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In order to extend the use of pultruded glass fiber reinforced polymer (GFRP) composite materials in civil
engineering, a systematic study on pultruded GFRP laminate is important and realistic for the design and
construction of GFRP structures in bridge engineering. A practical method to evaluate the fiber volume
fractions and the equivalent thickness of each lamina is proposed considering that a typical pultruded
FRP profile is not truly laminated structure in rigorous sense. The elastic modulus and ultimate strength
of each lamina were predicted based on micromechanics. In terms of the facts that lack of knowledge of
the majority of bridge engineers on the behavior of composites, an innovative carpet plots with different
fiber volume fraction are adopted to finish the laminate design procedure without much complicated cal-
culation. In addition, a continuum damage model considering lamina shear nonlinearity, lamina damage
along thickness direction, innovative damage evaluation methods, loading/unloading strategy and vis-
cous methods to alleviate the convergence difficulties is proposed and implemented via user material
subroutine. Three different types of pultruded GFRP laminate were fabricated, and material properties
have been tested to validate the numerical and theoretical models. The Finite element simulation results
agreed well with tests and could provide reference for the design and construction of GFRP structures.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Composite materials combine two or more sub-components
together aiming to make up a new material with advantages of
each sub-component. The combination of strong fibers and resin
binders, generally denoted as fiber reinforced polymer (FRP) com-
posites, is one of the most common types. Several applications
were reported as main bearing components or strengthening
members [1-3] in the field of civil engineering. In terms of cost
efficient factors, pultruded glass fiber reinforced polymer (GFRP)
composites [4-16] which could meet the established design crite-
ria with reasonable cost is always recommended in the field of
bridge engineering.

As is shown in Fig. 1, different from traditional regulated spec-
ifications of concrete and steel, FRP composites are inhomogeneous
and should be viewed and analyzed at different levels (fiber/resin
level, lamina level, laminate level and structure level) and on
different scales (micro-mechanics and macro-mechanics). GFRP
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laminates with different lamina stacking-sequence present differ-
ent mechanical behaviors and currently there is no specification
to provide mechanical properties. The concept that the mechanical
performance of GFRP laminates should be designed in multi-scale
analysis based on engineering requirement is adopted [16,17]. By
changing mechanical performance, angle and thickness of lamina,
we could design proper laminates based on the practical
requirement.

In the past, several investigations on carbon fiber reinforced
polymer (CFRP) for aerospace structures were conducted; however,
the results and outcomes of such studies are not generally applica-
ble to composite materials that are commonly used in construction
applications such as pultruded composites. Several reasons are
listed as below:

(i) As is shown in Fig. 2-a, in aerospace and military applica-
tions, advanced manufacturing techniques (e.g. auto clave,
SCRIMP, RTM, etc.) and stricter quality control/assurance
(QC/QA) procedures are used to produce higher performance
composites. In contrast and for economic reasons, as is
shown in Fig. 2-b, E-glass fibers are the common type
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Fig. 1. Different levels of FRP composites.

(a) High-quality Laminated Composites

(b) Pultruded Composites

Fig. 2. Difference in quality and accuracy of stacking sequence of composite laminates.

reinforcement for the majority of civil engineering applica-
tions. The pultrusion process used for producing pultruded
profiles for construction application has a relatively lower
quality control resulting in uneven and unstable reinforce-
ment distribution. Fabric folds of PFRP perpendicular to pul-
trusion direction lead to much challenge on the numerical
modelling at lamina level.

(ii) As is shown in Fig. 3-a, high quality CFRP laminate in aero-

space field includes dozens of lamina forming with pre-
impregnated material, different fiber angle is achieved by
changing pre-impregnated direction and the thickness of
each lamina with different angle is generally identical. How-
ever, 0° lamina of pultruded GFRP laminates is made by rov-
ing while other angle (i.e. 90°, +45°) is achieved by fabrics.
Due to the limitation of pultrusion manufacture methods,
as is shown in Fig. 3-b, the contents of roving is much larger
than fabrics for guaranteeing necessary pultrusion traction,
leading the thickness of 0° lamina is 5-15 times larger than
the laminas with other angle.

(iii) As is shown in Fig. 3, the thickness of pultruded GFRP lami-

nation is generally ten to twenty times larger than CFRP pro-
files in aircraft system due to low modulus of glass fiber and
large load in civil field. The lamina thickness of roving
reached 1-2 mm, which is almost same to the thickness of
CFRP laminate in aerospace engineering. Thus, the damage/-
failure along the thickness direction of roving layer should
not be neglected while the thickness effects are generally
ignored in classical laminate theory and commercial finite
element software. The thickness damage may have small
effects on the analysis of whole structure [16,17] but will
have larger effects on failure analysis of web-flange junction
[7-12] and bolted joints [13,14,18,19].

(iv) The fiber volume fraction and each lamina thickness is not

obvious considering that the pultruded FRP members in civil
field were not clearly laminated structures in rigorous sense
similar to advanced laminated composites in aerospace filed.
It is quite difficult and expensive to fabricate pultruded lam-
ina accompany with the pultrusion profiles fabrication for
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(a) High-quality Laminated Composites

(b) Pultruded Composites (equivalent)

Fig. 3. Difference in lamina lay-up of composite laminates.

the ASTM materials characterization tests in order to pre-
cisely obtain elastic engineering constants and strengths of
each lamina.

(v) Majority of civil engineers lack the knowledge about the
behavior, capabilities and limitations (both short- and
long-term) of pultrusion; Based on the information obtained
from the in-depth literature review, it is believed that there
is a dearth of references involving pultruded FRP profiles in
civil engineering application with multiscale prediction in
both engineering constants and ultimate capacity.

In order to extend the use of pultruded GFRP materials in civil
engineering, a systematic study on material properties of GFRP
laminates is important and realistic for the design and construction
of GFRP structures in civil engineering application. In this paper,
considering the facts that lack of knowledge of the majority of civil
engineers on the behavior of composites, a carpet plots with differ-
ent fiber volume fraction are proposed to extend the laminate
design procedure without much complicated calculations based
on the micro-mechanics and macro-mechanics theoretical analy-
sis. A continuum damage model considering shear nonlinearity,
lamina damage along thickness direction, innovative damage eval-
uation methods, loading/unloading strategy and viscous methods
to alleviate the convergence difficulties is proposed and is imple-
mented via user material subroutine. In addition, three different
types of pultruded GFRP laminate were fabricated, and material
properties have been tested to validate the FE and theoretical
models.

2. Design and manufacture of pultruded GFRP laminate
2.1. Laminate lay-up

As shown in Fig. 4, three types of GFRP laminates are fabricated
in this paper, namely GF600, GF700 and GF800 with nominal stress
of 600, 700 and 800 MPa respectively. The lamina with angle of 0°
is fabricated by roving, the lamina with angle of 90° is fabricated by
axial fabric (180 g/m? or 360 g/m?) and the lamina with angle of
+45° is achieved by biaxial fabric (680 g/m?).

2.2. Manufacture processing

As shown in Fig. 5, the pultrusion line [20] mainly includes: rov-
ing/fabric stacked on creels, pre-forming guide plate, resin impreg-
nator, forming & curing die, pulling system and cutting system.
Glass roving, axial fabric and biaxial fabric (in Fig. 6-a) are guided
by pre-forming plate (in Fig. 6-b) from a creel into a resin

impregnation tank (in Fig. 6-¢) for wetting the reinforcements with
polymeric matrix. The pre-forming plate guides positions of
reinforcements at the designed locations in the cross section of
profiles. The wetted reinforcements are then travels through
heated die (in Fig. 6-d) to cure epoxy resin drawn by pulling
system (in Fig. 6-e). The resin matrix progressively changes from
liquid to gel and finally to solid. After performing and shaping,
the composites are pulled out and cut off based on required length
(in Fig. 6-f).

2.3. Lamina properties prediction

2.3.1. Fiber volume fractions and lamina thickness

The mechanical properties of E-glass fibers and epoxy resin are
summarized in Tables 1 and 2 [21].

In the analysis, the reinforcement thickness of each lamina is
defined as the product of the surface density of reinforcement
and thickness constant while the resin thickness is assumed to
be averagely distributed along the laminate thickness [16,17].
The predicted lamina’s thickness and the fiber volume fractions
based on material properties listed in Tables 1 and 2 are presented
in Tables 3 and 4. The ratio of thickness of 0° lamina to total lam-
inate is denoted as «, the ratio of thickness of 90° lamina to total
laminate is denoted as $ and the ratio of thickness of +45° lamina
to total laminate is denoted as 7.

2.3.2. Engineering constants

The engineering constants of each lamina include longitudinal
modulus E;, transverse modulus E,, shear modulus G, and Pois-
son’s ratio v;,, are approximated based on the modified role of
mixture formulae [16,17]. The predicted lamina’s engineering con-
stants based on material properties listed in Tables 1 and 2 are pre-
sented in Table 5.

2.3.3. 3Ultimate strength

By assuming 1) the tensile strength of all fiber inclusions in
composites have the same tensile or compressive strength, 2) the
strength of unidirectional composite under longitudinal tension
and compression are determined by the fibers and 3) the fibers
are brittle compared with epoxy and behave linearly up to failure.
The longitudinal tensile strength X; and longitudinal compressive
strength X may be predicted by Eqgs. (1) and (2) [22] based on role
of mixture:

E
Xr=Xp(Vr+ E—m Vi) (1)
1
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Axial compound fabric (90°) 360g/m?>
28 x roving (0°) 9600Tex

Biaxial compound fabric (+45") 680g/m?
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(b) GF700
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(c) GF800

Fig. 4. Laminate lay-up.
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Fig. 5. Schematic of pultrusion process.

E
Xe =X (Vi + TH;Vm)

: )

where Xy is the tensile strength of fiber, Xy is the compressive
strength of fiber, V; is the fiber volume fraction, V,, is the matrix
volume fraction, Ef; is the longitudinal elastic modulus of fiber, E,,
is the elastic modulus of matrix.

Due to stress concentrations by including fibers into matrix
(resin), the transverse tensile strength of lamina caused by matrix
failure is lower than the original tensile strength of the matrix. The
transverse tensile strength of lamina Y7 is regarded as matrix ten-
sile strength divided by stress concentration factor (SCF) adopted
by Liu and Huang [23] as expressed in Eq. (3).

Xt

(Vy+BYm)Eps +(1~)VimEm
B-Vi- \/Vf)'b} [W]

Yr= NG

V
T”I1+\/T_f

1+
(&)

where X, is the tensile strength of resin, Ey, is the transverse elastic
modulus of fiber, 77, and #, are constants as expressed in Egs. (4)
and (5), B is corrector coefficient and is assumed to be 0.7 in this
paper.

1= om = 203]Ep — (1 - vy — 207 En
= TTEL (U vm) + Enll - v — 20

(4)
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(e) Pulling system

(d) Forming & curing die

(f) Specimen cutting

Fig. 6. Different stages of pultrusion process.

Table 1
Mechanical properties of E-glass fibers.
Longitudinal modulus (E;)  Transverse modulus (Ep;)  Poisson’s ratio (z)  Shear modulus (Gf) Tensile strength (X;) Compressive strength (Xr) Density (p)
74.0 GPa 74.0 GPa 0.20 30.80 GPa 2150 MPa 1450 MPa 2560 kg/m>
Table 2
Mechanical properties of epoxy resin.
Modulus (E,;) Poisson’s ratio (v,) Shear modulus (G,,) Tensile strength (X,) Compressive strength (Xpc) Shear strength (Sp,) Density (p)
3.35GPa 0.35 1.24 GPa 80 MPa 120 MPa 75 MPa 1,160 kg/m?
(1 + vf]Em — [1 + vf]Ep, (5) where C, is empirical constant. It is assumed the C, in transverse

2 T (3% vm 1 402) _Enll + 1)

where v, is the Possion’s ratio of matrix, 2y is the Possion’s ratio of
fiber.

Without considering fracture mechanics, previous empirical for-
mulas [22,24,25] were adopted to predict the transverse compres-
sion strength Y¢ and in-plane shear strength S; by Egs. (6) and (7).

Ye = YincCy [1 +(vi— ) (1 - ETZ)} (6)
S, = SuC,y {1 +(vi— V) <1 - %’:)] @)

compression strength and in-plane shear strength is same. It could
be calculated by Eq. (8). G, is the shear modulus of the matrix, Gy is
the shear modulus of fiber, Y,  is the compression strength of
matrix, S, is the matrix shear strength..

4V,

C=1- A=V (8)

where V, is void volume fraction and is assumed to 0 in this paper.

The predicted lamina’s ultimate strengths of each laminate
were listed in the Table. 6. It is also noted that the strength of fabric
layers were simply assumed as unidirectional roving layer with
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Table 3
Lamina thickness of different pultruded laminate.
Number reinforcement GF800 GF700 GF600
Angle Thickness/mm Angle Thickness/mm Angle Thickness/mm
Ply-1 fabric 90° 0.117 90° 0.274 90° 0.297
Ply-2 roving 0° 1.368 0° 1.184 0° 1.145
Ply-3 fabric +45° 0.441 +45° 0.518 +45° 0.560
Ply-4 roving 0° 1.368 0° 1.184 0° 1.145
Ply-5 fabric 90° 0.117 +45° 0.518 +45° 0.560
Ply-6 roving 0° 1.368 0° 1.184 0° 1.145
Ply-7 fabric +45° 0.441 90° 0.274 90° 0.297
Ply-8 roving 0° 1.368 0° 1.184 0° 1.145
Ply-9 fabric 90° 0.117 4450 0.518 +45° 0.560
Ply-10 roving 0° 1.368 0° 1.184 0° 1.145
Ply-11 fabric +45° 0.441 +45° 0.518 +45° 0.560
Ply-12 roving 0° 1.368 0° 1.184 0° 1.145
Ply-13 fabric 90° 0.117 90° 0.274 90° 0.297
Total thickness/mm 10 10 10
Table 4
Fibers and matrix volume fraction.
Fibers total Matrix o B Y
GF600 45.9% 44.1% 65.3% 11.5% 23.2%
GF700 50.5% 49.5% 67.8% 10.7% 21.5%
GF800 60.5% 39.5% 75.2% 11.6% 13.1%
Table 5 each laminate were prepared and tested in both parallel- and
Lamina engineering constants of pultruded GFRP laminate. perpendicular-to-fibers directions.
Mechanical Properties GF800 GF700 GF600
E, (GPa) 45.95 39.63 36.87 3.2. Experimental results
E, (GPa) 14.56 11.67 10.64
E5 (GPa) 14.56 11.67 10.64 The average test value is denoted as X,,, the test value with 95%
Gi2 (GPa) 4.50 3.59 327 guaranteed rate is denoted as Xgsg, the design value suggested by
Gi3 (GPa) 450 3.59 327 Chinese Standard MOHURD GB50608-2010 [28] is denoted as X,
Ga3 (GPa) 551 4.34 3.93 .
Vis 025 027 028 basec! on Eq. (9), the design value suggested by ASCE—MOP 10.2
Vis 0.25 027 0.28 [29] is denoted as X, based on Eq. (10), standard deviation is
Va3 0.30 0.32 033 denoted as Xsp.
X = Xqp — 1.645Xsp (9)
Table 6 Xor = Xav — 3Xsp (10)
Lamina ultimate capacity of pultruded GFRP laminate.
Mechanical Properties GF800 GF700 GF600 . The tensile results were summ:?mzed m‘Tables 7 and 8 with ten-
sile strength denoted as T and with elastic module denoted as E.
);T El\l\gzi 2‘20'20 31;59%90 23%?)0 The Poisson’s ratio results of each laminate are summarized in
T . . 8 . . . . ’ :
Zr (MPa) 47.80 48.90 49.60 Table 9 VYlth longltgdlnal Poisson’s ratio depoted as vy, and trans-
Xc (MPa) 1048.40 908.20 837.70 verse Poisson’s ratio denoted as v,x. The in-plane shear results
Yc (MPa) 100.10 96.90 95.30 summarized in Table 10 with shear strength denoted as S and
gc (("I/le?)) ég%éo 22-28 22-38 shear modulus denoted as G.
xy a . . X - . . R
S, (MPa) 65.50 64.80 64.90 The fgllurg modes. of tenglle specimens were shown in Fig. 7.
S,, (MPa) 65.50 64.80 64.90 The longitudinal tensile specimens (Fig. 7-a) presented transverse

special angles and the purpose of predicted strength is to provide
initial reference in the finite element simulation.

3. Experimental programs and results
3.1. Material tests

The tensile and in-plane shear (45° off-axis tensile) of each lam-
inate were experimentally evaluated in accordance to ISO 527[26]
and ISO 14129 [27] standards, respectively. In consideration to the
anisotropic nature and common scattered properties of
commercially-produced pultruded composites, five specimens of

splitting in red rectangle and fracture near the clamped ends in
red ellipse. The reason of splitting is that the deformation of each
lamina is inconsistent while each lamina was bonded together.
Inter-laminar stress was generated to consistent the deformation
of each layer. Due to poor inter-laminar performance in such large
thickness specimens, splitting occurred when the load increased to
ultimate. The fracture near the clamped ends is mainly due to
stress concentration caused by clamps. The transverse tensile spec-
imens showed fracture appeared near the middle of the specimens,
as depicted in Fig. 7-b. The reason is that the transverse fiber frac-
tion is relatively low and all the laminas are snapped at the ulti-
mate stage.

The failure modes of in-plane shear specimen are shown in
Fig. 8. It presented fracture along fiber direction near the middle
of the specimen. The reason is that the tensile load transferred to
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Table 7
Summary of longitudinal tensile results.
Laminate lay-up Longitudinal tensile strength/MPa Longitudinal elastic modulus/GPa
Tav Tsp Number Tosy T Tor Eav Esp Number Egsy Ex Egr
GF600 682.3 6.60 5 674.15 671.44 662.5 28.70 0.94 5 27.66 27.33 26.21
GF700 786.43 3.98 5 781.49 779.88 774.49 35.95 1.22 5 34.44 33.94 32.29
GF800 838.39 5.10 5 832.06 830.00 823.09 42.39 1.17 5 40.94 40.47 38.88
Table 8
Summary of transverse tensile results.
Laminate lay-up Transverse tensile strength/MPa Transverse elastic modulus/GPa
Tav Tsp Number Tosy Te Ty Eqv Esp Number Eosy Ex Egr
GF600 138.73 4.95 5 132.58 130.59 123.88 16.90 1.09 5 15.52 15.11 13.63
GF700 131.85 2.74 5 128.45 127.34 123.63 16.60 0.77 5 15.64 15.33 14.29
GF800 86.42 2.15 5 83.75 82.88 79.97 17.12 0.55 5 16.43 16.21 15.47
Table 9
Summary of Poisson’s ratio results.
Laminate lay-up Longitudinal Poisson’s ratio (vyy) Transverse Poisson’s ratio (vyx)
Uy (Vxy)sp Number Vyx (Vyx)sp Number
GF600 0.32 0.029 5 0.17 0.008 5
GF700 0.32 0.017 5 0.11 0.002 5
GF800 0.33 0.024 5 0.13 0.005 5
Table 10
Summary of in-plane shear results.
Laminate lay-up In-plane shear strength/MPa In-plane shear elastic modulus/GPa
Sav Ssp Number Sos% Sk Ser Gav Gsp Number Gosy G Ggr
GF600 86.87 7.54 5 77.49 7447 64.25 5.78 0.27 5 5.45 5.34 4.97
GF700 79.12 7.29 5 70.07 67.13 57.25 6.06 0.19 5 5.82 5.75 5.49
GF800 76.06 248 5 72.99 71.98 68.62 6.34 0.17 5 6.13 6.06 5.83

(a) Longitudinal (b) Transverse

Fig. 7. Failure mode of tensile specimen.

Fig. 8. Failure mode of in-plane shear specimen.
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shear load due to angle (45°) between the fiber direction and per-
pendicular to fiber direction, the performance perpendicular to
fiber direction is so weak compared with fiber direction that the
specimen presented fracture along fiber direction.

3.3. Comparison between theoretical and experimental results

The comparison between theoretical results and test results is
shown in Fig. 9. Detailed formulations and procedures to calculate
the equivalent properties including the elastic modulus, the shear
modulus and the Possion’s ratio may refer to [16]. It is shown that
the difference between all theoretical engineering constants and
average test results is within 10%, indicating the theoretical results
agreed well with test results. The difference of longitudinal elastic
modulus and shear modulus between theoretical and suggested
design value by MOHURD GB50608-2010 [28] is within 5%, while
the difference between theoretical and suggested transverse elastic
modulus by MOHURD GB50608-2010 [28] is 10%. The difference of
longitudinal elastic modulus and shear modulus between theoret-
ical and suggested design value by ASCE-MOP 102 [29] is almost
10%, while the transverse elastic modulus difference between the-
oretical and suggested design value by ASCE-MOP 102 [29] is
almost 20%.

20 T T T T T T T T

LR — Longitudinal Modulus (E__) |

x,eq'

: - Eav/EtheOTy - E95"/"IE’“°°'V —: E A11A22 -Alz2 :‘
- - Ek/Etheory - EngE‘h‘-‘f'fY T vea T -

Ratio

0.8

0.6

0.4

0.2

0.0 . —— —
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0.4

0.2
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4. Carpet plots design

A laminate design consists of materials, number of lamina, lam-
ina thickness and orientations and laminate stacking sequence. For
the GFRP laminate in this study, the fiber is E-glass fiber and the
resin is epoxy. The roving (0° lamina) is used to bear longitudinal
load, the axial fabric (90° lamina) is used to bear transverse load
and biaxial fabric (+45° lamina) is used to bear shear load. The
in-plane engineering constants will not be influenced by laminate
stacking sequence. Thus, fiber volume fraction, lamina thickness
and orientations are the variation parameters of GFRP laminates’
engineering constants.

The fiber volume fraction could vary over a broad range allowed
by particular manufacturing process. Based on typical representa-
tive volume element (RVE) analysis, the possible maximum vol-
ume fraction of rectangular packing array is 78.5% [30].
Laminates’ engineering constants variation with fiber fraction is
shown in Fig. 10. The elastic modulus of GFRP laminates is between
4.2 GPa and 61 GPa, the shear modulus of GFRP laminates is
between 1.57 GPa and 25.5 GPa and the Poisson’s ratio of GFRP
laminates is between 0.1 and 0.6.

Composites need to be stronger than the matrix, and practical
composites should have minimum fiber fraction limit V,,;, based

2.0 T T T T T T T T
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Fig. 9. Comparison of theoretical and test results.
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Fig. 10. Engineering constants variation along fiber fraction.

on Eq. (11). Besides, it is also need to consider minimum fiber frac-
tion based on manufactory process [30]. The practical minimum
fiber fraction is assumed to be 0.2 in this paper.

_ Eflxmt - meft

min—m (11)

where Ey, is longitudinal elastic modulus, X, is tensile strength of
resin, E, is elastic modulus of resin, Xy is tensile strength of fiber.

Considering the facts that lack of knowledge of the majority of
bridge engineers on the behavior of composites, a carpet plots with
different fiber volume fraction are proposed to extend the laminate
design procedure without much complicated calculations based on
the micro-mechanics and macro-mechanics theoretical analysis.
The carpet plots with fiber fraction from 20% to 75% is proposed
in this paper, as is shown in Fig. 11 with ratio of thickness of
+45° lamina to total laminate as X-axis and elastic modulus, Pois-
son’s ratio and shear modulus as Y-axis. The sum of ratio of o, B
and v is one. It is shown that the shear modulus increased linearly
with ratio of thickness of +45° lamina (7) to total laminate increas-
ing while elastic modulus and Poisson’s ratio are non-uniform. The
multi carpet plots allow designers to preliminary design and pre-
dict the engineering constants of GFRP laminate without
calculation.

For example, if the designers want to design GFRP laminate
with longitudinal elastic modulus (30 GPa), transverse elastic mod-
ulus (10.0 GPa) and shear modulus (4.0 GPa) based on practical
requirements, it is needed to confirm fiber fraction and ratio of
lamina thickness to total laminates. Due to the maximum elastic

-0 0 0 0
V-4
1 0 0 0
1—dn
1 0
V1—d,
M = 1
0

Symmetric

modulus is in the case that all the lamina is along the fiber direc-
tion while the minimum elastic modulus is in the case that all
the lamina is along the perpendicular to the fiber direction. Thus,
the designed value of longitudinal elastic modulus should be larger
than the maximum elastic modulus and the designed value of
transverse elastic modulus should be larger than minimum elastic
modulus. According to Fig. 10, the required longitudinal elastic
modulus (Point “A” in Fig. 10) suggested the fiber fraction should
be larger than 0.35. The required shear modulus (Points “B” and
“C” in Fig. 10) suggested the fiber fraction should be between
0.15 and 0.50. The required transverse elastic modulus (Point “D”
in Fig. 10) suggested the fiber fraction should be larger than 0.36.
Thus, the fiber fraction is determined between 0.40 and 0.50 in
the innovative multi carpet plots by considering longitudinal and
transverse elastic modulus and shear modulus.

We start the design with carpet plots with fiber fraction 0.4. We
firstly confirm the +45° lamina fraction is 0.10 (Point “A” in Fig. 11-
h) based on the in-plane shear modulus design value (4.0 GPa), and
confirm the 0° lamina fraction is 0.80 (Point “B” in Fig. 11-h) based
on the longitudinal elastic modulus design value (30.0 GPa). Thus,
the 90° lamina fraction is 0.1 based on the sum of three fractions is
one. One can estimate the transverse elastic modulus with the 90°
lamina fraction of as 13.75 GPa (Point “C” in Fig. 11-h) that meet
the transverse elastic modulus requirement 10.0 GPa. The Pois-
son’s ratio of this laminate could also be estimated to be between
0.24 and 0.25 (Point “D” in Fig. 11-h). Finally, the fiber volume frac-
tion is suggested as 40%, « is suggested as 0.8, f is suggested as 0.1
and y is suggested as 0.1.

5. Continuum damage model and program implementation

Continuum damage material model of PFRP was implemented
based on the User-material subroutine UMAT in ABAQUS/Standard
[31].

5.1. Damaged material response

In terms of continuum damage mechanics, the effective stress ¢
and the nominal stress, o, is postulated to have the following form
[32]:

Gij = Myju(di) oy (12)

where My, is fourth order damage operator which has the diagonal
form. d; is damage variable. For three dimensional laminas, the fol-
lowing form of damage operator My, [33] is adopted in this paper:
where: d; dp, and dy are damage variables for fiber failure, matrix
failure in transverse direction and matrix failure in thickness direc-
tion respectively.

(13)
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Fig. 11. Carpet plots with different fiber fraction.
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Fig. 11 (continued)
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The elastic constitutive relationship is adopted as following:
0ij = Cijuiéu (14)

where: Gy is damage-free stiffness matrix, and Eq. (14) is
expressed as follows:

[1— 003y Upi 4 V31023 U3 + V2103 0
on E,E3A E;EzA E;EzA
O 1—v31013 U3y + V31 V12 0
E{E3A E{EsA
033 _ 1-vnv 0
012 ElEzA
013 Symmetric Giz +f(12)
023
Ui ioii-1,2,3 16
E_E 5o (o)
A— 1 — 01U — Va3V — U31 V13 — 2001 U Un2 (17)

E{E>E5

where: E;, E; and E; are the lamina longitudinal moduli, G5, G;3 and
G»3 are the shear moduli, v;,, v;3 and v»3 are the Poisson’s ratio. The
extra term f of shear modulus in the damage-free stiffness matrix is
used to describe the non-linear shear behavior of each lamina [34]
as below:

1 ..
o+ o (0y)° i

W=g (18)

where: o (k =1,2,3) is nonnegative material parameter to describe
nonlinear of the in-plane shear behavior. o, is used to describe the
shear nonlinear along 1-2 direction, «; is used to describe the shear
nonlinear along 1-3 direction, and o5 is used to describe the shear
nonlinear along 2-3 direction. Above equation could further
expressed as [34]:

o5 =[G +f(y)lyy i=1j=2,3

where: f(y;) is the real root of the equation which could be solved
by Eqgs. (20)-(22).

(19)

Gj 1 . .
y3+3cvyz+<3cg+7’?>y+c?jo i=1,j=2,3 (20)
ij
3 3 3 2 PIE]
o) = Yt el e &+ 6 2
3 2 3
%”a%f%f%f%(%f%f% + (-4
(21)
» Gy 1 . .
a:l,b:3Gij,c:3GU+a—k?,d:GU i=1,j=2,3 (22)
ij

To obtain damage-dependent material property, effective stiff-
ness matrix is introduced and denoted as Cyy. By employing the
postulate of complementary elastic energy equivalence between
g and o [33,35]:

0iiCijox = G4iCijaO (23)

which yields:

0
0
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0 = Ciuéu (24)
Ci = MgCijaMi (25)
0
&n
0 &
€33
(15)
0 Y12
0 Y13
Giz+f(y3) O Va3
Gz +f(y3) |

5.2. Initial failure criteria

The modified Hashin’s theory [36,37] was employed as initia-
tion failure criteria to consider the lamina damage/failure along
the thickness direction:

Fiber tensile damage (g1; > 0):

a1 ?
Fy = ¥p(oy) = <7> =21 (26)
Fiber compressive damage (o1 < 0):
011 :
Fe=eloy) = () >1 @7)
Matrix tensile damage in transverse direction (g2, > 0):
022 0122 0372
Fue = Wne(0y) = (T7) + () +() >1 (28)
Y Sxy Syz

Matrix compressive damage in transverse direction (02, < 0):

2 2 2
_ N_ (02 012 023
Fine = Wine(0y) = (—Yc> + <5Xy> + <5yz> > 1 (29)
Matrix tensile damage in thickness direction (o33 > 0):
2 2 2
033 012 023
Fie=Ya(oy) = () +(<) +(<) =1 30
a = Yar(oy) <Zf> <5xy> <5y2> (30)

Matrix compressive damage in thickness direction (o33 > 0):
2 2 2
033 012 023
Foe = Yac(04) = | == +(—>+<—) =1
dc dc( u) < Zc ) Sxy Syz

5.3. Damage assesment

31)

Once a damage initiation is detected, further loading will cause
degradation of material stiffness. The reduction of the stiffness
coefficients depended on damage variables that are assumed
between zero (damage initiation) and one (fully damage). The evo-
lution of each damage variable is assumed to be governed by
equivalent displacement. As is shown in Figs. 12 and 13, the dam-
age variable of each failure mode i is given as following relation-
ship [38]:
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Fig. 12. Equivalent stress and equivalent displacement.
0 5 < 80
4= Gid) = { S0 50 <5<l i=fmd (32)
Anax 0> 0!

where the failure modes f, m and d failure modes indicate the fiber
damage, matrix damage along the transverse direction and matrix
damage along the thickness direction.

As is shown in Fig. 14, the initial damaged equivalent displace-
ment/stress is assumed to be the intersection point of equivalent
displacement/stress and yield surface. If one regards the equivalent

Damage variable

dmax

Equivalent

Displacement

0 >
" 57

Fig. 14. Damage surface and equivalent displacement.

displacement/stress as a line with certain loading direction, the
angle ¢ between the loading direction line and “r»-r3” plane could
be obtained by Eq. (33), and the angle 6 between the projections in

“ry-r3” plane of the loading direction line and axis “r,” could be
acquired by Eq. (34).

. B . r
¢ = arcsin (— ) = arcsin(—————) (33)
(T) NICEN N
0 = arcsin fs (34)

A3 413

Thus, the equivalent displacement/strain could be expressed as
following:
r1 =rsin(),r; = rcos(¢p) cos(),r; = rcos(¢) sin(6) (35)

Based on the general yield surfaces expression in Eq. (36), the
intersection point is in both the yield surface and the loading direc-
tion, which could be expressed as Eq. (37).

r 2 r 2 r 2
() )+ () -
(r” sirf1(q0)>2 N (r” cos((pf) cos(H))2 N (r” cos(q)f) sin(@))2 _1q
r r 3

which yields,

2 2 2
sin(¢) cos(¢) cos(0) cos(¢) sin(0)
”:”¢<ﬁ ) () ()
(38)

The initial damage equivalent displacement and initial damage
equivalent stress could be obtained based on above equations. The
details of initial damage equivalent displacement and initial dam-
age equivalent stress of each failure modes is listed in Table. 11.
The fully damage equivalent displacement is expressed as follows:

N _ 2Gj,
eqi g
ieq

i = ft,fc,mt, mc,dt,dc (39)
where G is the fracture energy of each failure mode.
5.4. Loading/Unloading

The loading functions obey the loading-unloading conditions in
the Kuhn-Tucker conditions [39], written as:

& >0, f(‘;eq.,iv 52q.i) <0, Seq.lf((;eq,iv 52q,i) =0 (40)

eq.i

SEQ-J((SW-,U 52in) =0 (f((seq.ia 5gq,i) =0) (41)

5.5. Viscous regularization

Materials models with softening behavior and stiffness degra-
dation generally have convergence difficulties in implicit finite ele-
ment method. In order to alleviate convergence difficulties, a
viscous regularization scheme is adopted [40] and a viscous dam-
age variable is defined by the evolution equations:

dr = ;(di —dy) (42)

1
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Table 11
Details of equivalent displacement/stress.
Failure mode Equivalent Initial damage equivalent Initial damage equivalent stress o, sin (@)? sin ()
displacement d¢q  displacement 59,
Fiber tensile damage [ el bd - -
Fiber compressive damage le(e11) [be]v]f X - -
M ansverse directen | M/ : — 1 — =
\/(sm o)? . (cost (P ) cos( ”) + COS((ZZI"W) \/(sm(qz V4 (cosw;)‘;osw}) i (COS(«;iKsm(U)) \/8%2 +&3, + &2, \/C%Z + &2,
Matrix comprzs.s.ive-damage in I m IC 1 &2, &2,
transverse direction (Si:g))z N (COS((C){:OSW)Z 4 (cos(?;mm)f \/(si;#f 4 (cos((,;)‘jos(()))z " (cos((pljin(n)f \/,ggz + 62, + & \/s§2 + &2,
Mat}r]i'xltensilil .dam.age in I \/m I 1 8%3 853
thickness direction (%,;ﬂ)Z = }‘:os 0) N (cos(qzljln(ll))z \/(sm(lp> 4 cos(q)}lfos(ﬂ)) 4 (cosw)ijsm 0)) \/£§3 + 833 + 82, \/?13 + 833
Matrix compressive damage in lq/m le 1 &3 €33

thickness direction cos () ms(;;>)2

\/(Sm(fﬂ

N (cus(qa)sm (0) )2 \/(sln(qz )+ (cos(qz)cos(())) " (cos(@ sin((l)>

2 \/ 2 2 2 \/ 2 2
&35 +E73 + & &5 + &
o, = o 33 T 83 + 833 13783

Note: I. is characteristic length of the element. 8’;1[ =

X" ¢
R

where 7, is a viscosity coefficient representing the relaxation time
of the viscous system and d; denotes regularized damage variable
for mode I.

5.6. Implementation

The finite element equations by discretizing the virtual work
equations are generally nonlinear, and the Newton-Raphson tech-
nique is used to solve the resulting system of nonlinear equations
in ABAQUS [31]. It is important that the material tangent constitu-
tive tensor is computed correctly to ensure robustness of the New-
ton-Raphson method. It is computed from the following equation:

oo aC ad; ad; I

9~ S+ 2 o0 od, o6 o )

The detailed implementation algorithm is summarized in Box. 1.
Box 1: Implementation algorithm

1 Initial variable: {"d;,"d;,"r;,"F;} i = f,m,d
2 Update strain: "1g; = "g; + Agi=1...6
3 Judge initial failure: "!F; = max[y(cy),"F
4 Update stress and Jacobian Matrix:
4-11f1F <1&

M Fy < 1&MFy < 1M1 gy = Cyg™ eg™ 1 (571) = Cia
4-2 Else (i = f,m,d):
4-2-1: compute ™15,y ;
4-2-2: @ if 15,0 < "1y

n+1r. — nri

,-}i:f,m,d

eq,i
n+150  nil4f  nt1sf
Compute "1 6eq; " Tpg 1 " 00
;= G(" )
n+14? nqv At _n+1
d 11+|At d +;1+At d

4-2-3: calculate equivalent stiffness:

nl Emnkl = M;l;l’lkl(n+1 d?)cmnker;EI<l(n+1d?)
4-2-4: Update stress: "1, = " 1Coun™ ' en
4-2-5: Update Jacobian Matrix:

90\ _ n+lp gnic ovidY! gntld, ontlg;
n+ 1(5) - C + Zi 0n+ldi1' 3n+1dll on+T E; 37&71&:

XC fit ¥y fe y€ i
=E ng*s 9’;2*5"'r

zr C_Z S _ S of _ Sz of _ Sy
B=5 8’;37&'8127(72’313767‘378237?
Table 12

Fracture energies of fiber-reinforced epoxy.

Gft,c (N/mm) ch,c (N/mm) Gmr,c (N/mm) Gmc,c (N/mm)
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Fig. 15. Comparison between numerical and experimental ultimate capacities.

5.7. Numerical simulation description & results

The behaviors of each laminates were simulated numerically
using the commercial finite element software ABAQUS/Standard.
Each lamina was simulated by solid element C3D8R with enhanced
hourglass stiffness control strategy based on the thickness infor-
mation in Table 3. It should be noted that the stitched fabric layers,
was regarded as unidirectional layers with special angles. The engi-
neering constants of each PFRP lamine used in the simulation
model were listed in Table 5. The in-plane shear nonlinear param-
eters o; and oy is assumed to be 7.20 x 10~° MPa > based on Ref.
[34] while the transverse shear nonlinear parameters oz is
assumed to be zero. The initiation damage properties of PFRP lam-
ina were assumed same and listed in Table 8. The viscosity coeffi-
cient of fiber failure mode is assumed to be 0.001s while the
viscosity coefficient of matrix failure mode 0.01 s considering the



matrix always reached damage status firstly. The values of fracture
energy used in this paper are listed in Table 12 based on numerical

Stress (MPa)
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tests. It is noted that the fracture energy is much higher than that
used in the Refs. [16,17] and experimental fracture energy may be

| Longitudinal tensile (GF800) |

\' Longitudinal tensile (GF700) |

Strain (pe)

(a)

Stress (MPa)

Strain (pe)

 Longitudinal tensile (GF600) |

(b)

1000
800 -
600 -
. 4
v
a0 < ]
200+ ——GFB00-FEA O GF600-1]7
A GF600-2 v GF600-3
. O GF600-4 a4 GF600-5
0 5000 10000 15000 20000 25000 30000
Strain (peg)
(c)

1000 1000
o o <
800+ . 800 .
g £
S s o 1 § 0o 1
n 13
] 1 58
@ 400 {1 @ 400 Y 1
- -
n »n r'd
200 ——GF800-FEA O GF800-1 200 ® [ ___Grrooren o GF70041) 4
A GF800-2 v GF800-3 % A GF7002 v GF7003
© GF800-4 d_GF800-5 a © GF700-4 4 GF700-5]
)
] 5000 10000 15000 20000 25000 0 5000 10000 15000 20000 25000

Fig. 16. Comparision between numerical and experimental longitudinal tensile stress-strain relationship.
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Fig. 17. Comparision between numerical and experimental transverse tensile stress—strain relationship.
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Fig. 18. Comparision between numerical and experimental in-plane shear stress-shear strain relationship.
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Fig. 19. Comparison between numerical and experimental longitudinal tensile failure modes.

expected in the future. The maximum damage variable d,. (in
Fig. 13) is assumed to be 0.999 to avoid the values of element stiff-
ness matrix to be zero causing convergence problems.

The comparison of numerical ultimate capacity and test results
is shown in Fig. 15. It is shown that the difference between numer-

ical strength and average test results is within 10% except trans-
verse tensile strength of GF700 and GF600, indicating the
theoretical results agreed well with test results. The stress-strain
relationship comparisons between numerical and test results were
shown in Figs. 16-18. A good agreement could be observed in lon-



H. Xin et al./Composite Structures 182 (2017) 283-300

299

(Avg: 75%)
+9.907¢-01
+8.806e-01

+0.000e+00

(¢) mdamage

sov?
(Avg: 75%)
+9.900e-01

+5.500e-01
+4.400e-01

(b) fdamage

(d) ddamge

Fig. 20. Comparison between numerical and experimental transverse tensile failure modes.
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Fig. 21. Comparison between numerical and experimental in-plane shear failure modes.

gitudinal tensile stress-strain curve, transverse tensile stress—
strain curve and in-plane shear stress- strain curve. Failure modes
comparisons between numerical and test results were shown in
Fig. 19 through Fig. 21. The experimental failure modes agreed well
with numerical failure modes, and the cracks area are accorded
with the fully damaged area (d = dpax).

6. Conclusions

In order to extend the use of pultruded GFRP materials in civil
engineering, a systematic study on material properties of GFRP

profiles is important and realistic for the design and construction
of GFRP structures in bridge engineering. The following conclu-
sions can be drawn from present study:

(1) The average test value, test value with 95% guaranteed
rate, suggested design value by MOHURD GB50608-2010
and ASCE-MOP 102 of longitudinal and transverse elastic
modulus, shear modulus, longitudinal and transverse ten-
sile strength and shear strength of three different lami-
nates are determined in this paper based on material
experiments.
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(2) The difference between theoretical engineering constants
and average test results is within 10%, indicating the theo-
retical results agreed well with test results. The difference
of longitudinal elastic modulus and shear modulus between
theoretical and suggested design value by MOHURD
GB50608-2010 [27] is within 5%, while the difference
between theoretical and suggested transverse elastic modu-
lus by MOHURD GB50608-2010 [27] is 10%. The difference of
longitudinal elastic modulus and shear modulus between
theoretical and suggested design value by ASCE-MOP 102
[28] is almost 10%, while the transverse elastic modulus dif-
ference between theoretical and suggested design value by
ASCE-MOP 102 [28] is almost 20%.

(3) To simplify the design process, the innovative multi carpet
plots with fiber fraction from 20% to 75% is proposed in this
paper. The multi carpet plots allow designers to preliminary
design and predict the engineering constants of GFRP lami-
nate without complicated calculation.

(4) A continuum damage model considering shear nonlinearity,
lamina damage along thickness direction, innovative dam-
age evaluation methods, loading/unloading strategy and vis-
cous methods to alleviate the convergence difficulties is
proposed and implemented via user material subroutine.
The FE simulation results are validated with tests and could
provide reference for the design and construction of GFRP
structures.
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