect to the effect of the interfacial normal strength, the present study
varied the strength ratio Ry from 10 to 25% where R, = ¢ /o>

max! Cresin 1S the ratio between

the interfacial normal strength o%,,,. and the tensile strength o,

—esin Of the vinyl ester resin.

The von Mises yield criterion was employed to predict the tensile strength of the RVE-2

models. The equivalent stress o. can be calculated as follow:

Ge = \]% [(c; —062)% + (6, — 63)% + (63 — 61)?] (23)

where o1, o2, and o3 are principal stresses of each matrix element.
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Furthermore, the displacement was applied on the boundaries of the RVE-2 models
in each case to find transverse, longitudinal, and shear strengths. In predicting transverse
and shear strengths, the failure occurs when the equivalent stress o, reaches the yield

stress o7,

resin

of the matrix. In predicting longitudinal strength, the failure of the RVE-2
models happens when the fiber strain peaks the ultimate strain of fibers. From this result,
the average strength in each case of the RVE-2 models will be calculated by the average

theory as follow:

1 5. Vi
- =—f o,dv = 2.0V (24)
vV

where G, is the average strength of the RVE-2 model under an applied displacement. o

and Vi are the stress and volume of the element i, in the RVE-2 model, respectively. V'is

the total volume of the RVE-2 model.

Matrix

Random distribution

Figure 2.11. Random distribution RVE model (RVE-2).

2.3. Cohesive zone model

Cohesive zone model (CZM) is an effective tool to simulate the delamination or

crack at an interface. The CZM model is based on the traction separation between contact
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stress (o) and contact gap (u), which is used for both modes I (normal separation) and 11
(tangential separation) of debonding. Basic CZM models were introduced in ANSYS

software [54], including the bilinear behavior model and exponential behavior model.

The exponential model was proposed by Xu and Needleman [70]. This model could
be applied to model the interface of each separated mode I or II. The major drawback of
this model is that the fracture energy is assumed the same in both modes I and II. The
bilinear cohesive zone model (CZM) proposed by Alfano and Crisfield is simpler than
the general exponential cohesive law [71]. The bilinear cohesive zone model (CZM) was
simulated as contact elements at the interfaces. Figure 2.12 shows the traction separation
between contact stress (o) and contact gap (u), which is used for both modes I (normal
separation) and II (tangential separation) of debonding. Each mode needs three
parameters such as contact stiffness K, maximum contact stress Omax, and maximum
contact gap uc to define the bilinear traction-separation law. Hence, the fracture energy
release rate could be calculated via the relationship Ge=(Omaxttc)/2. In this study, the
contact CZM model provided by ANSYS was employed with CONTA173 and
TARGE170 elements to simulate the interface bonding in two cases: fibers with vinyl

ester resin or the FRP rod and steel tube with the filling material).

Slope=Kt(1-dt)

Slope=Kn(1-dn)

Figure 2.12. Bilinear traction-separation law
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2.4. Model of FRP rods in bond-type anchorage system

A numerical model was proposed for FRP rods with sizes recommended by
standard ASTM D7205/D7205M-06 2016 [72]. Figure 2.13 shows details of a tensile test
of an FRP rod. The FRP rod should be aligned axially with the steel tube. The steel tube
sizes, including the bond length L, and outside diameter, were recommended in the
standard [72]. The free length L in Figure 2.13 (b) should be higher than 380 mm, nor 40
times the effective rod diameter. The minimum thickness of the steel tube and filling
material are 4.8 and 4.0 mm, respectively. In addition, the steel tube thickness is enough

to maintain tensile stress that is lower than the yielding strength.

[ ). Threaded plug for attachment to load head
(not used if anchor is placed in grips)
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Figure 2.13. Testing system in ASTM D7205/D7205M—06 (2016): (a) example
anchor details, (b) dimensions of test specimens and steel tubes, (c¢) example of the

attachment of anchor to grips or threaded collets [72].
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The tensile model of FRP rods in bond anchorage systems was introduced in
previous studies [44]. However, this study concentrated on the behavior of the filling
material. CFRP rods are transversely isotropic materials. However, Puigvert et al. [44]
considered the CFRP rod as isotropic material in the tensile model. This is the main
limitation of this study. Moreover, the study models CFRP rods with a coarse mesh.
Therefore, a new model should be proposed for investigating the tensile behavior of FRP

rods in the bond anchorage systems.

4
A
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Figure 2.14. Tensile model of CFRP rod in bond anchorage system [44].

Two models were presented with a consideration of the bond interfacial behavior
between FRP rods and the filling material and between steel tubes and the filling material.
The first model was simulated with a perfect bond at interfaces between materials. The
second model considered the partially-bonding strength by using the CZM model. The
FRP rod was modeled as transversely isotropic material. The models were used to
investigate the tensile failure criteria for FRP rods. The major advantage of the models is
that the shear-lag effect and failure of FRP rods under tension. The study also applied the

submodeling method to enhance the tensile behavior results of FRP rods.

2.5. Submodeling technique

Submodeling is a technique in ANSY'S [54] that can be used to reanalyze a region
of a FEM model. This technique is also called the cut-boundary displacement method.
The submodel is cut from the full model, as shown in Figure 2.15. The boundary
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conditions of the submodel are interpolated from the nodal results in the full model. To
enhance the accuracy of the results, the submodel employs a finer mesh than the full

model.

Figure 2.15. Submodeling technique: (a) full model, (b) submodel [54].

2.6. Shear-lag effect in FRP rods

The shear-lag effect of composite materials implies the stress transfer between
fibers and a matrix, or in the laminate composites. The definition of “shear-lag effect” in
this study is only used to analyze the strain/stress distribution of the FRP rods pulled out
of filling materials (concrete, mortar, and resin) in NSM systems or bond anchorage
systems. Previous studies [37—42] mentioned the shear-lag effect as a reason for reducing
the tensile strength of FRP rods. The tensile stress at the outer layer is higher than that at
the inner layer. The shear stress along the round surface was transformed to the tensile
stress in FRP rods, as shown in Figure 2.16. The shear stiffness plays a key role in the
stress/strain transfer between the lateral surface and the core of the rod. FRP rods are
transversely isotropic materials, and the in-plane shear stiffness is relatively small. This

is the main reason causing the shear-lag effect in FRP rods.
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Figure 2.16. Shear-lag effect [42]
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Chapter 3. RVE modeling

3.1. Fibers and matrix properties

The present study investigated the tensile properties of Technora FRP rods. Technora
is a kind of aramid fiber. The matrix constituting AFRP rods is a vinyl-ester resin. The
mechanical properties of Technora fibers and the matrix affect the mechanical properties of
FRP rods. Technora is a transversely isotropic material following Equations (1) - (3). Table
1 shows the properties of Technora fibers collected from the previous study [36]. However,
the material properties and geometry for the microstructure of Technora fibers are limited.
Transverse Young’s modulus was collected from a transverse compressive test on Technora
fibers [73]. Some material properties such as shear modulus Gi2, Poisson’s ratios vi2 and 123
were estimated from another aramid fiber showing approximate behavior [74]. The diameter
of Technora fibers was chosen as 12 um. The information of Technora is limited. Therefore,
the study investigated Technora in two cases: having enough properties and having only

longitudinal modulus.

Table 1. Properties of Technora fibers and a matrix [36].

Tensile Young’s Shear Ultimate Fiber  Poisson’s
Materials strength modulus modulus strain  ratio ratio
(MPa) (MPa) (MPa) (%) (%)
E1=74000 G12=2400 112=0.600
Aramid fibers 3500 4.6 65
Ex=1590  Ga=641" 123=0.240
Vinyl ester
90 3400 - >4.6 - 0.373

resin

* The value follows the relationship G23=FE2/(1+123).]

Noritake et al. [36] presented the properties of the vinyl ester resin in Table 1. However,
this study did not show the tensile stress-strain curve of the vinyl ester resin. The nonlinear
stress-strain curve for vinyl ester resin was estimated based on its properties, as shown in

Figure 3.1.
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Figure 3.1. Stress-strain curves of resins.

3.2. RVE-1

The section below shows the predicted properties of FRP rods by using the RVE-1
model. As shown in Section 2.1, the RVE-1 model has many advantages in predicting
engineering constants of UD composites. Both fibers and matrix were assumed as linear
materials. The properties of fibers and matrix are shown in Table 1. Technora fiber, a kind
of aramid fiber, is a transversely isotropic material. The fiber needs many engineer constants
to identify its properties. However, the fiber size is really small to conduct all tests on it. The
parameters that could be determined easily are longitudinal modulus £1=74000 MPa and
Poisson's ratio vi2=v13=0.6. Therefore, to identify the effect of transverse properties of fibers
on FRP rods, the present study investigated the properties of Technora fibers in two cases as
a transversely isotropic material (A) and isotropic material (B) in Table 2. Moreover, the
study built an FRP rod model (C) with isotropic material like a previous study [44]. Model

C was employed to assess the appropriateness of the isotropic model.
The volume fraction of fibers is 65%, as reported in Table 1. The fiber diameter is 12
pm. The RVE-1 sizes were chosen as a1=1.766 um, a2=7.065 pm, and a3=12.235 pm to adapt

this fiber ratio in this study. Fibers and the matrix were simulated using the three-dimension

(3D) element named SOLID185 in ANSYS. The model assumed the perfect bond at the

30



interfaces between the fibers and vinyl ester resin. The calculation followed Equations (12)-

(16). The predicted properties of FRP rods were reported in Table 2.

The properties of FRP in case (A) are more accurate than those in case (B). Moreover,
the present study compared two cases (A and B) to explain the effect of transverse properties

of the fiber on the behavior of FRP rods.

Table 2. Engineering constants of the AFRP materials.

Young’s modulus  Shear modulus Poisson’s
Case :
(MPa) (MPa) ratio
(A) E1=48806 Gi2=4717 vi2 = 0.489
Transversely isotropic fiber E»=2176 G23=807 23 = 0.349
(B) E1=49547 G12=4956 vi2=0.357
Isotropic fiber E>=14462 G23=15065 123 =0.428
©)
E1=49547 v=0.357
Isotropic FRP rod

3.3. RVE-2

As identified in Section 2.2.2, the RVE-2 model with a random distribution of fibers
was utilized to predict the strengths of FRP material. All FRP rods have similar mechanical
properties. The RVE-2 model results can be applied for all FRP rods. The material properties
for fibers were assumed as the linear elastic material whose detail properties were shown in
Table 1. Furthermore, the nonlinear stress-strain curve for vinyl ester resin was estimated
based on its properties, as shown in Figure 3.1. The sizes of the RVE-2 model were a1=0.25
um, a2=a3=13.19 pm.

In the RVE-2 model, the CZM model was employed to simulate interfaces between
fibers and vinyl ester resin, as shown in Figure 3.2. The interfacial normal strength was

determined from the strength ratio R, = ¢ /o>

max/! “resin

is from 10 to 25%. The tensile strength

of the vinyl ester resin o, = 90 MPa. The interfacial tangential strength was assumed at

resin

60 MPa, following the previous study [67]. The contact stiffness and interfacial fracture
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energy were chosen for both modes I and II of the RVE-2 model as 108 GPa/m and 100 J/m?
[75], respectively, which were reported in Table 3. The elastic stiffness K = 10 GPa/m was
large enough to establish displacement continuity at fiber-matrix interfaces and avoid any
variation of stress fields around fibers [75]. All parameters of the CZMs were reported in
Table 3. Each value of strength ratio Rs relates to an RVE-2 model. The study employed the
SOLIDI185 element in ANSYS to model fibers and matrix. CONTA173 and TARGE170

elements were applied to simulate the interfaces between the fibers and the vinyl ester resin.

Table 3. CZM parameters for modes I and II in the RVE-2 model simulation.

Strength  Tensile Interfacial Interfacial Contact Fracture
ratio strength normal strength  tangential strength stiffness energy
® (o) G CH» KnKe)  (GLG
(%) (MPa) (MPa) (MPa) (GPa/m) (J/m?)
10 90 9.0 60 10® 100
15 90 13.5 60 108 100
20 90 18.0 60 108 100
25 90 22.5 60 108 100

With a fiber ratio of 65%, the study indicated that the random distribution of fibers did
not affect the results. The predicted tensile strengths of the RVE-2 models were summarized
in Table 4. Four failure criteria were established from simulation results based on four levels
of the estimated interfacial normal strength. The increase of the interfacial normal strength
Omax from 9.0 to 22.5 MPa in Table 3 induces the rise of the transverse tensile strength (F2
or F3y) from 34.2 (FC-1) to 52.3 MPa (FC-4) in Table 4. A similar trend is found in the case
of shear strength F23:. The longitudinal tensile strength F1s and shear strength Fizr or Fi3r
remain unchanged at about 2238 and 160 MPa, respectively. The study found that the
longitudinal tensile strength is much higher than the transverse tensile strength. The
compressive strength was estimated from the longitudinal tensile strength of the RVE-2
models and the yielding strength of vinyl ester resin. With respect to the tensile strength of

FRP rods, it should be noted that the estimated compressive strength does not affect the
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failure criteria. The failure criteria in Table 4 will be used to predict the tensile damage of

FRP rods.

Figure 3.2. CZM models at fiber-matrix interfaces.

Table 4. Failure criteria of AFRP materials.

Failure criterion

Strength® FC-1 FC-2 FC-3 FC-4

(MPa) (MPa) (MPa) (MPa)

(a) Transverse tensile strength (F2f, F31) 34.2 413 47.9 52.3

ransverse compressive strengt 2cf, £3¢f) - . - . - . - .
b T i gth (Faep, F- )b 108.0 108.0 108.0 108.0

(c) Longitudinal tensile strength (F14) 2238.0 2238.0 2238.0 2238.0
(d) Longitudinal compressive strength (F1¢)? -1119.0 -1119.0 -1119.0 -1119.0
(e) Shear strength (F12f, F13/) 159.8 152.9 159.7 159.7
(f) Shear strength (F23y) 31.9 34.7 36.9 40.7

2The estimated values equal half of longitudinal tensile strength.
® The estimated values equal 120% of the yielding strength of vinyl ester resin.

* The number 1 denotes the longitudinal direction of fibers; numbers 2 and 3 denote transverse directions
of fibers.
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The variation of the strength ratio Rs create various FRP materials with failure criteria.
The predicted tensile strengths of FRP materials in longitudinal and transverse directions
were reported in Table 4. Furthermore, the mechanical behaviors in three dimensions should
be studied to assess the consistent response of the FRP materials in the RVE-2 and global
models. Hence, four models with different strength ratios were investigated, and the results
were presented in Figure 3.3. The mechanical behavior of the RVE-2 model depends on fiber
and matrix properties. However, the fiber ratio is also a significant factor that can control
RVE behavior (following fiber or matrix properties). With a 65% fiber ratio, the stress-strain
relationship is assumed as linear in the longitudinal and transverse directions of the RVE-2

model, as shown in Figure 3.3.
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Figure 3.3. Tensile stress-strain curve of the RVE-2 models.

Figure 3.3 confirms that the FRP material response of the RVE-2 models is consistent
with the transversely isotropic properties of FRP rods in tensile models. Hence, the failure
criteria established from the predicted strengths could be applied to validate the damage of

FRP rods in tensile models.
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Chapter 4. Numerical modeling of tensile tests

4.1. Materials

The mechanical properties of the simulated FRP rod material were reported in Table 2.
The filling material was chosen with high strength and strain to transfer the tensile force from
the machine to the AFRP rod. Standard ASTM D7205/D7205M-06 2016 [72] indicated that
the transverse modulus of AFRP rods is lower than other FRP materials (GFRP, CFRP). As
shown in Table 2, the present study confirmed a low transverse modulus of AFRP rods (2176
MPa). The low transverse modulus of AFRP rods could lead to difficulty in gripping the rods
to anchors by the cementitious grout [72]. The pull-out phenomenon was confirmed in tensile
tests on AFRP rods in grouted anchorages [76—78]. Therefore, the recommended filling
material is a polymer resin in such cases, as recommended in the standard [72]. Moreover,
the ultimate longitudinal strain of FRP rods was prescribed as the ultimate strain of Technora
fibers (4.6%), as shown in Table 1. As a result, Technora rods showed a large longitudinal

tensile deformation.

The chosen filling material had high tensile strength, bond strength, and large strain
deformation to transfer the tensile force from the machine to the AFRP rod. The present study
utilized Araldite epoxy resin (LY 556) which combined with hardener HY 917 and
accelerator DY 070 as a filling material [79]. The properties of epoxy LY 556 were shown
in a previous study [79]. Figure 3.1 shows the stress-strain curve in the tension of LY 556 at

room temperature (22 °C) [79].

The steel tube must have enough thickness to guarantee that the failure will occur in
the FRP rod. Hence, the tube sizes varied to adapt with various FRP rod diameters. The steel
tube was used for transferring the tensile force from the applied load to the FRP rod. This
study employed the NPS 1 - Schedule 80S tube from MBM tubes [80]. The tube
characteristics follow American National Standard (ANSI B36.19 Stainless Steel Pipes),
ASTM A 312/A 312M-01a. The steel tube sizes were recommended in the standard [72]. The

properties of steel tubes and filling material were reported in Table 5.
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Table 5. Epoxy and steel tube properties in the analysis models.

Young’s
Tensile strength Poisson’s
Material modulus
(MPa) ratio
(MPa)
Epoxy LY 556 [79] 3800 92.2 0.37
Steel tube .
205.0
grade 310S1 1/4 schedule 80S 200000 0.30
515.0
[80]
* Yield strength

4.2. Numerical models with perfect bond

The model of FRP rods in tensile tests with full-bonding behavior was applied in two

cases of FRP material in Table 2. Vo and Yoshitake [45] modeled FRP rods with FRP

material (A). The numerical analysis model of a tensile test followed the standard ASTM

D7205/D7205M—06 (2016) [72]. The sizes of the model are shown in Table 6.

Table 6. Sizes of the analysis model [45].

Outside Free
Diameter of Anchor Thickness of  Thickness of
diameter of the length
FRP bar length (La) epoxy resin steel tubes
steel tube (L)
(mm) (mm) (mm) (mm) (mm) (mm)
3 26.5
4 24.5
42.2 300 380 4.85
6 20.5
8 16.5

However, the simulation of a full model costs much computation. The analysis model

is symmetric in tension. As shown in Figure 4.1 (a), using a half model can reduce a large
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number of elements. The half model still costs much computing time. The half model uses
the y-axis as the axis of rotational symmetry. In addition, the tensile load is also symmetrical.
To optimize the computation, this study proposed a divided model based on the axisymmetric
modeling method in ANSY'S, as shown in Figure 4.1 (b). The divided model was split from
the half model in Figure 4.1 (a) with an angle a. The value of « was calculated from the FRP
rod radius and the element size 0.025 mm in Figure 4.1 (b). The divided model was called

the global model adapting all details of the testing system.

The present study indicated that the shear lag only affects the domain (six times drrp
of the free length and three times drrp of the bond length), as shown in Figure 4.1 (b). This
finding helped to reduce the free length in the global model. Figure 4.2 presents the boundary
conditions of the global model. The applied displacement on the steel tube in y-direction
causes strains and stresses in the filling material and the FRP rod. The study defined an
unbonded domain (5 mm) to avoid the large deformation of the vinylester resin at the

interface between the FRP rod and filling material.

The stress distribution around the anchorage was complicated. Hence, a technique
called the sub-modeling in ANSYS was employed for obtaining more accurate results in the
sensitive domain in Figure 4.1 and Figure 4.2. The sub-model only simulated the FRP rod in
the sensitive domain (with a finer mesh) sized in the length of six times the rod diameter in
Figure 4.2. The sub-model boundary conditions were interpolated from the global model
results in Figure 4.1 (b). The global model and sub-model used a 3D-eight node solid element
named SOLID185 in ANSYS [54]. The simulation assumed the full-bonding and continuity

among materials.
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Figure 4.1. Analysis model in ANSYS: (a) half model; (b) divided model (global

model).
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Figure 4.2. Boundary conditions of the analysis models.

It is well known that simulation results are often affected by the element size. Vo and
Yoshitake [45] varied element sizes in the global model and sub-model of the material (B)
model. Table 7 summarizes all element sizes in the global model and sub-model. The global
model was meshed with G-size at the sensitive domain and larger sizes at the others. The
sub-model used a more refined mesh with S-size to enhance accuracy. The S-size=0.025 mm
denoted the unchanged element size in the region of 0.1 mm close to the lateral surface of
the FRP rod in the sub-model, as shown in Figure 4.2. The study employed three kinds of G-
size (0.2, 0.25, and 0.5 mm) in the global model and three kinds of S-size (0.05 and 0.1 mm
at inner domain, and an unchanged value of 0.025 mm at outer domain) in the sub-model.
Six simulations were conducted on the FRP rod (d=6 mm) to find the convergence value of

ultimate tensile forces.
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Table 7. Element sizes and ultimate tensile force results of model (A).

D  G-size* S-size* Ultimate tensile force
(mm)  (mm) (mm) (kN)
0.50 0.10 & 0.025 54.81
0.50  0.05 & 0.025 52.84
025 0.10 & 0.025 52.55
‘ 0.25 0.05 & 0.025 52.55
020 0.10 & 0.025 51.97
020  0.05 & 0.025 51.97

* G and S denote the global model and sub-model, respectively

The sub-model was considered as layers of elements following the radius direction.
The averaging theory in Equation (25) was proposed to find the average axial tensile stress
in the y-axis in the cross-section. Table 8 shows an example for determining average tensile

stress by using Equation (25).

Yo Vi

J

1
) =va o} (x,y,2)dV = (25)

<

where o7 is the axial tensile stress element i in layer jum; B}V is the average axial tensile stress

of layer jm. For example, Figure 4.3 (c) presents a cross-section of the FRP rod (d=6 mm)

containing 33 layers of elements along the radius.

Table 8. Tensile stress of each layer in the failure section in the model (A)-D6
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Z PRAL 3
Layer ju L
(mm?) (MPa.mm?) (MPa)
1 0.000001 0.00183 1746.87
2 0.000003 0.00553 1751.88
3 0.000005 0.00923 1754.13
4 0.000007 0.01292 1755.00
5 0.000009 0.01662 1755.99
6 0.000012 0.02033 1757.21
7 0.000014 0.02405 1758.71
8 0.000016 0.02777 1760.49
9 0.000018 0.03151 1762.57
10 0.000020 0.03526 1764.97
11 0.000022 0.03903 1767.71
12 0.000024 0.04281 1770.83
13 0.000026 0.04662 1774.36
14 0.000028 0.05045 1778.35
15 0.000030 0.05431 1782.84
16 0.000033 0.05821 1787.91
17 0.000035 0.06214 1793.64
18 0.000037 0.06612 1800.14
19 0.000039 0.07016 1807.53
20 0.000041 0.07425 1816.01
21 0.000043 0.07843 1825.80
22 0.000045 0.08269 1837.21
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7 R4l 3
Layer ju L
(mm?) (MPa.mm?) (MPa)
23 0.000047 0.08707 1850.70
24 0.000049 0.09158 1866.83
25 0.000051 0.09628 1886.56
26 0.000053 0.10118 1911.06
27 0.000055 0.10636 1942.50
28 0.000056 0.11180 1983.74
29 0.000057 0.11666 2031.04
30 0.000014 0.02958 2055.74
31 0.000014 0.02969 2073.41
32 0.000014 0.02908 2055.36
33 0.000014 0.02707 1966.70
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A-A: Free section
B-B: Failure section

(a) (b)

989.902 1269.22 1548.54 1827.86 2107.19
1129.56 1408.88 1688.2 1967.52 2246.8.

(c)

Figure 4.3. Tensile stress in the y-direction of the FRP rod(d=6 mm): (a) around
anchorage of the global model, (b) around the failure section of the sub-model, and (c) in

the failure section of the sub-model.

The maximum applied displacement was determined at the value enforcing the ultimate
stress oy, approximately 2238 MPa. The ultimate tensile force of the FRP rod was determined

when the FRP rod was broken at the failure section. At this time, the tensile stress in the free
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section in Figure 4.3 was the same from the core to the lateral surface of the FRP rod. The
tensile stress was called the tensile strength of the FRP rod in such a case. The ultimate tensile

force of the FRP rod was determined as follows

P, = cl4A (26)

where P, is the ultimate tensile force of the FRP rod. 4 and ¢5,°% are the area of the cross-

section and the tensile strength of the FRP rod, respectively.

In the full-bonding model, the interfacial bond induces high transverse tensile stress in
the FRP rod elements. The FRP elements can be broken by transverse tension before
longitudinal tension. Therefore, the present study only applied the longitudinal strength as

the failure criterion in the full-bonding models.

4.2.1. Model A results

Table 7 and Figure 4.4 present the effect of the element sizes on the ultimate tensile
force. Six cases of various element sizes were applied to find the ultimate tensile forces. The
tensile force value converges at the G-size from 0.2 to 0.25 mm. and S-size from 0.05 to 0.1
mm in Figure 4.4. The element size affects the number of elements and computing time.
Hence, the appropriate G-size and S-size are 0.25 and 0.1 mm, respectively. Four types of
diameters were simulated with these element sizes. The S-size (0.025 mm) remains

unchanged at the area close to the lateral surface of the FRP rod in all cases.

45



S-size-0.1 & 0.025
S-size-0.05 & 0.025

Z
X
(O]
O
s
Qo
»
c

0 0.1 0.2 03 04 05 06
G-size (mm)

Figure 4.4. Tensile forces versus element sizes of the FRP rod (d=6 mm).

The shear-lag effect was reported in Figures 4.3, 4.5, and 4.6. Figure 4.3 shows the
axial tensile stress distribution in the global model of FRP rod (d=6 mm) under a
displacement u, = 2.675 mm on the steel tube head. Figure 4.5 shows the tensile stress oy in
three sections. In the failure section, the tensile stress is higher in the outer layers and lower
in the inner ones. The stress distribution of the failure section in Figure 4.5 is similar to that
in Figure 2.16. The failure section and free section positions are at =295 mm and y.=318
mm, respectively. The cross-section (=296 mm) is the intermediate phase between the two
above sections. The shear-lag only affected the domain from =295 to 297 mm. The failure
element contains the nodal stress of 2238 MPa. However, the stress of the failure element
interpolated from the integration point results was lower, approximately 2073 MPa. The
tensile stress in the failure section decreases from a maximum (approximately 2073 MPa in
the outer elements) to a minimum (approximately 1747 MPa at the core), reduced by 16%.
The tensile stress in the free section remains at an approximate value of 1858 MPa, reaching
82.8% of the tensile strength of the FRP material 2238 MPa. The tensile stress in the free
section denotes the FRP rod tensile strength ¢2°¢ in Equation (26). Hence, the tensile
strength of the FRP rod is lower than that of the FRP material.
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Figure 4.5. Axial tensile stress distribution in cross-sections of the FRP rod (d=6 mm).

The theoretical ultimate tensile force of the FRP rod (d=6 mm) could reach the value
of 63.44 kN, with a material tensile strength of 2238 MPa. The ultimate tensile force (52.55
kN) simulated in the present study was lower than that of the theory, just reaching 82.8%.
However, the simulation result approximates the experimental value (53.13 kN) [36], with a
deviation of 1.1 %. In addition, Noritake et al. [36] measured the axial tensile strain in the
free length of the FRP rod (d=6 mm), around 3.7%. It is consistent with the simulated free-
length strain of 3.8%, with a deviation of 2.7%. The maximum strain in the free length is
lower than that of the FRP material (4.6%). This finding indicates that the failure section is
out of the free length and close to the anchorage. These results confirm the accuracy of the
present model. This phenomenon is similar to tensile testing results in previous studies
[76,81-84]. In addition, Figure 4.6 shows the existence of the shear-lag effect in the failure
sections of various diameters. The results demonstrated a nonlinear relationship between the

radius and the axial tensile stress.

47



©
a
=
»
0
)
—
=
n
Q
»
3
}_.

0 2 4
Radius (mm)

(a)

T
a
=

»

n

()

-
s

n
Q@
0

c
QL

Radius (mm)

(b)

Figure 4.6. Distribution of axial tensile stress on the failure sections: (a) separated

curves of diameters; (b) combined presentation based on the DS curve.

The shear-lag effect is one of the main reasons affecting the axial tensile stress
distribution in the failure section of the FRP rod. It hardly impacts on the free length. The

failure section is much more damaged than the free section. The present findings indicate

48



that the FRP rod rupture must appear at the failure section. The shear-lag effect reduces the

ultimate tensile capacity of FRP rods.

The stress distribution on the failure section is a function of the radius. Figure 4.6 (a)
shows the separated curves of various FRP rods. The maximum stress at the outer elements
of all diameters is similar to each other, approximately 2073 MPa. The study presented all
curves on the D8 coordinate system to assess the shear-lag effect between diameters, as
shown in Figure 4.6 (b). The findings show a similar rule of the stress decrease along the
radius of four types of diameters. Two phases characterize the relationship at the failure
section; namely, the axial tensile stress significantly decreases in the outer domain limited to
1 mm from the lateral surface of all diameters and then slightly goes down in the other domain.
However, four outermost layers close to the lateral surface of the FRP rod show a dramatic
fluctuation of the stress variation. The reason for this phenomenon is the significant effect of

the shear-lag in this domain.

Experimental strength [36]
Specified strength [36]

0 2 4 6 8 10
Diameter (mm)

Figure 4.7. Tensile strength decrease versus diameter.

Figure 4.7 shows the decrease of tensile strengths of four diameters from D3 to DS,
with 6.8% for specified strength and 4.4% for predicted strength. The predicted strength
follows the rule of the experimental and specified results of the previous study [36]. As

considered in Figure 4.6, the failure of FRP rods appears at the lateral surface containing
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higher stress. All FRP rods made of a similar volume fraction have a similar material tensile
strength. FRP rods are ruptured when their tensile stress at the lateral surface reaches the
material tensile strength. However, the diameter increase induces a decrease of tensile stress
at the core of the FRP rod, as shown in Figure 4.6 (b). Consequently, the FRP rod is ruptured
when tensile stress at the core is lower than that at the lateral surface. The present findings
demonstrate that the diameter is one of the main factors affecting the tensile strength of the

FRP rods.

The study had shown a procedure to predict the ultimate tensile forces of the FRP rods
(d=3, 4, 6, 8 mm). Table 7 shows the comparison of the specified, experimental, and predicted
results. The deviation between the specified and predicted ultimate tensile forces varies from
5.1 to 7.7%. However, the specified values are always lower than the experimental ones
because of the safety-factor consideration. Instead, the experimental results are more
appropriate for the comparison. The predicted ultimate forces approximate experimental ones,
with a deviation from 1.1 to 3.1%. The present results were consistent with previous findings
of Noritake et al. [36]. These findings confirmed the effectiveness of the proposed model in
predicting the ultimate tensile forces of the FRP rods. However, the limitation of the study is
that the experimental results of FRP rods (d = 3 and 4 mm) in Table 7 were unavailable to

compare with simulation ones.

Table 9. Comparison of specified, experimental, and predicted results

Ultimate tensile force P, (kN) Deviation (%)
Diameter (mm)

Specified®  Experimental®  Predicted®  Spe-Pre®  Exp-Pre”

3 13.00 N/A 13.66 5.1 N/A
4 22.70 N/A 23.86 5.1 N/A
6 49.90 53.13 52.55 53 1.1
8 86.10 90.00 92.77 7.7 3.1

2The results in the previous study [36].
® The results in the present study.

* Pre: predicted; Spe: specified; Exp: experimental.
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The present findings indicate the existence of the shear-lag effect and the failure section
in the FRP rod by mechanical and numerical theory. It also clearly demonstrates the shear-
lag phenomenon referenced in Firas ef al. [43] and Achillides ef al. [42]. The failure section
is much more damaged than other cross-sections, and the FRP rod must be ruptured at this
section. The shear-lag effect only causes the nonlinear distribution of the axial tensile stress
in the cross-sections close to the anchorage. The stress profiles in the failure sections of all
diameters include two phases: significantly decreasing in outermost layers and slightly
declining in the other layers. The present study confirmed that the increase of the diameter
induces the decrease of the tensile strength. The proposed model is applicable in predicting
the ultimate tensile capacity of any pultruded FRP rod. The deviations between the simulation

and experimental results are unremarkable.

4.2.2. Model B results

The properties of FRP material in model B were predicted by Vo and Yoshitake [85].
However, the tensile model in the previous study [85] employed coarse meshes, with G-
size=0.5 mm and S-size=0.25 mm. As a result, the accuracy of the results is low. Therefore,
the present study rebuilt the model with the same sizes of elements in model A. Model B was
simulated to compare the effects of fiber properties in FRP rods. Therefore, the study only
conducted a simulation of FRP rod D6 in such a case. The results of longitudinal tensile stress
were shown in Figure 4.8. The tensile stress in model B shows a similar trend to that in model
A. The tensile stress in the failure section significantly decreases from the lateral surface to
the core of FRP rod D6. The deviation between the maximum and minimum tensile stresses

is around 20%.
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Figure 4.8. Axial tensile stress distribution in cross-sections of the FRP rod (d=6 mm) -

model B.

4.2.3. Model C results

Model C is based on the idea of the isotropic CFRP rod model in a previous study [44].
The study built a numerical model AFRP with the same diameter as mode B. The tensile
stress distribution in the failure section and free section was shown in Figure 4.9. The stress
significantly decreases at the region near the lateral surface of FRP rods. The inner layers
show a slight reduction of the tensile stress. The deviation between the maximum and

minimum values is approximately 13%.
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Figure 4.9. Axial tensile stress distribution in cross-sections of the FRP rod (d=6 mm) -

model C.

4.3. Numerical models with partially-bonding strength

The model with partially-bonding strength is similar to models A and B. However, the
bond length was estimated as 30 times rod diameter drrp. Furthermore, the present study
indicated that the stresses at any cross-section in the middle area of the free length were equal.
Therefore, the free length was reduced in the FE model in such a case. The study employed

a free length that equals five times rod diameter.

Due to the axisymmetric property, the study proposed a divided model with an angle
a, as shown in Figure 4.10. The value a depended on the element Ssiz-1=0.125 mm on the
perimeter and the radius of an FRP rod. This FE model was called as the global model, with
a mesh size Ssize-1=0.125 mm on the FRP rod perimeter and Gsiz=0.5 mm in other areas.
Consequently, the proposed model could significantly reduce the calculation time comparing
to the full model. All materials in the global model were modeled with the element
SOLID185 provided by ANSYS. The steel tube and filling material were specified as
isotropic materials reported in Table 5. The FRP rod was assumed as the transversely

isotropic material due to mechanical properties in Table 2.
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Figure 4.10. Numerical model of FRP rods with partially-bonding strength.

The boundary conditions of the global model were shown in Figure 4.10. The
displacement in the y-axis Uy #0 was applied at the head of the steel tube to induce tensile
stress in the FRP rod. The FRP rod was fixed U, at the free length. In the rotation of angle ¢,
the displacement U, was fixed at both edges. An unbonded area (5 mm) was defined to avoid
the concentrated stresses. In addition, the interfaces between the FRP rod and filling material

or filling material and the steel tube were simulated as bilinear CZMs, as presented in section

2.3.

In fact, predicting the CZM parameters is a challenge. Indeed, the behavior between
two surfaces depends on many effects such as the bond strength of the adhesive, the strengths

of adherends, and the quality of contact surfaces. In the global model, the FRP rod is pulled
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out of the steel tube. The behavior of the system depends on the shear bonding between the
FRP rod and the filling material. Therefore the present study only figured out CZM
parameters for mode II. Kessler and Bledzki [86] conducted single-fiber push-out tests using
epoxy LY 556-HY 917-DY 070 to find the maximum tangential stress. They showed that the
maximum tangential stress o, ,,, was higher than 60 MPa. The interface strength depends on
the fiber materials. Yademellat et al. [67] demonstrated that maximum tangential stress of
epoxy LY 556 equaled 60 MPa. Hence, to quantify the bond effect in detail, the present study

proposed two values of the maximum tangential stress 60 and 70 MPa.

The contact stiffness remained at a value 10° GPa/m. Moreover, the maximum
tangential separation ut was varied by changing the displacement ratio Ra (1, 2, 4, 6, 8), as
shown in Equation (27). The change of Rs denotes the variation of fracture energy release

rate Ge.

ug = RyGsize (27)
where Gsize=0.5 mm is the mesh size in the global model.

To enhance the accuracy, the submodeling method was applied to model the sensitive
area in the FRP rods. The sub-model reanalyzed FRP rods with finer meshes (Ssize-7 and Ssize-
2), as shown in Figure 4.10. After the global model results had been obtained, the code was
utilized to find out the failure section. A sub-model was built based on an area of 50 mm
around this section. Moreover, the boundary conditions of the sub-model were interpolated

from the global model results.

4.3.1. Failure modes of FRP rods

The bond strength in the model was partially limited. Therefore, the failure criteria
were applied to predict damages in FRP rods under tensile forces. The global model was
applied to simulate the AFRP rods in a previous study [36], then the sub-model was employed
to enhance the accuracy of the results in this study. Four numerical models with the same
material properties but different diameters (3, 4, 6, and 8 mm) were simulated. Four failure
criteria in Table 4 were employed to predict the damage and load-capacity. Finally, all results

were summarized in Table 10 (a-d).
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(a) Technora AFRP rod [78]

(b) BFRP rods [87]

Figure 4.11. Typical pull-out failure of FRP rods.

The failure of the tensile model could occur at the rod-filling-material interface in
Figure 4.11 (a) or steel-tube-filling-material interface in Figure 4.11 (b). The FRP rods were
pulled out of the anchors as the bond failed. However, FRP rods were not ruptured in such
cases. In addition, the other failure of the tensile model comes from the FRP rods. Figure
4.12 (a) shows the failure of GFRP rods at sections close to the anchors. The FRP rod failure
occurs in both longitudinal and transverse directions. In the longitudinal direction, the failure
is specified by the fiber tensile strength, called mode (c). By contrast, the delamination is

specified by the matrix strength in the transverse direction, called mode (a). A similar
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phenomenon is shown in Figure 4.12 (b) and Figure 4.13. The FRP rods rupture in the broom
failure mode at the final phase. Figures Figure 4.12 and Figure 4.13 do not present the
progressive damage of FRP rods. Therefore, it is a challenge to understand the first failure

phase of FRP rods.

(b) CFRP rod failure [76]

Figure 4.12. Typical failure modes of GFRP and CFRP rods.
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Figure 4.13. Typical failure modes of BFRP rods [87].

The progressive damage of FRP rods was shown in videos [88-90]. The first phase of
the failure is generally in the longitudinal direction (mode c), and then the failure occurs in
both modes (a) and (c) from the second phase to the last phase in a short time [88,89]. The
FRP rods could only be ruptured in the transverse direction in cases [90], and in Figure 4.13
(c). The failure of FRP rods appears in the matrix with the delamination phenomenon. The
fibers do not fail in such cases. Therefore, the first phase of failure is the key role of the FRP
rod failure. If the first phase occurs in mode (a), the other phases will appear in mode (a).

However, if the first phase is in mode (c), the other phases are both in modes (a) and (c).
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Table 10. Predicted results of AFRP rods.

Table 10 (a). Diameter d=3mm

Load-capacity (kN) Averaged
. Rod failure
Cases _ load-capacity
FC-1 FC-2 FC-3 FC-4 behavior
(kN)
D3-60-1 - - - - Unruptured
D3-60-2 - - - - Unruptured
D3-60-4 - - - - Unruptured
D3-60-6 - - - - Unruptured
D3-60-8 - - - - Unruptured
14.8
D3-70-1 143 (a)™ 15.1(c) 15.1(c) 15.1(c) Ruptured
D3-70-2 145() 15.1(c) 151(c) 15.1(c) Ruptured
D3-70-4 14.6(a) 152(c) 152(c) 152(c) Ruptured
D3-70-6 13.4(a) 15.0(c) 15.0(c) 15.0(c) Ruptured
D3-70-8 13.4(a) 149(c) 149(c) 149(c) Ruptured

*D3-60-1 denotes that diameter (3 mm), maximum tangential stress (60 MPa), and displacement ratio

(RFD).

" (a) and (c) denote the failure modes in Table 4.
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Table 10 (b). Diameter =4 mm

Load-capacity (kN) Averaged
. Rod failure
Cases _ load-capacity
FC-1 FC-2 FC-3 FC-4 behavior
(kN)
D4-60-1 - - - - Unruptured
D4-60-2 - - - - Unruptured
D4-60-4 - - - - Unruptured
D4-60-6 23.4(a) 273(c) 273(c) 273(c) Ruptured
D4-60-8 24.1(a) 26.6(a) 27.4(c) 27.4(c) Ruptured
26.0
D4-70-1 22.0(a) 26.7(c) 26.7(c) 26.7(c) Ruptured
D4-70-2 21.4(a) 26.8(c) 26.8(c) 26.8(c) Ruptured
D4-70-4 22.4(a) 27.1(c) 27.1(c) 27.1(c) Ruptured
D4-70-6 22.8(a) 27.0(c) 28.0(c) 29.0(c) Ruptured
D4-70-8 223 (a) 269(c) 269(c) 269 (c) Ruptured

*D4-60-1 denotes that diameter (4 mm), maximum tangential stress (60 MPa), and displacement ratio

(R~1).

" (a) and (c) denote the failure modes in Table 4.
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Table 10 (c). Diameter d=6 mm

Load-capacity (kN) Averaged
. Rod failure
Cases _ load-capacity
FC-1 FC-2 FC-3 FC-4 behavior
(kN)
D6-60-1 - - - - Unruptured
D6-60-2 439 (a) 49.2(a) 557(a) 58.7(a) Ruptured
D6-60-4 46.7(a) 55.7(a) 59.3(a) 599 (c) Ruptured
D6-60-6 46.1 (a) 54.1(a) 59.6(a) 60.3(c) Ruptured
D6-60-8 45.6(a) 53.2(a) 59.6(a) 60.4(c) Ruptured
54.7
D6-70-1 42.5(a) 56.1(a) 59.2(c) 59.2(c) Ruptured
D6-70-2 433 (a) 56.7(a) 59.3(c) 59.3(c) Ruptured
D6-70-4 43.5(a) 58.5(a) 592(c) 59.2(c) Ruptured
D6-70-6 449 (a) 58.2(a) 59.5(c) 59.5(c) Ruptured
D6-70-8 429(a) 59.5(a) 59.5(c) 59.5(c) Ruptured

*D6-60-1 denotes that diameter (6 mm), maximum tangential stress (60 MPa), and displacement ratio

(R~1).

** (a) and (c) denote the failure modes in Table 4.
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Table 10 (d). Diameter =8 mm

Load-capacity (kN) Averaged
. Rod failure
Cases _ load-capacity
FC-1 FC-2 FC-3 FC-4 behavior
(kN)
D8-60-1 - - - - Unruptured
D8-60-2 71.7(a) 86.6(a) 91.7(a) 98.6(a) Ruptured
D8-60-4 72.7(a) 85.7(a) 93.3(a) 105.5(c) Ruptured
D8-60-6 733 (a) 82.7(a) 97.2(a) 106.4(c) Ruptured
D8-60-8 73.7(a) 82.8(a) 97.3(a) 106.2(c) Ruptured
92.1
D8-70-1 73.4(a) 83.5(a) 103.5(c) 104.3(c) Ruptured
D8-70-2 72.5(a) 96.8(a) 104.8(c) 104.8(c) Ruptured
D8-70-4 759 (a) 99.4(a) 104.6(c) 104.6(c) Ruptured
D8-70-6 71.6 (a) 100.0 (a) 104.5(c) 104.5(c) Ruptured
D8-70-8 72.2(a) 101.3(a) 104.1(c) 104.1(c) Ruptured

*D8-60-1 denotes that diameter (8 mm), maximum tangential stress (60 MPa), and displacement ratio

(R~1).

" (a) and (c) denote the failure modes in Table 4.

As expected, the damage of FRP rods mainly occurs in modes (a) and (c) relating to

transverse and longitudinal strengths, respectively. According to Table 10 (a-d), the failure

does not happen in some FRP rods (D3, D4, D6, and D8) at interfacial tangential strength 60

MPa. Instead, the damage of these models occurs at the interfaces between the FRP rods and

filling material. It is due to the fact that the interfacial tangential strength is insufficient to

transfer tensile stress from the steel tubes. With an increase of interfacial strength from 60

MPa to 70 MPa, the deviation of the load-capacity between two groups is unremarkable, with

diameters D < 8 mm. However, group D8-70 shows higher ultimate tensile forces than group

D8-60 with conditions from FC-2 to FC-4. However, the deviation within 10% is negligible.
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It means that the interface strength of filling materials has little influence on the load-capacity

of FRP rods.

To examine the effect of interfacial fracture energy, the maximum tangential separation
was varied with displacement ratios from 1 to 8. Each group with similar interface strength
is investigated with each failure criterion. For instance, in group D6-60 with FC-1 criterion,
the deviations among ultimate tensile forces are not significant, under 7%. Similar trends are
found in the other groups. Therefore, the fracture energy has little effect on the load-capacity

of FRP rods.

Failure criteria were established from the hypothesis of fiber-matrix interfacial
strengths in the RVE-2 models. As a result, the transverse tensile strength increases from
criterion FC-1 to FC-4. Based on Table 10 (a-d), the failures of the FRP rods happens in two
modes (a) and (c), which denote the failures under transverse and longitudinal tension,
respectively. Figure 4.14 shows an example of failure modes of the FRP rod D6-70-2. The
FRP rod in the case FC-1 is ruptured in mode (a) as the maximum transverse stress reaches
the transverse strength 34.2 MPa, as shown in Figure 4.14 (a). However, the maximum
longitudinal stress 1684.3 MPa is much lower than the longitudinal strength 2238 MPa. In
the case FC-3 in Figure 4.14 (b), the FRP rod is ruptured as the maximum longitudinal stress
reaches the longitudinal strength 2238 MPa. The maximum transverse stress 42.5 MPa is
lower than the strength 47.9 MPa. It means that the FRP rod remains stable in the transverse
direction in this case. The load-capacity of the FRP rod D6-70-2 in the case FC-1 43.3 kN is
lower than that of 59.3 kN in the case FC-3. Hence, the FRP rods do not optimize the load-

capacity in mode (a).
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Transverse stress Longitudinal stress
(MPa) (MPa)

(a) Failure in mode (a) in the case FC-1

Transverse stress Longitudinal stress
1V 1=12%) ¥ 1=%

(b) Failure in mode (c) in the case FC-3

Figure 4.14. Failure modes of the AFRP rod D6-70-2.

The increase in the transverse tensile strength (from FC-1 to FC-4) is directly

proportional to the load-capacity. For instance, the ultimate tensile force of D8-60-2 in Table
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10 (d) increases from 71.7 to 98.6 kN as the transverse tensile strength increases from 34.2
to 52.3 MPa (from FC-1 to FC-4). However, the increase has no effect on the load-capacity
as transverse tensile strength is barely adequate to keep stability in the transverse direction.
As expected, the failure of the FRP rods is now dependent on the longitudinal tensile strength.
For example, as seen in D8-70-1 data with failure mode (a), the load-capacity increase from
73.4 to 83.5 kN with an increase of the transverse tensile strength from 34.2 (FC-1) to 41.3
MPa (FC-2). However, the load-capacity remains constant at about 104.0 kN as the
transverse tensile strength is more than or equal to 47.9 MPa in cases (FC-3 and FC-4). The
failure occurs in mode (c) in such cases. It means that mode (c) is the most optimized state

of the failure with the maximum load-capacity of the FRP rods.

With groups D3 and D4, the failures happen in mode (a) relating to criterion (FC-1)
and mode (c) relating to criteria (FC-2, FC-3, and FC-4). By contrast, groups D6 and D8
show another trend of failure modes, with mode (a) relating to criteria (FC-1 and FC-2) and
mode (c) relating to criteria (FC-3 and FC-4). Moreover, mode (a) sometimes appears in
criteria FC-3 and FC-4 in D6 and D8 groups. For instance, with a similar transverse tensile
strength in the criterion FC-2, while the FRP rods (D6 and D8) are ruptured in mode (a), the
FRP rods (D3 and D4) maintain stability in the transverse direction and show damage in
mode (c). The data suggest that the increase in diameter is directly proportional to the damage

in the transverse direction.

Table 11. Comparison of results.

b Load-capacity Pu (kN) Deviation (%)
(mm) Specified Experimental Predicted Spe-Pre” Exp-Pre”
3 13.0 N/A 14.8 13.8 N/A
4 22.7 N/A 26.0 14.5 N/A
6 49.9 53.1 54.7 9.6 3.0

8 86.1 90.0 92.1 7.0 2.3

* Spe, Exp, and Pre denote the specified, experimental, and predicted load, respectively.

Table 11 shows the comparison of computational results of the present study with

specified and experimental results [36]. The deviations between specified and predicted
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results are remarkable. However, the specified ultimate tensile forces proposed for the design
are lower than the actual ones. The predicted ultimate tensile forces are consistent with

experimental ones, with a deviation from 2.3 to 3%.

Moreover, Mckay and Erki [77] showed that the Technora FRP rod (d=6 mm) was not
ruptured at a tensile force of 53.2 kN. Similarly, in an experiment, the Technora FRP rod
(d=8 mm) was not ruptured at a pull-out force of 91.67 kN [78]. The results in studies [77,78]
approximate experimental values in Table 11. The data indicate that the load-capacity of FRP
rods (D6 and D8) could be higher than values 53.1 kN and 90 kN in the previous study [36],
respectively. Predicted results in Table 10 with approximately 60 kN (D6) and 104 kN (DS)
are acceptable in such cases. It means that present FE models are effective for predicting the

load-capacity of FRP rods.
4.3.2. Shear-lag effect

The free section and failure section in the free length and sensitive area were
investigated, respectively. Figure 4.15 shows the equal distribution of longitudinal tensile
stress from FC-1 to FC-3 in free sections. It means that the shear-lag effect does not affect
the free sections. However, the shear-lag effect causes unequal stress distribution in the
failure sections of FRP rod D6-70-2 in failure modes (a) and (c). The longitudinal stresses
decrease from the maximum value at the lateral surface to the minimum one at the core of

the FRP rod, with a reduction from 10 to 15%.

Three curves of longitudinal stress distribution in failure sections from FC-1 to FC-3
parallel with each other in Figure 4.15. It suggests that the shear-lag effect exists in failure
sections in both modes (a) and (c). Both maximum longitudinal tensile stresses 1659 MPa in
FC-1 and 2126 MPa in FC-2 are lower than the longitudinal tensile strength 2238 MPa in
mode (a). The failure of FRP rods occurs in the transverse direction in such a case. The
longitudinal load-capacity will not be affected by the shear-lag effect in mode (a).
Consequently, the shear-lag effect only impacts mode (c) in which the damage is specified

in the longitudinal tensile stress.
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Figure 4.15. Longitudinal tensile stress distribution in cross-sections of AFRP rod D6-
70-2.

To quantify the diameter effect, the stress distribution with various rod diameters is
investigated and reported in Figure 4.16. The analysis in this step is based on the failure mode
(c). All curves are rearranged on the coordinate system of FRP rod D8. As shown in Figure
4.16, all curves peak the highest value 2238 MPa at the lateral surfaces of FRP rods. The
FRP rods (D3, D4, and D6) have a similar trend in stress distribution. The FRP rod D8 shows
a higher decrease than other rods. Consequently, the rise in the diameter is directly

proportional to the increase of the shear-lag effect.

67



D8-70-2-FC3
D6-70-2-FC3
D4-70-2-FC3
D3-70-2-FC3

Radius (mm)

Figure 4.16. Stress distribution in FRP rods with various diameters.
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Figure 4.17. Effect of the shear-lag in various AFRP rods.

The tensile strength of each FRP rod was calculated from the average load-capacity in
Table 10 (a-d) as follows Equation (28). The strength-diameter relationship was presented in
Figure 4.17 (a).

GILOd = P,/ Aroa (28)

where 62,°4, P, and A are the tensile strength, load-capacity, and cross-section area of each

FRP rod, respectively.

The tensile strength of FRP rods decreases from around 2094 MPa (D3) to around 1832
MPa (D8). Without the shear-lag effect, the tensile strength of FRP rods can reach 2238 MPa.
The deviation between the tensile strengths of each FRP rod and FRP material 2238 MPa
depends on the shear-lag effect. The deviation increases from about 6 to 18% with the rise in

diameter from 3 to 8 mm, as shown in Figure 4.17 (b). It means that the shear-lag effect in a
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large diameter is higher than that in a small diameter. The increase of the shear-lag effect
reduces the tensile strength of FRP rods. Moreover, the load-capacity following Equation
(28) is lower than the theoretical value. Therefore, the diameter is a significant factor that

affects the shear-lag effect and longitudinal tensile strength, and load-capacity of FRP rods.
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Chapter 5. Discussion

5.1. Comparison of models A, B, and C

The present study suggested modes B and C to compare with mode A. The tensile stress
at failure sections of all three models was compared in detail. As shown in Figure 5.1, the
gradient decrease in modes B and C is higher than that of mode A at the outer region. In
addition, model C shows relatively higher tensile stress at the core of the FRP rod compared
to modes A and B. Therefore, the behavior of model A is different from the behavior of
models B and C in the tensile models of FRP rods. Consequently, the assumption of
transversely isotropic FRP rods as isotropic materials in the previous study [44] is incorrect
in such a case. In addition, the suggestion of transversely isotropic fibers as isotropic fibers
in the previous study [85] is inappropriate. Therefore, the transversely isotropic of fibers

should be calculated in predicting the FRP materials.
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Figure 5.1. Tensile stress at failure sections of models A, B, and C (D6).

71



5.2. Shear-lag effect

A remarkable finding in the present study is the shear-lag effect in FRP rods. As
presented in sections 4.2.1 and 4.3.2, the study has confirmed the shear-lag effect introduced
in the previous study [42]. In addition, the shear-lag was demonstrated by numerical models
with various cases of bond performance between FRP rods and the filling material. Figure

5.2 shows a comparison of the shear-lag effect in various conditions.

Do-70-2-FC3 & FC4
D6-70-2-FC2
D6-70-2-FC1

D6 - Full bond

Radius (mm)

Figure 5.2. Shear-lag effect between the full-bonding and partially-bonding strength
(DO6).

The shear-lag effect always exists at the failure sections of FRP rods. The deviation
between the maximum and minimum of tensile stress of model D6 — full-bonding is
approximately 16%. It is higher than the other cases in Figure 5.2, from about 10 to13%. The
gradient decrease of tensile stress in the full-bonding model is higher than that of others. The

stress concentration may explain the results at the failure section in the full-bonding model.

As discussed in section 4.3.2, the shear-lag effect impacts the tensile strength of FRP
rods if the failure occurs in mode (c). It means that the FRP rods are ruptured by the
longitudinal tensile strength of material 2238 MPa. Therefore, the study compares the full-
bonding FRP models with partially-bonding strength models in mode (c). Figure 4.6 shows

the stress distribution in the failure section of full-bonding FRP rods with various diameters.
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Figure 4.16 presents tensile stress distribution in FRP rods damaged in mode (c¢). All curves
in Figure 4.6 show a similar trend of the stress distribution. By contrast, curve D8 has a more
significant decrease in stress than the other diameters in Figure 4.16. The full-bonding model
is similar to the partially-bonding model in such cases of diameter from 3 to 6 mm. The full-
bonding model is an unreal assumption. However, it could be applied for small diameters.

Consequently, the partially-bonding strength model is recommended for UD FRP rods.

5.3. Diameter effects

Previous studies [37-42] implied that the shea-lag effect reduces the strength of FRP
rods. However, there was no evidence for this argument. To quantify the shear-lag effect, the
study investigates the strength of various diameters, as shown in Figure 5.3. Predicted results
are relatively similar to the specified and experimental strengths. The specified strength is
lower than the other strengths. It is explained that the specified strength is utilized for design

and requires a consideration of a safety factor.
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Figure 5.3. Tensile strength reduction with the diameter.
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The increase in the diameter induces a decrease in tensile strength. As shown in Figure
4.6 and Figure 4.16, the maximum tensile strengths of all curves from D3 to D8 are similar
at the lateral surface of FRP rods. However, the deviation between the maximum and
minimum values on each curve increase with the diameter. It means that the shear-lag in a
large diameter is higher than that in a small diameter. It causes the reduction of strength in
large diameter. The present study has demonstrated the argument in previous studies [37—42]

in detail.
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Chapter 6. Conclusions and recommendations

6.1. Conclusions

The study aimed at determining tensile properties of pultruded FRP rods made of
Technora fibers 65% and vinyl ester resin 35%. All mechanical properties of FRP elements
were predicted by the simulation using the RVE-1 model. Moreover, a numerical model,
RVE-2, was proposed to predict tensile strengths of AFRP material in 3D directions to

validate the tensile failure of FRP rods. The following conclusions can be drawn:

® The present findings indicate the existence of the shear-lag effect and the failure section
in the FRP rod by numerical simulation. It also clearly demonstrates the shear-lag
phenomenon referenced in Achillides et al. [42] and Firas et al. [43]. The failure section
is much more damaged than other cross-sections, and the FRP rod must be ruptured at

this section.

® The shear-lag effect only causes the nonlinear distribution of the axial tensile stress in
the cross-sections close to the anchorage. The stress profiles in the failure sections of
all diameters include two phases: significantly decreasing in outermost layers and
slightly declining in the other layers. The present study indicates that the increase of the
diameter induces the decrease of the tensile strength. Moreover, it was confirmed that

the partially-bonding strength model is more appropriate than the full-bonding model.

® Properties of the interfaces between the FRP rods and filling material, including bond
strength and fracture energy, show little effect on failure modes in the partially-bonding

strength model.

® The tensile strengths of FRP material should be applied to investigate the failure of FRP
rods. The results indicated two failure modes of FRP rods under tension, including
transverse and longitudinal directions. The failure modes are the most significant factor
affecting the load-capacity of FRP rods. However, the failure criteria should be applied
for the partially-bonding strength model in which the transverse tensile stress in FRP
rods is caused by appropriate bond strength. By contrast, the full-bonding model shows
fixed contact between FRP rods that induced high transverse tensile strength in FRP
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rods. Therefore, the full-bonding model only employed the longitudinal tensile strength

as the failure index.

® The transverse tensile strength is a significant factor needed to be investigated in
designing FRP rods. FRP rods must have enough transverse tensile strength to induce
the damage in the longitudinal direction. The damage in the transverse direction is

directly proportional to the increase of the rod diameter.

® Numerical simulation models can be applied to predict failure modes and the load-
capacity of FRP rods. The deviations between the simulation and experimental results
are unremarkable. Note is that the properties of FRP materials in the global models have

to be consistent with ones predicted from RVE models.

6.2. Recommendations for future works

Most FRP rods show higher tensile strength than standard steel. The FRP rods are often
used to strengthen tensile areas in concrete structures. Therefore, the tensile ability is the
most important factor of FRP rods. The present study has shown some advantages in
predicting the tensile properties of FRP materials, the failure modes, the shear-lag effect, and
the ultimate tensile forces of FRP rods. However, some further studies should be conducted

to investigate as follows.

® The FRP rods in this study were made of 65% aramid fibers and 35% vinyl ester resin.
The tensile and shear properties of the FRP material were demonstrated as the linear
material. However, if the volume fraction of fibers is lower than 65%, the properties of
the FRP material depend on the matrix properties. Therefore, the FRP material could
show nonlinear behavior in such a case. Moreover, most previous studies and
commercial software (such as ANSYS) assumed that orthotropic and transversely
isotropic materials are linear in three dimensions. Consequently, designing a new model
with nonlinear behavior in three dimensions is required to determine whether the failure

occurs in FRP rods or not.

® The present study investigated FRP rods under the static load. Therefore, further
researches on dynamic behavior of FRP rods should be examined and assessed in the

numerical simulations in future studies.
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