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Abstract 
 
During the fiber preform loading process of resin transfer moldings (RTMs), fabric layers can be wrinkled in the preform, which af-

fects the quality of the composite. This study considers several wrinkled models with different wrinkled lengths (LW) and different num-
bers of wrinkled layers in the preform. To study the effects of wrinkling on tensile properties, two matrix materials with different moduli 
are used to enhance understanding. It is found that the tensile moduli of wrinkled models are lower than those of the normal model, for 
the same fiber volume fraction (Vf). The effects of wrinkling on the tensile modulus increase with the number of layers as well as Vf. In 
addition, the effect of wrinkling with a low-modulus matrix on the tensile modulus is larger than that with a high-modulus matrix in the 
composite. Based on the failure modes and the stiffness of materials, the failure mechanisms of wrinkled models can be separated into 
two regimes as a function of wrinkled length, LW, depending on the critical wrinkled length (LWC).  
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1. Introduction 

Resin transfer molding composites (RTMCs) are being 
widely used in the manufacture of fiber-reinforced plastic 
materials because of their applicability in the production of 
composite materials that are cost-effective and light-weight 
and that have a high specific strength and a specific stiffness. 
The manufacture of RTMCs consists of four steps: fiber pre-
form loading; resin injection; curing; and demolding. First, the 
fiber preform is placed in a closed mold. The mixture of resin 
and hardener materials is then injected at a low pressure into 
the mold. After curing, the finished composite is removed 
from the mold [1-5]. During the preform loading process, 
wrinkling easily occurs in the fabric preform and can be a 
source of crack initiation. However, not many studies have 
been undertaken and published especially on the effects of 
wrinkling on mechanical properties. Hence, further research is 
necessary. 

Also, laminar composites have some inevitable problems 
due to the wrinkled pattern for different geometrical structures, 
stacking sequences and material stiffnesses. Even though the 
advantages of laminar fabric composites are not proven in 
terms of the elastic properties, the use of these composites has 

increased due to many advantages such as the low cost of 
manufacture, the high fracture toughness, thermodynamic 
properties and the processing technique. These benefits are 
related to the current textile technologies, which allow the 
production of fabrics with many options. The elastic proper-
ties modeling can be considered as the first step in the design 
of new material [6]. However, due to this wrinkling, the me-
chanical properties of these composites can also be signifi-
cantly degraded. 

The mechanical properties of fiber-reinforced plastics mate-
rials have been widely studied for several matrix and fiber 
materials; studies have focused on the characterization of 
processing and mechanical properties [7, 8]. Using the three-
point bending test, Hobbiebrunken [9] investigated interfacial 
failure on the basis of experimental and numerical results. He 
indicated that the interfacial strength must be lower than the 
matrix strength and showed that the interfacial failure was the 
dominant failure mechanism. For the same carbon fiber with 
the same treatment, the interfacial failure was either adhesive 
(weak interface) or cohesive (strong interface), depending on 
the matrix system. In addition, some authors have also worked 
on the effects of the manufacturing and performance of 
RTMCs on tensile properties. For instance, Holmberg and 
Berglund [10] studied the problems of the fiber preform of U-
beams and tensile failure mechanisms. They concluded that 
the reinforcement easily led to fabric discontinuity in the pre-
form during preforming and/or mold closuring. This disconti-
nuity caused a problem such as increasing void content of the 
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finished composite, etc. [10-12]. Hence, wrinkled fabric in the 
preform can also occur and affect the quality of the composite. 

Using a standard tensile test, this study examines the tensile 
properties of RTMCs with several wrinkled preform models 
of K618/R409 and K618/R235 composites. On the basis of an 
energy method, the analysis of the tensile modulus is per-
formed and then compared with experimental data for under-
standing the effects of wrinkled patterns and matrix materials. 
The tensile strength and failure mechanisms of the composites 
with the wrinkled fabric are analyzed as functions of the wrin-
kled length, fabric layers and matrix materials. In addition, the 
shear strength for a critical wrinkled length is determined too. 

 
2. Experimental details 

The materials prepared for the experiments were polyester 
resins, R235 and R409, from Sewon Chemical Co. and E-
glass woven fabric, K618, from Hankuk Fibers Co. For reduc-
ing the curing time, the hardener material of Luperox DDM 
from Seki Arkema Co. was mixed with the resins, R235 and 
R409, in a weight ratio of 1:120 and cured at room tempera-
ture in a closed mold. The specimens were fabricated by the 
resin transfer molding process. The basic physical and me-
chanical properties are given in Table 1. 

The specimens used in this study were modeled in accor-
dance with the ASTM D3039-76 standard tensile test with a 
gage length of L = 100 mm and a rectangular cross-section, 
which had a thickness of t = 2.1 mm and a width of b = 33.3 
mm for the K618/R235 composite and a thickness of t = 2.5 
mm and a width of b = 33 mm for the K618/R409 composite. 
The thickness of laminates was total numbers of plies used to 
fabricate the specimen. The ends of the specimens were cohe-
sively bonded by the laminated tabs for the load-transfer from 
the machine grips to the specimens without damage to the 
specimens, as shown in Fig. 1. The test specimens were cut by 
an electric band-saw from an original plate of size, 300 mm x 
200 mm. 

During the preform loading or thermoforming process, a 
wrinkled fabric preform with different wrinkled lengths can 
occur. Those affect the mechanical properties and failure 
mode [10, 11, 13]. To study the effects of wrinkling on the 
tensile properties, the geometrical structures of the fabric pre-
form types were selected as the following models with differ-
ent layers and wrinkled lengths as described below (see Fig. 2). 
• Model 1 was a normal type. The fabric preform pattern 

had different numbers of continuous layers, i.e., 2, 4, 6, 8 
and 10 layers for the K618/R235 composite and 5, 7 and 
9 layers for the K618/R409 composite. 
• Models W-1, W-2, W-3 and W-4 were the wrinkled types 

with 1, 2, 3 and 4 wrinkled layers, respectively. The 
wrinkled specimens with different numbers of wrinkled 
layer had the same thickness values. Also, the thickness 
along the length direction of the specimen was uniform. 
The ratio of the wrinkled length to the gage length (LW/L) 
was varied from 0.1 to 0.9. 

Table 1. The basic physical and mechanical properties of the resin and 
fabric. 
 

Polyester resin 

Type Density
(g/cm3)

Viscosity 
(Poise/25oC)

Curing time 
at 25oC (min.) 

Tensile 
strength
(MPa) 

Tensile 
modulus

(GPa) 
R409 1.12 1.17 7 31 1.1 
R235 1.05 1.15 7 36 1.3 

Plain woven fabric (K618) 

Count (Yarns/In.)

Warp Weft
Density 
(g/cm3) 

Thickness 
(mm) 

Tensile 
strength
(GPa) 

Tensile 
modulus

(GPa) 
18 18 2.54 0.18 3.4 70 

 

 
 
Fig. 1. Configuration of the tensile test specimen. 

 

 
 
Fig. 2. Fabric preform models. 

 
To examine the tensile properties of selected models, sev-

eral test specimens were built and preformed. First the end 
tabs of each specimen were clamped in the grips of the tensile 
testing machine. Then, the tensile load was applied. The test 
conditions refer to the ASTM standard [14], and a low loading 
speed of 3 mm/min. was chosen to fully examine the effects of 
wrinkling. All tests were done by using a Shimazu testing 
machine at room temperature and a relative humidity of 50%. 
The stress-strain curves were recorded from the tensile tests 
for both the normal and wrinkled specimens. Typically, at 
least three specimens were used for a single evaluation. 
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3. Results and discussion 

3.1 Tensile strength 

In this study, the tensile strength is determined from a 
maximum load and a cross-sectional area of the K618/R409 
and K618/R235 composites. In addition, the tensile strength 
also can be predicted by using the modified rule of mixtures to 
consider the effects of the fiber volume fraction in RTM com-
posites, as in the following equation [15-17]. 

 
' '

max (1 )f f m fC V Vσσ σ σ= + −  (1) 

 
In Eq. (1), σm and σf are the tensile strengths of the matrix (36 
MPa for R235 and 31 MPa for R409) and fiber (3.4 GPa for 
K618), respectively, Cσ is the fiber-efficiency parameter for 
the tensile strength, and Vf’ is the effective fiber volume frac-
tion. 

The fiber volume fraction was determined by using the den-
sity of the matrix, fiber and composite. Since the plain woven 
fabric K618 had the “fiber” symmetry as in woven or cross-
plied as 0o and 90o fiber reinforcement, the effective fiber (Vf’) 
as the load carrying fiber was assumed to be only 50% of the 
fiber in the fabric preform (Vf) for better comparison, Vf’ = 
0.5Vf. For various numbers of the continuous layers (which 
correspond to different effective fiber volume fractions), the 
tensile strength was determined as the maximum stress of 
laminate composites for the normal model (Model 1), as 
shown in Fig. 3. The values predicted through Eq. (1) were in 
agreement with Cσ = 0.35 for K618/R235 and Cσ = 0.27 for 
K618/R409. These values are due to the interface conditions 
and the fabric-type reinforcing element. The difference in the 
tensile strengths between the K618/R235 and K618/R409 
composites considerably increased with the number of con-
tinuous layers. As expected, the tensile strength of the com-
posite with the high-strength matrix (R235) was larger than 
that of the composite with the low-strength matrix (R409) for 
any given fiber volume fraction and the same fiber material 
(K618). It is clear that the effects of matrix properties, includ-
ing the density and stiffness, on the tensile strength are rea-
sonable for the different fiber-efficiency parameters. 

Fig. 4 shows the tensile strength of wrinkled models with 
various numbers of wrinkled layers, as a function of the wrin-
kled length. The tensile strength exhibited two regimes as 
LW/L increased, depending on both the fiber volume fraction 
(through the number of layers) and the matrix property 
(through the shear strength in the wrinkling section). Since the 
tensile load always increased with the axial elongation up to 
the final failure with a loud bang, the tensile strength was de-
termined as the failure strength. 

For the first regime (I), where the wrinkled length was 
smaller than the critical wrinkled length, i.e., LW < LWC, a fail-
ure occurred at the interfacial bond of the wrinkling section. 
The ‘critical wrinkled length’ is defined as the minimum wrin-
kled length required for the fiber stress to be equal to the ulti-
mate fiber strength at the middle of the wrinkling section. The  

 
 
Fig. 3. Tensile strength of the normal model (Model 1) as a function of 
the number of layers. 

 

 
 
Fig. 4. Variation of the tensile strength of wrinkled models with the 
relative wrinkled length. 

 

 
   (a) Model W-3        (b) Model W-2        (c) Model W-1 
 
Fig. 5. The failure shapes of K618/R235 specimens when LW/L = 0.3. 

 
interfacial bond [15, 16, 18, 19] failed before the fibers 
achieved their potential strength, as shown in Figs. 5(a) and 
5(b). The main causes of those failures were due to Mode I 
(opening failure) and Mode II (pulling failure). The failures 
can be analyzed as follows. 

Consider an infinitesimal length dLW that belongs to LW, as 
shown in Fig. 6. Since the matrix has a much lower tensile 
modulus and strength than the fiber, the longitudinal strain at 
failure in the matrix is larger than that in the fiber [15]. If a 
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Fig. 6. Wrinkled model used in the analytical study. 

 
perfect bond is assumed for each fabric layer, the difference in 
longitudinal strains creates the shear stress and moment at the 
wrinkling section, when LW < LWC. 

The force equilibrium equations in the loading direction as 
shown in Fig. 6 are: 

 
( ) 2 ( ) 0f f f f f W Wbt d bt b dLσ σ σ τ+ − − =

   

and 2f W

W f

d
dL t
σ τ=  (2) 

 
For simplicity of analysis, it is often assumed that the inter-

facial shear stress is a constant; thus, 
 

2 W
f W

f

L
t
τσ =

 

(3) 

 
In Eqs. (2) and (3), b is the width of the specimen, τW is the 
interfacial shear stress, σf is the longitudinal stress of the fiber, 
and tf is the thickness of a layer. 

When the composite lamina contains wrinkled layers that 
can be assumed to be discontinuous fibers, the fiber stress is 
not uniform. It is zero at the ends of the wrinkling section and 
linearly builds up to the maximum value at the central portion 
of the fiber [15, 16]. The maximum fiber stress due to the 
shear that can be achieved at a given load is: 

 

( )
max

2
2

W W W
fs W

f f

L L
t t
τ τσ = =  (4) 

 
In addition, the moment (MW) exists in this case and the 

maximum fiber stress due to the moment is described by: 

 

( )
max

1 3
2 2 2

fW W
fm

W

PM t
I bt

σ = =    

where 
2
W

W f

tM P=  and 
3

12
WbtI =  (5) 

In Eq. (5), tW is the thickness of the wrinkled fabric (Fig. 6), I 
is the moment of inertia of the wrinkling section, and Pf is the 
tensile load of the fiber at failure. 

Therefore, the total maximum fiber stress due to the shear 
and the moment can be derived from Eqs. (4) and (5) as: 

 
3
2

fW
fu W

f W

P
L

t bt
τσ = +  (6) 

 
A critical wrinkled length can be calculated from Eq. (6) as: 
 

3
2

f f
WC fu

W W

P t
L

bt
σ

τ
⎛ ⎞⎛ ⎞⎟ ⎟⎜ ⎜⎟ ⎟= −⎜ ⎜⎟ ⎟⎜ ⎜⎟ ⎟⎜ ⎜⎝ ⎠⎝ ⎠

 (7) 

 
In Eq. (7), LWC is the critical wrinkled length that is required 
for the fiber stress to be equal to the ultimate fiber strength 
(σfu) at the middle of the wrinkling section. 

Based on the rule of mixture [15-17], the tensile strength of 
the composite with the wrinkled preform for a boundary con-
dition of LW < LWC can be given by: 

 

' ' '
max

3 (1 )
2

fW
W f m f

f W

P
L V V

t bt
τσ σ

⎛ ⎞⎟⎜ ⎟⎜= + + −⎟⎜ ⎟⎜ ⎟⎝ ⎠
 (8) 

 
In Eq. (8), Vf’ is the effective fiber volume fraction, Vf’ = 0.5Vf, 
σ’m is the matrix stress at the instant of composite failure, and 
Pf is the tensile load of the fiber that can predicted from the 
tensile loads of the composite and the matrix at the failure of 
the composite. Then, the tensile strength of wrinkled models 
for regime (I) can be determined through Eq. (8). 

The opening and pulling failures did not occur when the 
wrinkled length reached a value that was larger than the criti-
cal wrinkled length as LW > LWC. In this case, failures of the 
composites were due to breaking fibers for the second regime 
(II), as shown in Fig. 5(c). The maximum fiber stress and 
stress concentration [15, 16, 20] at both ends of the wrinkling 
section were the main causes for the failure strength. 

Therefore, when the wrinkled length is larger than the criti-
cal wrinkled length (LW > LWC), the maximum fiber stress of 
the non-wrinkling section may reach the ultimate fiber 
strength (σfu) and the tensile strength of the composite is then 
given by: 

 
' ' '

max 1 (1 )W
fu f m f

L V V
L

σ σ σ
⎛ ⎞⎟⎜= − + −⎟⎜ ⎟⎟⎜⎝ ⎠

 (9) 

 
In Eq. (9), L (= 100 mm) is a gage length of the specimen, Vf’ 
is the effective fiber volume fraction, and σ’m is the matrix 
stress at the instant of composite failure. 

In general, the composites become much stronger and stiffer 
under tension because the shear factor decreases as the wrin-
kled length increases. This is a reason why the tensile strength 
was always increasing with the wrinkled length for both the 
regimes. However, due to the geometrical structure of curved  
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(a) Experimental results 

 

 
(b) Predicted results 

 
Fig. 7. The experimental and predicted results of the critical wrinkled 
lengths. 
 
fibers at both ends of the wrinkling section, the redistribution 
of the load-transfer and stress-transfer [21] at the wrinkling 
ends occurred easily. Transferring the tensile strength from 
regime (I) to regime (II) is reasonable as described in Fig. 4. 
Based on the experimental results, the critical wrinkled 
lengths for the K618/R235 and K618/R409 composites were 
obtained as shown in Fig. 7(a). To use this data for designing 
with composites, it is necessary to generalize this behavior, as 
a function of the shear strength (τW) and the number of layers 
(n), as described by the following equation. 

 
( )0.07 0.2 0.5840 1 n

WC WL n eτ −= −  (10) 

 
where n ≥ 0, integer. 

The shear strengths for the K618/R235 and K618/R409 
composites were determined from Eq. (8), when LW = LWC, 
and are described in Table 2. The results showed that the shear 
strength was larger for the matrix having high-strength (R235) 
[9]. Also, the shear strength increased about 10% with increas-
ing one layer in the wrinkled preform. It is believed that the 
better bonding between the layers when increasing the wrin-
kled layer in the prefom is the reason. The higher fiber volume 
fraction needed the higher pressure for permeability that can 
be expected from the same thickness of its composites. As  

 
 
Fig. 8. Tensile strength versus Vf

’ for K618/R235. 
 

expected, for given properties of the matrix, fiber and compos-
ite, the shear strength at a certain wrinkled length can be de-
termined under a given tensile load. The shear strength must 
be smaller than matrix strength [9]. In addition, the critical 
wrinkled length also can be predicted from the given values of 
the shear strength and the number of layers (Fig. 7(b)). This 
prediction can be used as a design tool in the case of wrinkled 
or discontinuous fabric composites. 

Fig. 8 compares the tensile strengths between the normal 
and wrinkled models vs. Vf’ for the K618/R235 composite. 
Due to the effects of the wrinkled pattern, which is assumed as 
constituting discontinuous fibers, the tensile strengths of wrin-
kled models were smaller than those of the normal model. The 
load-transfer and stress-transfer [15, 16, 21] occurred for the 
wrinkled layers that can be assumed as discontinuous fibers. 
In addition, the effects of the load-transfer and stress-transfer 
were much larger when the number of wrinkled layers in the 
preform increased. The maximum fiber stress at the ends of 
the wrinkling section reached the ultimate fiber strength. In 
turn, that meant that, as a function of fiber volume fraction, 
the tensile strengths of the wrinkled models with a larger 
number of layers were much smaller than those of the normal 
model. 

 
3.2 Tensile modulus 

The tensile modulus can be determined on the basis of a 
stress-strain curve from the experimental data. In addition, to 
consider the effect of the fiber in the composite, the tensile 
modulus can also be predicted by using the modified rule of 
mixtures [15-17]. 

 
' '(1 )E f f m fE C E V E V= + −  (11) 

 
In Eq. (11), Em and Ef are the tensile moduli of the matrix (1.3 
GPa for R235 and 1.1 GPa for R409) and fiber (70 GPa for 
K618), respectively. CE is the fiber-efficiency parameter for 
the tensile modulus, and Vf’ is the effective fiber volume frac-
tion. 

Fig. 9 shows the tensile moduli of the K618/R235 and 
K618/R409 composites vs. Vf’ where Vf’ = 0.5Vf. The values 
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Fig. 9. Tensile modulus of Model 1. 

 
of Vf were determined by using the densities of the matrix, 
fiber and composite. Also, in this comparison, half the meas-
ured Vf is used since the effective fibers are assumed to be 
only 50% of the fibers in the fabric preform. The modulus that 
is calculated through Eq. (11) is well-matched with the fiber-
efficiency parameter of 0.43 instead of 1 for both the 
K618/R235 and K618/R409 composites. It is believed that 
this was due to not only the imperfect interface, matrix viscos-
ity and fabric type, which were not easy to wet thoroughly, but 
also the nature of the woven fabric. The differences in the 
tensile moduli of the K618/R235 and K618/R409 composites 
were larger as the number of continuous layers in the preform 
increased. It is clear that the difference in the effects of the 
matrix on the tensile modulus was small when Vf’ was small, 
but became larger when Vf’ increased. 

For different wrinkled models with various wrinkled 
lengths (LW), the tensile moduli of RTMCs in the form of 
K618/R235 and K618/R409 laminate specimens were deter-
mined and are described in Fig. 10. It is found that the tensile 
modulus increased linearly with LW. The composite with the 
matrix of a high-modulus has a steeper slope as the fiber vol-
ume fraction increases. As expected, the wrinkled models with 
a larger number of layers or a higher fiber volume fraction in 
the preform have a larger tensile modulus for both matrix 
materials. 

The comparison of the tensile moduli between the normal 
model and wrinkled models vs. Vf’ is shown in Fig. 11. Since 
the load-transfer of the wrinkled layers, which were assumed 
to be discontinuous fibers, occurred and the longitudinal strain  

 
 
Fig. 10. Tensile moduli of the wrinkled models. 

 

 
 
Fig. 11. Comparison of the tensile moduli of the K618/R235 compos-
ites. 

 
of the wrinkling section was larger than that of the normal 
section during the elastic period, the tensile moduli of the 
wrinkled models were always smaller than those of the normal 
model as functions of fabric layers. In addition, those effects 
were much larger when the number of wrinkled layers in the 
preform increased. This implies that the tensile moduli of the 
wrinkled models with many layers were much smaller than 
those of the normal model as a function of fiber volume frac-
tion. It is observed that the difference is below 0.3 GPa when 
the preform has the minimum number (i.e., one) of wrinkled 
layers with a small Vf’, which is below 5%. In addition, at the 
same Vf’, the tensile moduli for the wrinkled models were 

Table 2. Calculated shear strength (τW), derived from Eq. (8), at the critical wrinkled length (LWC). 
 

Type Model LWC (mm) σc (MPa) σm’ (MPa) Pf = Pc – Pm’ (kN) τW (MPa) σc/τW 

K618/R235 
W-1 
W-2 
W-3 

20 
38 
45 

31.429 
61.162 
83.966 

19 
24 
29 

1.211 
3.462 
5.408 

3.7 
4.1 
4.3 

8.49 
14.92 
19.53 

K618/R409 W-2 
W-4 

40 
50 

46.3 
73.044 

21 
26 

2.882 
5.734 

3.3 
3.7 

14.03 
19.74 

where Pf, Pc, and Pm’ are the tensile loads of the fiber, composite, and matrix, respectively; σc and σm’ are the tensile strengths of the composite and matrix 
at failure, respectively. 
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almost the same regardless of the differences in the number of 
layers and the wrinkled length in the preform. It is clear that 
the tensile moduli of the wrinkled models mostly depended on 
the fiber volume fraction, matrix and fiber types, even though 
the number of layers and wrinkled lengths varied in the fabric 
preform. 

Fig. 12 shows the differences in the tensile moduli between 
the normal and wrinkled models for a high-modulus matrix in 
the composite (1.3 GPa for R235) and a low-modulus matrix 
in the composite (1.1 GPa for R409) as a function of Vf’, 
where both contain the same fiber material (K618). There was 
a larger difference in the tensile modulus between Model 1 
and Model W-2, for both composites, as Vf’ increased. In addi-
tion, the slope of the difference for the K618/R235 composite 
was smaller than that for the K618/R409 composite. It is clear 
that the effect of a low-modulus matrix on the tensile moduli 
of wrinkled models was larger than that of a high-modulus 
matrix, as a function of fiber volume fraction in the composite. 

Based on an energy method, the analytical elastic elonga-
tion, λ, is: 

 

1 2

2 W WU P L L L
P A E E

λ
⎡ ⎤−⎢ ⎥= = +⎢ ⎥⎣ ⎦

 (12) 

 
In Eq. (12), E1 and E2 are the moduli for the non-wrinkling 
and wrinkling sections, respectively. They can be predicted 
from the normal model (Model 1) with a given number of 
continuous layers. 

Due to the effects of wrinkling, the analytical elastic elonga-
tion, λ, differs from the experimental result (λ*). It can be 
described as *λ αλ= . The value of α is a ‘damage’ parameter 
that arises from wrinkling. 

It is assumed that E1 and E2 are the constant values, which 
are predicted from the normal preform type (Model 1). For 
K618/R235, E1 are 2.1 GPa, 2.5 GPa and 3.2 GPa, and E2 are 
3.2 GPa, 4.8 GPa and 6.5 GPa for Models W-1, W-2 and W-3, 
respectively. Similarly, for K618/R409, E1 are 2.4 GPa and 
3.6 GPa, and E2 are 4.2 GPa and 7 GPa for Models W-2 and 
W-4, respectively. 

Fig. 13 shows the experimental and analytical results of the 
elastic elongation at P = 0.86 kN vs. LW/L for various wrinkled 
models. For K618/R235, the value predicted through Eq. (12) 
is in good agreement with α = 1.1 for Model W-1 (one layer), 
α = 1.18 for Model W-2 (two layers), and α = 1.24 for Model 
W-3 (three layers). For K618/R409, α = 1.19 for Model W-2 
(two layers) and α = 1.36 for Model W-4 (four layers). Due to 
the curved fibers at the ends of the wrinkling section, the axial 
elongations of the wrinkled models were larger than those of 
the normal model during elastic tensile loading. In addition, the 
load-transfer and stress-transfer [15, 16, 21] occurred for wrin-
kled types in the manner of discontinuous fibers. The effects of 
wrinkling clearly can be seen though the wrinkle-damage pa-
rameter, α > 1, which describes the effects of wrinkling pat-
terns as well as the effects of matrix materials on the elastic 
moduli of the composites. The wrinkle-damage parameter in 

 
 
Fig. 12. Difference in the tensile modulus between the normal and 
wrinkled models. 

 

 
 
Fig. 13. Experimental and predicted elastic elongation results of the 
wrinkled models at P = 0.86 kN. 

 

 
 
Fig. 14. Wrinkle-damage parameter versus the number of layers. 

 
creased with the number of layers, as shown in Fig. 14. The 
slope for the low-modulus matrix (R409) was steeper than that 
of the high-modulus matrix (R235) in the α-n graph. This 
means that the matrix with the lower modulus is more sensi-
tive to wrinkling with regard to the tensile modulus for the 
same fiber material and fiber volume fraction in the composite. 

In general, the results show that the wrinkle-damage pa-
rameter increases with the number of layers. This is because 
of a greater load-transfer, stress-transfer and longitudinal 
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strain when the number of wrinkled layers in the preform in-
creases. Therefore, a low elastic modulus in these composites 
is reasonable. The wrinkle-damage parameters for wrinkled 
models with a high-modulus matrix are smaller than those for 
models with a low-modulus matrix in the composite. This 
means that these parameters depend not only on the number of 
layers but also the matrix material that is related to the stress 
concentration [15, 16, 20] at the ends of the wrinkling section. 

 
4. Conclusions 

Based on this study, the following conclusions can be 
drawn. 
• The tensile modulus and strength as yielded by experi-

ments are well-matched with the values that are predicted 
through the modified rule of mixtures with the fiber-
efficiency parameters of 0.43 and 0.27 for K618/R409, 
and 0.43 and 0.35 for K618/R235, respectively. 
• The tensile modulus of the composite with a high-

modulus matrix is much larger than that of the composite 
with a low-modulus matrix when the fiber volume frac-
tion is increased. 
• The tensile modulus and strength increase with the fiber 

volume fraction. However, the results of the normal 
model are quite bigger than those of the wrinkled models. 
This is due to the effect of wrinkling, which is assumed to 
constitute discontinuous fibers. 
• The tensile strength of wrinkled models has two failing 

mechanisms as a function of the wrinkled length. Due to 
the failure modes and the stiffness of the matrix, the fail-
ure strengths of regimes (I) and (II) are mainly due to the 
matrix and fiber failures, respectively. 
• As expected, for given properties of the matrix, fiber and 

composite, the shear strength at a certain wrinkled length 
can be determined under the tension. 
• Due to effects of the wrinkling, such as the load-transfer 

and shear stress, the longitudinal strain of wrinkled mod-
els is larger than that of the normal model, as a function 
of the fiber volume fraction. 
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