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Analyzing the Tensile Behavior of Warp-Knitted Fabric-Reinforced 
Composites. Part II. Modeling the Tensile Modulus of Composite

Hadi Dabiryan*, Ali Asghar Asgharian Jeddi, and Mohammad Hossein Ashouri

Abstract- In the first part of this series, a straight-line 
geometrical model was generated for Queen’s Cord warp-
knitted fabrics as reinforcement of the composite. In this part, 
the Rule of Mixture (ROM) was modified to calculate the 
elastic modulus of composites reinforced with Queen’s Cord 
fabrics using the straight-line model. For this purpose, the 
geometrical model was divided into different segments, and 
their angle with the direction of applied force was obtained. 
Considering the alignment of each segment, the effective 
length of different segments of the unit-cell of fabrics was 
calculated. Using the effective length, an orientation coefficient 
was defined for tensile modulus of fibers in ROM. In order 
to evaluate the modified ROM, nine types of composites were 
fabricated using produced Queen’s Cord fabrics. The results 
showed that modified ROM is closer to experiments than 
previous modifications.
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I. INTRODUCTION

It is common to use a micro-mechanics approach termed 
the Rule of Mixture (ROM) to predict composite 

stiffness. The application of ROM needs to assume that 
fibers are uniformly distributed throughout the matrix. 
Also, applied loads should be either parallel or normal to 
the fiber direction. When fabrics are used as reinforcement 
of composites, the made assumptions are not true. This 
fact confirmed that the ROM should be modified in fabric-
reinforced composite applications. Tensile properties of 
fabric-reinforced composites have been investigated by 
many researchers [1-8]. Since the fibers in the structure 
of fabric are laid in the different directions, the tensile 
properties of fabric-reinforced composites do not follow 
the ROM. For this reason, the modification of ROM has 
been the subject of numerous researches [9-15]. Krenchel 
[9] initiated the modification of rule of mixture in fiber-
reinforced composites. Based on the Krenchel’s method, an 
efficient factor should be multiplied to Young’s modulus of 
fibers in the rule of mixture to predict the Young’s modulus 
of composite. Hearle et al. [16] defined the efficient 
factor considering the angle of fibers with load direction. 
Ramakrishna et al. [10] proposed a coefficient for the 
modulus of fibers in terms of proportion and the orientation 
of fiber bundle in the plain weft-knitted fabrics. Gommers 
et al. [11] considered architecture of loops in the structure 
of warp-knitted fabrics and defined a coefficient as length-
weighted average of the fiber segments in the loop. Ghafaar 
et al. [12] studied the application of ROM to woven fabric-
reinforced composites and found that the ROM equations 
give approximate upper bound values for all investigated 
composites. Huang [13] studied the mechanical properties 
of composites reinforced with woven and braided fabrics 
and defined a modified rule of mixture to predict the elastic 
properties of fabric composites under any arbitrary load 
condition. Virk et al. [14] defined a fiber area correction 
factor (FACF) to modify the ROM and generated a 
micromechanical model for the prediction of the tensile 
modulus of natural fiber-reinforced polymer matrix 
composites. Considering the noncircular cross-section 
of natural fibers, a new ROM was defined to provide a 
sensible estimate for the experimentally measured elastic 
modulus of the composite by Cullen et al. [15].
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Literatures showed that the basic form of the ROM 
could not be used in the fabric-reinforced composites. In 
this paper, it is tried to find a coefficient to modify the ROM 
based on the effective length of segments in the straight-
line model presented in the previous part [17].

II. EXPERIMENTAL
It is well known that the Young’s modulus of fiber-
reinforced composites (Ec) can be predicted using simple 
ROM as bellow: 

(1)

Where, Ef is the Young’s moduli of fiber, uf is the volume 
fraction of fiber, Em is the Young’s moduli of matrix, and 
um is the volume fraction of matrix. When fabrics are used 
as reinforcement of composite, the ROM encounters with 
considerable error in predicting the Young’s modulus of 
composites due to the different directions of fibers in the 
structure of fabric. In order to modify the ROM for fabric-
reinforced composites, a coefficient is defined as ratio of 
effective length to the initial length of the unit-cell. For 
this purpose, the straight-line model generated for Queen’s 
Cord fabrics is used as a case study. Figs. 1 and 2 show 
the different parts of front and back bar loops, respectively. 
Using the proposed model, the length of fibers in alignment 
of applied force is defined as the effective length. 

Based on the geometrical equations derived for the 
unit-cell of Queen’s Cord structures, the length of different 
straight parts of the front and back bar loops in the unit-cell 
is given by [17]:

(2)

Where, Lf and Lb are the length of the front and back bar 
loops, respectively.

The length of front and back bar loops is obtained as 
follows: 

(3)

(4)

The geometrical equations for calculating the length of different 
segments of front and back bar loops were derived [17]:

Front bar equations

(5)

Where,

(6)

(7)
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Fig. 1. Geometrical details of the front bar [17]. Fig. 2. Geometrical details of the back bar [17].
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(8)

Back bar equations:

(9)

Where,

(10)

(11)

(12)

(13)

A. 3D State of the Model
In order to find the geometrical parameters of fabrics in 3D 

state, a straight-line model was proposed. The side view of 
3D model is shown in Fig. 3. 

The geometrical equations related to 3D model are as 
follows:

(14)

(15)

(16)

(17)

Therefore, the Eqs. (3) and (4) become:

(18)

(19)

According to the Krenchel’s definition, the proposed 
coefficient (h) is given by [9]:

Where, L is the total length of the loop, and ai and li are the 
angle and length of each parts of the loops, respectively. 
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Fig. 3. Straight-line model for side view of  the unit-cell [17].
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Considering the straight-line model, the angle that each 
part forming with applied force direction is obtained. Using 
correspond angles, the effective length of each part in wale 
direction is calculated as follows:

Front bar equations

(20)

Back bar equations

(21)

Similarly, the effective length of each part in course 
direction is calculated as follows:

Front bar segments

(22)

Back bar segments

(23)

Therefore, the effective length of front and back bar loops 
in the wale and course directions is equal:

(24)

(25)

The total effective length in the wale direction is:

(26)
Consequently, the coefficient of fiber modulus in the wale 
direction is defined as bellow:

(27)

Using kw, the ROM is modified as follows:

(28)

Similarly, the effective length of front and back bar loops in 
the course directions would be:

(29)

(30)

Hence, the total effective length of loops in the course 
direction is:

(31)

Therefore, the coefficient of fiber modulus in the course 
direction becomes:

(32)

Consequently, the composite modulus in the course 
direction is modified as bellow:

(33)

III. RESULTS AND DISCUSSION
A. Verification of the Model
Warp-knitted reinforced composites were fabricated using 
nine types of polyester Queen’s Cord fabrics in order to 
check the accuracy of the modified ROM. The details 
of used fabrics are presented in Table I. The epoxy resin 
model ML506 and hardener HA-11 were used to produce 
composites by hand lay-up method. As shown in Fig. 4, the 
tensile test was carried out on the prepared samples using 
the INSTRON (Model: 5566) tensile tester with jaw speed 
of 2 mm/min, gage length of 170 mm and width of 25 mm 
according to ASTM D3093-76. 

The fiber modulus coefficients in the wale and course 
directions (kw, kc) were calculated for all types of fabrics 
using the geometrical parameters of fabrics shown in Table I 
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and related equations. The calculated coefficients are 
presented in Table II. 

The mechanical properties of polyester fibers and epoxy 
resin are listed in Table III.

The relation between the experimental and theoretical 
tensile modulus based on the Krenchel’s modification 
is shown in Fig. 5. As can be seen, in both wale and 
course directions, the experimental values are greater 
than theoretical values. Also, except from Q2l sample, 
there is a considerable difference between the theoretical 
and experimental results. The Krenchel’s model does not 
consider the 3D state of the geometry of the unit-cell. 
Therefore, the calculated total length of the fibers in the 

unit-cell is less than the real length. It leads to reduce the 
volume fraction of fibers in the composite, considerably.

 Level of density
 Sample

code

Number of underlaps
CPC WPC

Fabric mass
(g/m2)FB BB

Loose Q2l 1 2 12.6 11.9 98.12

Medium Q2m 1 2 19.4 12.1 126.1

Tight Q2t 1 2 23.3 11.8 137.5

Loose Q3l 1 3 12.1 11.6 106.3

Medium Q3m 1 3 17.3 11.8 128.6

Tight Q3t 1 3 22.9 11.6 146

Loose Q4l 1 4 11.8 11.8 116.6

Medium Q4m 1 4 17.4 11.8 145.6

Tight Q4t 1 4 22.8 11.8 163.6

Sample code
Krenchel’s coefficients Suggested coefficients

kw kc kw kc

Q2l 0.5695 0.2275 0.7252 0.4353

Q2m 0.4364 0.3311 0.6148 0.5450

Q2t 0.3743 0.3844 0.5595 0.5931

Q3l 0.51438 0.3222 0.6585 0.4922

Q3m 0.4110 0.4066 0.5645 0.5812
Q3t 0.32450 0.4784 0.4845 0.6496
Q4l 0.4747 0.3864 0.6078 0.5331
Q4m 0.3635 0.4802 0.5014 0.6300
Q4t 0.2879 0.5416 0.4303 0.6896

PET fibers Epoxy resin (ML-506)

Ef (MPa) 7 Em (GPa) 682

nf (%) 0.33 nm (%) 0.67

TABLE I 
CHARACTERISTICS OF POLYESTER QUEEEN’S CORD FABRICS 

TABLE II 
FIBER MODULUS COEFFICIENTS

TABLE III 
MECHANICAL PROPERTIES OF CONSTITUENT OF COMPOSITES

Fig. 4. Instron tensile tester for testing of composites.
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Fig. 6 shows the relation between the experimental 
and theoretical elastic modulus based on the proposed 
coefficient to modify the ROM. As seen in Fig. 6a, except 
from Q4h sample, there is a reasonable agreement between 
the experimental and theoretical tensile modulus. While, 
there is a quite agreement between the theoretical and 
experimental results in course direction (Fig. 6b).

Comparison between points by points of Figs. 5 and 6 
confirms that in both wale and course directions, the results 
of proposed coefficient are closer to the experiments than 
Krenchels’s coefficient.

The differences between the experimental and 
theoretical results of models directions are presented as 
error percentage of wale and course directions in Tables IV 
and V, respectively. As shown, in all cases the results of the 

(b)
Fig. 5. Comparison between experimental modulus and theoretical tensile 
modulus based on Krenchel’s coefficient: (a) wale direction and (b) course 
direction.

(b)
Fig. 6. Comparison between experimental modulus and theoretical tensile 
modulus based on suggested coefficient: (a) wale direction and (b) course 
direction.

(a)
(a)

Sample’s code
 Experimental

results

Krenchel’s model Presented model
 Theoretical

results
Err. (%)

 Theoretical
results

Err. (%)

Q2lw 2034.7 1736.0 14.7 2044.3 -0.5

Q2mw 1793.2 1428.3 20.4 1781.5 0.6

Q2tw 2109.1 1325.4 37.2 1692.1 19.8

Q3lw 1895.1 1623.7 14.3 1909.1 -0.7

Q3mw 2055.5 1383.2 32.7 1687.3 17.9

Q3tw 1961.4 1191.0 39.3 1507.8 23.1

Q4lw 1962.5 1544.2 21.3 1807.8 7.9

Q4mw 2142.8 1294.2 39.6 1567.3 26.9

Q4tw 2554.2 1138.6 55.4 1420.7 44.4

TABLE IV
COMPARISON BETWEEN THEORETICAL AND EXPERIMENTAL TENSILE MODULUS IN WALE DIRECTION



DABIRYAN ET AL.: ANALYZING THE TENSILE BEHAVIOR OF WARP-KNITTED ...            59

generated model are closer to the experimental results than 
Krenchel’s model. 

IV. CONCLUSION
When the fabrics are used as the reinforcements of 
composites, the ROM needs to modify for calculating the 
composite stiffness due to orientation of fibers in the 
structure of fabrics. If a knitted-fabric is subjected to the 
tensile loads in wale or course direction, fibers in the 
structure of unit-cell make angles with direction of applied 
loads. Therefore, the ROM should be modified to predict 
the tensile modulus of fabric-reinforced composites. 
The Krenchel’s modification is based on the angle of 
fibers direction with applied load in the fiber-reinforced 
composite. Considering the generated straight-line model 
for the structure of warp-knitted fabrics, modification 
coefficients are proposed to the fiber modulus in the ROM. 
The results showed that the modified ROM has a good 
agreement with experimental results of tensile modulus 
of composites in both wale and course directions. Also, 
the comparison between the results of different modified 
ROMs confirmed that the results of proposed model are 
closer to the experiments than Krenchel’s modification. 
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