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This study presents an experimental study on the mode [ fracture property of pultruded fiber
reinforced polymer (FRP) composites along the fiber direction. A quasi-brittle fracture exists for this
material. The bilinear softening model is used to describe the constitutive relation in the cohesive
fracture zone. Furthermore, a double K fracture criterion is applied to analyze the crack propagation
and fracture property. The orthotropic effect on the fracture property of mode I along the fiber
direction is rather small and ignored in this study. According to the bilinear softening model, the
cohesive fracture energy is divided into two parts, the microcracking fracture energy and the fiber
bridging fracture energy. The ratio between the two fracture energies and the model parameters
are decided with the test results. For the double K fracture criterion, a cohesive fracture toughness
in introduced to calculated the initial cracking fracture toughness. Based on the linear elastic fracture
mechanics and the bilinear softening relation, the two fracture toughness of this criterion are
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obtained with the test results.
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1. Introduction

Pultruded fiber reinforced polymer (FRP) composites is widely
used in many structural applications. This material is usually
thicker than other laminated FRP composites. Compared with tra-
ditional structural materials, such as concrete, steel, etc., it has the
advantages of high strength and stiffness, high strength/weight
ratio, resistance to certain corrosive environments, superior ability
of energy absorption, and shielding ability in electrical or magnetic
fields [1]. In recent decades, it has been widely used in the engi-
neering. However, some manufacturing defects are produced dur-
ing the production process of pultruded FRP, such as matrix
microcracks and voids, which would form macrocracks and fur-
thermore cause catastrophic failure [2]. As a result, traditional
strength design theory is not adequate to evaluate the safety of this
material. Fracture mechanics would be introduced to study its frac-
ture property.

The fracture theory of FRP composites is rather complicated
because of the anisotropic character and fiber reinforcing effect
of this material. Most previous investigations focused on the unidi-
rectional FRP laminated composites with thin cross section. For
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example, Sih et al. proposed a failure criterion of strain energy den-
sity to predict the fracture failure in unidirectional FRP composites
subject to off-axis loading [3]. Armanios researched the interlami-
nar fracture of graphite/epoxy composites using a cracked-lap-
shear configuration. A damage growth model was introduced to
predict the fracture behavior [4]. Through the research on carbon
fiber composites (CFRP) of mode I, mode II and mixed mode frac-
ture, Ivens et al. found that the initiating interlaminar fracture
toughness developed with the fiber surface treatment level [5].
Furthermore, a micromechanical model was built to explain how
the interface fracture toughness influenced the initiating fracture
toughness [6]. Ni et al. Studied the intralaminar fracture mecha-
nism of three typical CFRP [7,8]. According to their research, the
bridging fibers had an important effect on the intralaminar fracture
toughness. The increment of the intralaminar fracture toughness
was estimated on base of the adhesive force model. Rikards et al.
investigated the mode I, mode II and mixed mode I/II interlaminar
fracture properties of laminated glass fiber reinforced composites
(GFRP) through a compact tensile test [9,10]. In the research, a
fracture criterion was introduced, and the parameters were
obtained by the finite element method as well as the modified vir-
tual crack closure integral method. Brunner et al. reviewed the for-
mer criteria available for the interlaminar fracture of FRP,
researched the delamination resistance of this laminated material,
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and introduced some models to calculated the fracture toughness
[11-16].

On the other side, the fracture properties of thick-section pul-
truded FRP composites were also studied to model the fracture fail-
ure caused by the crack-like flaws. Haj-Ali et al. conducted some
analytical and experimental studies on the mode I and mode II
fracture properties of pultruded GFRP [1,2,17-21]. A nonlinear
fracture analysis framework was developed, meanwhile, calibrated
cohesive models were built to predict the crack growth for various
crack geometries. Furthermore, a polynomial failure criterion of
mixed fracture mode was introduced, also verified by the test
results. According to former research, the most efficient theory
way to analyze the fracture property of pultruded FRP was to build
the cohesive zone model [22-24].

In this study, the mode I fracture property of pultruded FRP
along the fiber direction is investigated. A bilinear model is applied
to describe the constitutive relation in the cohesive fracture zone.
Then a double K fracture criteria is introduced to explain the crack
propagation and fracture process and. All the parameters are
obtained by the test results of a three point fracture experiment
on single edge notched (SEN) specimens.

2. Cohesive zone model
2.1. Bilinear softening relation

In the cohesive zone, it is supposed that the fracture process of
mode I can be described by a fictitious crack which transferring the
normal stress, ¢. The classical bilinear softening model, which is
widely used in fracture mechanics, is used to as the cohesive zone
model in this study. As is shown in Fig. 1, the normal stress is cal-
culated by the crack opening displacement (COD), w [25,26]. The
cohesive zone begins to develop when the normal stress reaches
its maximum value, i.e. its tensile stress, f;. Then due to the fracture
crack, the normal stress decreases with the increasing of COD.
When the normal stress drops to zero, COD would reach its maxi-
mum value, w.. With the parameters of the intersection point of
the two lines, o5 and ws, this constitutive bilinear relation can be
expressed as follows,

fo—(fe—0s)w: 0<w<w;

0= swen Ws < W < We (1)
0 W =W
oA

B©0.f0)

Fig. 1. Bilinear softening diagram.

The area under the entire curve, f{w), is usually called the cohe-
sive fracture energy, G. The value of this fracture energy is decided
by four parameters, f;, w., s and wg. The tensile stress, f;, can be
easily obtained by tensile tests, while the other three parameters
are decided by fracture tests. From Fig. 1, it is seen that the cohe-
sive fracture energy can be divided into two parts, the microcrack-
ing fracture energy, Gy, and the crack bridging energy, Gp, i.e.
Gt = Gry + Gp,. With the two fracture energies, Gg, and Gpg,, the values
(ws, as) of the crossing point C can be calculated by an undimen-
sional parameter Gg,/Gr. The parameters Gy, Gy, /Gy, and w, in the
cohesive fracture zone are studied by a simulation performed on
SEN beams of thick-section pultruded FRP composites.

As a kind of orthotropic material, the model parameters pul-
truded FRP is different with isotropic material, such as concrete.
In order to estimate the effect of orthotropy on the stress intensity
factor of the orthotropic material of mode I fracture, Beom et al.
calculated the stress intensity factor of cubic symmetry materials
and evaluated the stress intensity factors of orthotropic materials
by finite element analysis method [27]. According to the research,
for the degenerate orthotropic material, the stress intensity factors
depend very weakly on the material orthotropy when the crack
angle is small. However, in this study, the crack is along the fiber
direction, so the angle is zero. As a result, the effect of material
orthotropy on the fracture property along the fiber direction is
ignored, and linear elastic fracture mechanics is used to analyses
the fracture property of pultruded FRP. Moreover, as another typi-
cal anisotropic material, the fracture property of wood is very sim-
ilar to that of pultruded FRP. The longitudinal fracture property and
the cohesive zone constitutive relationship of wood have been
vastly researched before [28-31]. The results showed that the
bilinear constitutive relation was suitable for its longitudinal frac-
ture, and the model parameters were calculated with modeling
and experiment methods.

2.2. Double K fracture criteria

It is supposed that the quasi-brittle fracture happens for pul-
truded FRP along the longitudinal direction, and a double K frac-
ture criterion on base of linear elastic fracture mechanics, which
is proposed for concrete fracture [32,33], is used to describe its
crack propagation and fracture property. This fracture criteria is
proved to be applicable for the longitudinal fracture of wood
[34]. Here K means the fracture toughness. The double K parame-
ters include the initial cracking fracture toughness, K™, and the
failure fracture toughness, K. In the cohesive zone, the fracture
crack develops in three stages: initial cracking, stable develop-
ment, failure development. The corresponding fracture criteria is
that, when K < K", no crack appears; when K" <K < K", the
crack develops stably; and when K > K{", the crack develops
unstably, the specimen is in the failure stage. The applied load P

un

and the crack length a is used to determine K™ and K™ according
to the Stress Analysis of Cracks Handbook [35]. However, it is dif-
ficult to measure the initial cracking load in the test. Then in order
to obtain an accurate initial cracking fracture toughness, a cohesive
fracture toughness, K7 , and an elastic equivalent fictitious crack
length, Aac , are introduced. The following relations exist for these
parameters.

K" = K™ + Kf (2)
Adc = ac — ag 3)

Where, a. and a, represent the critical equivalent crack length and
the initial crack length, respectively. The failure fracture toughness
can be obtained with the test data, while the cohesive fracture
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toughness is calculated by the numerical integral method. Then the
initial fracture toughness is determined according to Eq. (2).

3. Fracture experiment
3.1. Specimen preparation and test setup

A fracture experiment on pultruded GFRP is taken out in
this study. As is shown in Fig. 2, three-point flexural test of
mode | fracture is adopted according to the Stress Analysis
of Cracks Handbook [35]. The specimen geometry is [ x d x b=
220 mm x 50 mm x 18 mm, with a support span s as 200 mm.
The ratio of span to height is determined as s/d = 4. A single edge
notch along the fiber direction is cut with the thickness of 2 mm,
while the notch tip is made with a thickness as 0.5 mm. The notch
depth ag is determined to be 15 mm, the ratio of notch depth to
specimen height is ap/d = 0.3.

The tests are conducted on a 10-kN electron-mechanical testing
machine. As is shown in Fig. 2, a longitudinal load P is applied
along the fiber direction, in the same line with the notch. Displace-
ment control is used with a constant rate of 0.1 mm/min. The test
setup is shown in Fig. 3. Two clip gauges with a measuring range of
+2 mm attached to the specimen are used to measure the crack
mouth opening displacement (CMOD) and the crack tip opening
displacement (CTOD). Moreover, another clip gauge with a mea-
suring range of £10 mm is used to measure the midspan deflection.
In order to measure the initial cracking load, one half bridge and
one full bridge with three strain gauge of are pasted in front of
the notch tip.

3.2. Experiment result

Fig. 4 shows the experimental curves of P-CMOD and P-CTOD.
From these two diagrams, a quasi-brittle fracture of mode I hap-
pens for pultruded FRP along the fiber direction. The P-CMOD
and P-CTOD curves both include three stages in consistent with
the crack growth. In the first stage, no crack develops in the spec-
imen, and a liner relation exists for the curves. In the second stage,
the crack grows stably, and a fracture process zone develops. In the
third stage, the crack grows rapidly, leading to the fracture failure
of the specimen. A typical plot of P-CMOD curve is sown in Fig. 5, in
which, the three stages, OA, AB and BC, are marked. In stage OA, a
linear elastic relation exhibit between the applied load and the
specimen displacement. Then, in stage AB, because of the crack
weakening effect, a strain softening relation happens. In stage BC,
due to the effect of fibers, the specimen would not break into
two parts immediately after cracking. Instead, the displacements
develop slowly with a decline of the applied load. The two dividing
points, A and B, represent the initial cracking point and the maxi-
mum load point respectively.

P _
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| s=200 |
=220

Fig. 2. Specimen geometry/mm.

Fig. 3. Test setup.
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Fig. 4. Experimental P-CMOD and P-CTOD curves.

Fig. 6 shows a typical failure section of the fracture specimen,
which is amplified by 700 times. It is seen that the fracture crack
first destroys the bonding interfaces between the glass fiber and
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Fig. 5. Schematic plot of P-CMOD curve.

Fiber fracture

Fig. 6. Amplified cracking section.

the matrix, and then causes fiber fracture. More and more fibers
continue to break, meanwhile, the matrix is also damaged on this
cracking section. While the fracture develops to the top surface,
the specimen reaches the final failure point.

4. Double K fracture criteria
4.1. Bilinear softening model parameters

From the above discussion of Eq. (1), it is very important to
decide the values of the three parameters, w., s and wg. These
parameters can be calculated with the total fracture energy G,
and its two component parts, G, and Gg,. According to the former
research, linear elastic fracture mechanics (LEFM) can be used to
obtain the fracture energy of wood, which is a another typical three
anisotropic material [28,36], very similar to pultruded FRP. In this
study, the method of LEFM is employed to calculate the fracture
energy of pultruded FRP.

During the process of crack propagation and stress development
in the cohesive zone after the initial cracking, the development of
the cohesive zone can be divided into two stages [28,36]. In the
first stage, the initial crack develops slowly due to the bridging
effect of the glass fibers and the bonding effect of the matrix. The
crack does not develop thoroughly in the cohesive zone, meaning
that the applied load can steadily increase although a fracture
crack has been produced. Then in the second stage, after the crack
reaches its critical length, the matrix in the cohesive zone is thor-
oughly passed, and the crack develops rapidly, leading to the

decrease of the applied load. The dividing point of the two stages
is the critical crack length a., which corresponds to the maximum
load Ppax (point B in Fig. 5). While the starting point of the first
stage is initial cracking point (point A in Fig. 5).

Asis seenin Fig.1, the total fracture energy is defined as the area
under the stress-displacement curve for the specimen, as follows,

G — / " odw )
0

In another way, for SEN bending specimen, the total fracture
energy can be calculated as the work summation performed by
the applied load and the self weight of the test piece, relative to
the area of the fractured surface, as follows,

do
Gf = 1 (mg - 0o +/ Pd5> (5)
N 0

Where, o is the mid-span deflection recorded from the start
to the complete fracture, S represents theoretical (nominal)
fractured ligament area, mg is the self-weight of the test
specimen, and P is the applied load recorded during the
fracture test. However, because that the work of self-weight
is usually rather small in comparing with that of the applied
force, the first part in Eq. (5) is ignored in computing the
fracture energy, that is,

1 [ 0 Pdo
Gf—§ A Pdé_ib(d—ao) (6)

The fracture energy Gy is calculated with the experimental P-§
curves of the test specimens, which are shown in Fig. 7. The two
component parts also can be calculated, in that, the microcracking
fracture energy Gy, is the area under the P-6 curve before the point
of maximum applied load, while the crack bridging energy Gg, is
the other part after the point of maximum load. With the experi-
mental data, the calculated results of the three kinds of fracture
energy are shown in Table 1. From this table, the unidimensional
parameter Gy, /Gy is a stable value for the specimens in this study.
Here, it is taken as Gy, = 0.6Gy. With this value as well as the tensile
strength f;, the parameter ws is easily calculated. In order to decide
the other two parameters s and w,, the ratio value of ws/w. must
be determined according to the softening g-w relation. From the
P-CMOD and P-CTOD curves shown in Fig. 4, ws/w, is set as 0.11.
With these relations, the parameters in Eq. (1) are easily deduced,
and all can be calculated with the fracture energy G and the tensile
strength f;, as shown in Eq. (6).

From the above discussion, the parameters of the bilinear soft-
ening relation of pultruded FRP composites is decided as shown in

35

d/mm

Fig. 7. Experimental P-§ curves.
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Table 1
Calculated results of fracture energy.
Specimen G (kJ/m?) Gry (KJ/m?) G, (kJ/m?) B = Gru/Gr
No. 1 7.711 4562 3.149 0.592
No. 2 7.543 4.467 3.076 0.592
No. 3 8.294 5.173 3.121 0.624
No. 3 7.530 4554 2.976 0.605
Average 7.767 4.680 3.081 0.603
Eq. (7), while the tensile strength f; is obtained through the direct K" = 32’23551-"2 (ao/d)
tensile test, and the result is 36.76 MPa. A comparison of the calcu- 1.9 (a0 /d)(1—ap /d)2.15—3.93a0 /d+27(d0 /] 9)

lated ws by Eq. (7) and the tested CTOD. for each specimen is taken
out, as is shown in Table 2. Here, CTOD. means the critical value of
the crack tip opening displacement at the maximum applied load.
In the fracture experiment, CTOD. is difficult to measure accurately
by the clip gauge. However, in the bilinear relation, CTOD. is the
crossing value of the crack opening displacement of the two
lines, that is ws. From Table 2, the difference error is computed
as e =(|ws — CTOD(|/ws). It is seen that the error between the
calculated ws and the tested CTOD. is not very big.

o5 =1t
1.2G,

ws =5 (7)
11.2G,

We =~

4.2. Double K fracture parameters

As illustrated in 2.1, the effect of orthotropy is ignored in calcu-
late pultruded FPR’s fracture toughness of mode I along the fiber
direction. The Double K fracture criterion is applied to express
the fracture property of pultruded FRP.

According to the Stress Analysis of Cracks Handbook [35], the
following relation between the applied load P and CMOD exists
for the thee point flexural fracture beam when s/d = 4.

CMOD = 2#2V/, (a/d)

Vi(a/d) = 0.76 — 2.28a/d + 3.87(a/d)’ — 2.04(a/d)’ + ;%

(8)

Based on this equation, for each specimen, three values of the
longitudinal elastic modulus of pultruded FRP are calculated with
three points in the linear stage of the P-CMOD curve. Then the lon-
gitudinal elastic modulus is determined as the mean value of the
three calculated elastic modulus values.

In the typical P-CMOD curve showed in Fig. 5, points A and B
represent the maximum elastic point and the maximum load point
respectively. Before point A, the crack does not propagate, with a
constant length ao. The applied load at point A, is the initial crack-
ing load Pyy;. With P;,; and ag, the initial cracking fracture toughness
K™ is calculated by Eq. (9) on basis of the elastic fracture mechan-
ics. However, in fact, this value is difficult to obtain exactly with
the test data, because that Py is difficult to examine accurately
in the experiment.

Table 2

Comparison between the calculated ws and the tested CTOD,.
Specimen ws/mm CTOD./mm e1/%
No. 1 0.252 0.238 5.56
No. 2 0.246 0.271 10.16
No. 3 0.271 0.287 5.90
No. 3 0249 0.230 7.63
Average 0.255 0.257 -

Fy(ao/d) =

The failure fracture toughness K" is calculated with the test data of
the beginning point or the failure stage, which is point B in Fig. 5.
With Ppax and a, the failure fracture toughness K" is computed
also by Eq. (9), with substituting Pp.x and ac for Pyy; and ag respec-
tively. However, it is difficult to measure a. in the experiment. In
this research, the linear superposition assumption is used to obtain
a.. There are two hypotheses in this theory: (1) the nonlinear part of
P-CMOD curve is caused by the fictitious crack in the cohesive zone;
(2) the effective crack contains two parts: equivalent elastic free
crack and equivalent elastic fictitious crack. In this way, according
to Eq. (8), the critical crack length a, is calculated with the maxi-
mum applied load Py,.x, the critical crack mouth opening displace-
ment CMOD, corresponding to this maximum load, and the elastic
modulus E.

From Eq. (3), when the failure fracture toughness K" is
obtained. the cohesive fracture toughness K, is used to calculate

the initial cracking fracture toughness K™™. Numerical integration
method is used to determine the coheswe fracture toughness.
According to the Stress Analysis of Cracks Handbook [35], for a lim-
itless narrow plate under a couple of unit force, as shown in Fig. 8,
the stress intensity factor at the crack tip is calculated as follows,

Ki= b (9

~ 352-(1-%)  435-528¢ 1.30-030(%)%?
Fq (%»%) = (17§)3/2 - (]7§)1/2 +{ [17(%)2]1/2 +0.83 — 1.76%

x[1-(1-9g (10)

where, x is the distance between a free point on the fracture crack
and the bottom surface. When the applied load on the specimen
reaches the maximum load Pp,.y, the crack mouth opening displace-
ment reaches its critical value, CMOD.. The cohesive softening
stress is distributed as shown in Fig. 8.

From Fig. 8, the cohesive softening stress at the free point on the
fracture crack is calculated as follows,

(1+2aq/d)(1-ag/d)*/?

(%) = 6,(CTOD,) + ~— Z" [f. - 65(CTOD,)] 11)
— Uo
This equation is transferred into,
X %
a(a):as(CTOD g [ft 0,(CTOD,)] (12)

0 < CTOD < CTOD. or ag < x < ac¢

where, ¢(CTOD,) is the cohesive stress at the crack tip when the
crack tip opening displacement reaches its critical value, CTOD..
This stress is computed through the bilinear softening relation as
shown in Egs. (1) and (7), in which, CTOD. = w,. Then, with this
cohesive stress, the stress intensity factor induced by the cohesive
stress at the critical failure point is obtained, as shown in Eq. (13).

ch:_/ac 20 >F1<i ﬂ)dx

b
Jao Tia. a.’' d

(13)
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i

o(x)

Os

CTODc

Fig. 8. Cohesive softening stress distribution at the maximum applied load.

Taking V =%, and U =, then dx = a.dU. Eq. (13) is fatherly

transferred into

K =~ [ 2\/%(U)F,(U,V)dU

Jag/ac

Fi(U,V) =32520-U)_ 435-5280 | {1.3070,30%2 1083 _1.76U

Toa-vy? 1-v'? 1-(1-U2)

According to these above two equations, it is clearly that the
two critical values, a. and CTOD, are necessary to calculate Kf.
From the above analysis, a. can be obtained with Pp,.x, CMOD.
and E according to Egs. (8) and (9), while CTOD, is determined as
ws in the bilinear softening model.

From the above discussion, the double K parameters can be
obtained as follows, a. determine the elastic modulus E
according to Eq. (9) with the experimental P-CMOD curve; b.
calculate the critical equivalent crack length a. with the
maximum load Pn. the critical crack mouth opening
displacement CMOD,, and the elastic modulus E; c. calculate
the critical crack tip opening displacement CTOD. by the
bilinear softening relation; d. numerical integrate the cohesive
fracture toughness Kf; f. calculate the failure fracture toughness
K™ with the experimental data; e. calculate the initial cracking
fracture toughness K™ with K™ and Kf, then compare it with
the experimental Ki™.

Following the above procedures, the experimental and
calculated results of the specimens in this study are shown in
Table 3. KiM is the experimental initial cracking fracture
toughness obtained from the gy and the tested P, while Ki™
represents the calculated value determined by K™ and Kf
according to Eq. (3). The difference error e, is computed as
e, =(| Ki" — Kini/Kin), From this table, the difference between
the experimental and the calculated initial fracture toughness
is rather apparent. It is better to determine this value with
the cohesive fracture toughness. Moreover, the double K of
the pultruded GFRP in this study is obtained as Ki"=0.
MPa mm'? and K™ =0.416 MPa-mm'/.

5. Conclusion

This study presents a three-point fracture experiment of mode I
along the fiber direction on pultruded FRP composites. A bilinear
softening model is used to describe the constitutive relation of
the cohesive fracture zone, while a double K fracture criterion is
applied to analyze the crack propagation and fracture process of
this material. Based on the linear elastic fracture mechanics, the
model parameters are obtained from the experiment result. The
following conclusions are obtained.

(1) A quasi-brittle fracture of mode I happens for pultruded FRP
along the fiber direction. According to the crack develop-
ment, three stages exist during the fracture process: no
developing stage, stable developing stage and failure stage,
with the points of initial cracking and maximum load as
their dividing points.

(2) For pultruded FRP, the orthotropic effect on the fracture
property of mode I along the fiber direction is rather small,
and ignored in this study. The bilinear softening model is
used to describe the constitutive relation of this material
in the cohesive fracture zone. The cohesive fracture energy
includes two parts: the microcracking fracture energy and
the fiber bridging fracture energy. The ratio between the
two fracture energies is 1.5.

(3) A double K fracture criterion is applied to explain the crack
propagation and fracture property of pultruded FRP. The
cohesive fracture toughness in introduced to determine the
initial cracking fracture toughness. Based on the linear elas-
tic fracture mechanics and the bilinear softening relation,
the two fracture toughness of this criterion is calculated
with the test results.
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