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Abstract

A model simulating the tensile behavior of fabric-cement composites is presented to relate the properties of the matrix, fabric,
interface and the damage parameters to the overall mechanical response of the composites. Crack spacing parameters measured dur-
ing tensile tests are used to define the damage parameters, and related to the stiffness degradation as a function of the applied strain.
This procedure is integrated in composite laminate theory using an incremental approach to model the uniaxial tensile response.
Two approaches of linear and nonlinear fabric bridging models are used. The model is capable of using interface parameters for
different fabrics, matrix properties, and processing parameters. Simulation results are studied by means of parametric simulation
and a validation of a variety of experimental observations which vary the matrix formulation with flyash, changes in pressure after

casting, and fabric type.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Fabric reinforced cement composites constitute a re-
cent addition to the family of cement based composite
materials [1,2]. Various research groups have developed
a wealth of recent information pertaining the methodo-
logies, properties, and areas of applications for fabric
reinforced cement based materials [3-5]. Very encourag-
ing tensile strength and ductility responses have been
observed by various experimental programs with tensile
strength of the order of 20-25 MPa and tensile strain
capacity of 3-5% [6,7]. Theoretical modeling of the
toughening mechanisms is still lacking. The tensile
behavior of fabric—cement composites is simulated using
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a model that relates the properties of the matrix, fabric,
interface, and the damage parameters. The formulation
can be easily extended to various matrix and fabric
systems under biaxial, flexural, and shear type loading
conditions. Parameters of interest include of the effects
of fabric material, matrix, and the processing conditions
on the strength, ductility, and strain capacity.

The proposed method is based on the ply discount
method of classical laminate theory [8], where the fabrics
and matrix are modeled as discrete phases. An incre-
mental approach which updates the stiffness of the non-
linear matrix phase at each loading increment is used
and various aspects of stress—strain relationship, stiffness
degradation, and distributed crack formation are com-
bined. A model which relates the crack spacing evolu-
tion and stiffness degradation of the composite to the
applied strain is introduced. An anisotropic scalar dam-
age parameter is also used to relate the axial strain to the
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reduction in crack spacing [9,10], while other critical
parameters include the stiffness of the cement—fabric
system during debonding and pullout.

The geometric pattern of fabric consisting of a large
number of interconnected longitudinal and transverse
fill yarns, develops an excellent bond with cement matrix
by mechanical interlock and anchorage of yarns [11].
This enhancement must be evaluated in the context of
bond stiffness, which maintains the newly formed cracks
at a minimal width while transferring the loads back
into matrix. High bond stiffness and strength promotes
matrix cracking as opposed to fabric debonding and
pullout, resulting in strong and ductile composites with
dense crack pattern. The pullout-slip behavior of the
fabric during loading serves to act as an important
parameter in bridging the matrix cracks. Distributed
cracking takes place due to the high stiffness of the
fabric pullout response, which results in rapid transfer
of the load back into the matrix.

Two types of fabric bridging across a matrix crack
system are used to relate the interface bond properties
to the strengthening and toughening of fabric—cement
composites. In the linear approach the experimentally
obtained fabric interface stiffness parameters are used
as linear spring elements to bridge the matrix cracks.
In the nonlinear approach, the first step of simulation
deals with formulation of the theoretical fabric pullout
response as affected by the parameters of interface and
calibration of experimental pullout results to measure
the interfacial properties. The variables are the embed-
ded length, fabric sizing, yarn distribution (volume frac-
tion), strength of the junctions within a fabric and the
stiffness of the matrix, fabric, longitudinal and trans-
verse interfaces. A model to generate pullout-slip
response of fabric has been developed recently [12] and
briefly addressed in Appendix I. Using this simulated
pullout-slip response model in the tension response the
load—displacement relationship for the composite is

Table 1
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obtained. Model simulation data is compared with the
wide range of experimental tests to explain the effects
of various materials and processing parameters on the
mechanical response of cement based fabric reinforced
composites.

2. Experimental observations of nonlinear stress—strain
response

A comprehensive experimental program was con-
ducted to study the effect of fabric type, matrix formula-
tions, and processing parameters on the mechanical
response of cement based composites [6]. Using closed
loop tensile tests stress—strain response as well as auto-
mated procedures to measure spacing between the
cracks formed during testing were used. Details of the
experimental program and fabric parameters are pre-
sented in additional references by Peled and Mobasher
[7,13]. Selected experimental results are used in this
work to address the modeling challenges for fabric—
cement systems.

Table 1 summarizes the mix properties and process-
ing method for the various composites used in the theo-
retical simulation while Table 2 shows the geometry of
the fabrics. In both woven and bonded fabrics, two sets
of perpendicular yarns are connected together to form a
fabric structure. In the woven fabric the yarns are con-
nected by friction when one set of yarns pass above
and under the other set, where in the bonded fabric
the two sets are connected together by a polymeric adhe-
sive. In the knitted fabric the two transverse yarns in the
x and y directions are sewn by a third yarn which is in
the z direction. Parameters listed in Tables 1 and 2 are
referred as systems A—E. They are used to address the
effects of: (a) fabric type and geometry (high modulus
bonded AR-Glass, low modulus woven polyethylene
(PE), and low modulus knitted polypropylene (PP)),

Summary of mix properties and processing method for the various composites used

Mix Cement (g) Flyash (g) Silicafume (g) w/cm Fabric material Processing Pressure (kPa)

A 7681 0 1346 0.4 AR-Glass Pultrusion 1.7

B 5948 3836 822 0.4 AR-Glass Pultrusion 1.7

C 7681 0 1346 0.4 AR-Glass Pultrusion 15.0

D 7681 0 1346 0.4 PE Pultrusion 15.0

E 7681 0 1346 0.4 PP Pultrusion 15.0

Table 2

Geometry of fabrics

Fabric material Fabric type Yarn type Height of Thickness of Distance between Number of fill
fill yarn (mm) fill yarn (mm) yarns (mm) yarn per 1 mm

AR-Glass Bonded Bundle 1.778 0.356 3.810 0.2

PE Woven Monofilament 0.254 0.356 0.254 0.6

PP Knitted Bundle 0.381 0.254 0.381 0.3
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(b) matrix formulations (with and without addition of
fly ash), and (c) processing parameters (low and high
normal pressures applied to the composite after casting).

Fig. 1 represents a typical tensile stress—strain re-
sponse of AR-Glass fabric reinforced cement composite
represented as Series A in Tables 1 and 3. The tensile
response shows a linear behavior up to about 3 MPa,
beyond this level the stress—strain response becomes
nonlinear, while a major change in the stiffness of the
sample occurs at bend over point (BOP) around 3-
4 MPa. The BOP is characterized by a knee in the
stress—strain curve and identified by its lower and upper
bound estimates (BOP~, and BOP™). The specimen con-
tinues to carry load at a significantly lower stiffness up to
an ultimate strain level of 6%. In the region between the
BOP and ultimate strength, cracking is differentiated as
formation of distributed cracks, and later on as widen-
ing of existing cracks. The material property data corres-
ponding to these stages are presented for various fabric
cement based systems in Table 3. All these specimens
were tested after 7 days of curing. The experimental data
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Fig. 1. The crack spacing and stress as a function of applied strain for
the AR-Glass fabric reinforced cement based composite (Series A).

Table 3

consist of a range of parameters in terms of the initial
stiffness, BOP stress (lower and upper bound levels indi-
cated by — and + signs), BOP strain, post BOP stiffness,
ultimate strength capacity, toughness [14] and pullout
stiffness.

3. Distributed cracking and spacing evolution

In order to quantitatively measure the crack spacing
and its distribution, an automated procedure based on
image analysis was developed by Mobasher, et al.
[9,13]. This approach results in a statistically viable sam-
pled set of data collected at each strain level. An empir-
ically based damage evolution law was obtained from
the experimental results of average crack spacing as a
function of applied strain. An exponentially decaying
function representing the crack spacing versus stain is
given by

S(g) = 8y + Speetm) & > &mu (1)

where S is average crack spacing; S; is a parameter
describing saturation crack spacing; Sp and o are param-
eters describing the decay rate; ¢; is strain at which the
spacing is computed; &, is strain at the BOP(+) level.
The function representing crack spacing is also plotted
in Fig. 1 and indicates an inverse relationship with ap-
plied strain. At sufficiently high strain levels a saturation
level is reached as indicated by the flattening of the crack
spacing curve at about 12 mm. Beyond this point, reduc-
tion in crack spacing is not observed, as further increase
in the strain causes widening of existing cracks by fabric
pullout. Typical values of S}, S, &mu and o for different
matrix and fabric combinations are given in Table 4. In
addition, parameters X7, X> and X3 for the function rep-
resenting reduction in stiffness, which has a similar form
as Eq. (1), are also provided in the same table. The
numbers represent an average value of three replicate
specimens.

Experimental values of mechanical properties of composite systems used in the theoretical simulation [14,15,23]

Mix Designation Values E; OBOP(—) OBOP(+) &BOP(—) &BOP(+) Ep Oult Eulti Toughness  Pullout stiffness
(MPa) (MPa) (MPa) (%) (%) (MPa) (MPa) (%) (MPa) (N/mm)
A ARGNP Avg 2085 1.26 3.36 0.069 0.232 363 14.28 4.637 0.44 244 .47
(Std) (297) (0.61) (1.42) (0.039) (0.143)  (103) (2.61)  (0.717)  (0.04) (57.9)
B ARG-FA Avg 2910 1.40 5.42 0.047 0.469 511 18.7 4.7 0.78 216.72
(Std) (1137)  (0.71) (0.47) (0.017)  (0.167)  (150) (8.25)  (1.81) (0.39) (41.5)
C ARG-P900 Avg 3732 2.73 5.15 0.095 0.234 639 16.29 2.43 0.26 216.72
(Std) (479) (1.23) (1.42) (0.046)  (0.045) (148) (5.81) (0.387) (0.12) (41.5)
D PE-P900 Avg 2436 1.70 4.35 0.085 0.174 81 7.21 3.73 0.21 7.06
(Std) (411) (0.60) (0.32) (0.049)  (0.026) (14) (0.70)  (0.035)  (0.02) (L.1)
E PP-P900 Avg 1698 1.96 5.30 0.073 0.128 354 10.18 5.23 0.51 109.04
(Std) (817) (1.02) (0.22) (0.000)  (0.003) (6) (1.77)  (0.034) (0.03) (13.4)

E; = Initial stiffness.

E, = Post-crack stiffness.

BOP = Bend over point (‘—’ refers to the lower bound estimate and “+’ refers to the upper bound estimate of stress). Pullout stiffness was measured as
the slope of force versus slip during the pullout test of fabrics from a cement matrix [23].
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Table 4

Stiffness and crack spacing parameters obtained from the experimental data and used in the theoretical model

Mix Designation Stiffness Crack spacing

X, + Xo*exp(—X3*g) S+ So*exp(—a*(&; — emu))

X X X3 S1 So o €mu
A ARGNP 309.1 1921 319 —1.16E+1 3.65E+ 01 5.59E + 01 —8.71E — 4
B ARG-FA 394 .4 2429 586 393E+1 9.54E+0 1.53E+2 751E -3
C ARG-P900 501.4 3154 439 8.74E+0 4.85E+2 1.90E +2 —1.08E -2
D PE-P900 54.1 2260 319 392E+1 6.97E+0 1.76E + 2 7.64E — 3
E PP-P900 329.2 7679 471 4.82E+0 4.89E +2 1.64E+2 —1.26E — 2

4. Lamina stresses and deformations prior to distributed
cracking

A general 2D plane stress approach for the treatment
of cross ply laminate composites made with various fiber
and matrix materials has been proposed earlier [10]. In
the present approach a 1-D treatment of the model is
presented while the procedure can be ecasily extended
to other cases such as biaxial and flexural modes. The
cross-section of the specimen throughout its depth is
divided into several layers referred to as lamina and
the stresses and strain within each lamina are assumed
to remain uniform. Each lamina is modeled as an ortho-
tropic sheet in plane stress with directions “1”” and “2”
representing the longitudinal and transverse direction
of yarns as shown in Fig. 2. 0 is an angle measured from
the axis of loading to the longitudinal direction of yarn
“1”, for all tests presented here are concentric loading
(0 =0). Parameters /; and /4 refer to the coordinates
at the top and bottom of lamina number “k” in a stack
of “n” laminates. The property of a layer is specified
using the material properties and volume fraction of
components. The formulation is applicable to uniform
or linear strain field. An incremental approach is used
to impose a constant tensile strain field across the
cross-section for a uniaxial tension case. At each itera-
tion level the strains at the top and bottom of each lam-
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Fig. 2. Definition of lamina and coordinates used in generating
stiffness coefficients.

ina are updated and applied to the orthotropic model to
compute ply stress and identify the state of cracking [15].
The equivalent elastic stiffness assumes the fabric
remains elastic and sums their contributions from each
layer to the overall value. The model proposed for the
stress—strain response of the matrix, fabric, and the com-
posite is shown in Fig. 3. Four distinct zones are identi-
fied using roman numerals with two zones prior to BOP
and two zones after the BOP range.

Zone I corresponds to the elastic-linear range where
both matrix and the fabric behave linearly. This zone
is modeled using composite laminate theory with an
iso-strain model to relate the properties of fabric and
matrix to the composite response, i.e. employing rule
of mixtures for longitudinal modulus. Due to low vol-
ume fraction of fibers (normally less than 10%) the stiff-
ness of the lamina is dominated by matrix properties.
This zone is terminated by initial crack formation in
the matrix phase at a point labeled “A” and designated
as oy at the strain level & [16] (reported as of o, from
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Fig. 3. Crack spacing, damage evolution, and stress—strain response
for matrix and the composite.



B. Mobasher et al. | Cement & Concrete Composites 28 (2006) 77-89 81

experiments). After the initiation of cracks in the matrix,
its load carrying capacity does not vanish as the cracks
are bridged by the longitudinal yarns.

The second range (Zone II) is defined as between the
two stress levels of op,p and o}op. During this stage,
matrix cracks begin to form and propagate across the
width of the specimen, however, no single crack has tra-
versed the entire length of the specimen. This range
(Zone II) defines the formation of first complete crack
across the cross-section between points “A” and “B”.
The crack is modeled as a dilute concentration of cracks
in a medium, and the stiffness degradation is assumed to
follow a self consistent approach and degrade up to the
BOP™" level according to a single scalar damage para-
meter ‘@w’. The form of the evolution of the damage
parameter proposed by Karihaloo [17] is expressed as
a power law:

(&) = o + o(g — 8[1)/1’ &1 < & < &mu (2)

where ¢; is strain at which the damage parameter is com-
puted; & is strain at first crack; wy, o, and f§ are constant
terms in the power law model. The values of these con-
stants are of (taken from Ref. [14]) « = 1.0, § = 0.3, and
w; = g H where H is the gage length of the specimen
used. Parameter oy; is the tensile strength of the matrix
paste without the presence of fibers, and &; = 6(/Emo
was defined as the strain at failure under uniaxial ten-
sion for the paste in an unreinforced condition as shown
in Fig. 3. The gradual decrease in the stiffness of the ma-
trix starts at the plain matrix strength of ¢.;. A damage
model by Horii [18] and Nemat Nasser and Hori [19]
was used to simulate the decrease in the stiffness in the
cracked matrix as the strain increases. Stiffness parame-
ter E(w), as a function of damage and initial matrix
elastic modulus E,,o in Zone II was defined:

EmO
Em ((D) = 16— (3)
2
l+—o(l—v;)
3

where v, is the Poisson ratio of the matrix. This value of
matrix stiffness is used in the rule of mixtures to obtain
the longitudinal stiffness of the lamina E; (w). A modi-
fied rule of mixture is used in modeling the stiffness
computation of a lamina according to Eq. (4):

E; (a)) = EiV¢ —|—Em(a))(l — Vf) (4)

where E; is the stiffness of the fiber; V; is the volume
fraction of the fiber. The stress is computed using an
incremental approach by adding the products of strain
increments by the effective stiffness at that level. The
stress in the matrix phase beyond the elastic range is
calculated incrementally as

O'il (0)) = O'ii1 + AO’; = 01 + ZEm(w)(gn - 8,,,1) < Omu

n=1

g1 < & < &mu (5)

The max stress in the matrix phase is achieved at a strain
level of &, described in the next section using Eq. (5)
and is referred to as op,.

The post BOP stage is characterized by formation of
distributed cracking in Zone III, and its initiation is rep-
resented by parameters Sy, S, o, and &, (Eq. (1)). The
stiffness of the fabric cement system is sufficiently high to
keep the newly formed cracks from widening and thus
promoting additional cracking. This stiffness affects the
rate of reduction of crack spacing, or o parameter.

Zone 1V is dominated by progressive damage and
characterized by a crack widening stage ultimately lead-
ing to failure by fabric delamination, failure, or delami-
nation. This zone is asymptotically terminated at the
saturation crack spacing represented by parameter S.
The behavior of both the matrix and the fabric in addi-
tion to their interaction is studied in each of these four
ranges, and the formulations are compiled together to
present a comprehensive material simulation model.

5. Lamina stresses and deformations in the distributed
cracking zone

Zone II terminates at a damage level corresponding
to the stress at the BOP (o}p) level which is also ulti-
mate strength of matrix in the presence of fibers o,,.
The degraded stiffness at each strain value from &; up
to the BOP strain level (&) is computed and used to
calculate the stress. The parameter ¢,,, may theoretically
be obtained using the ACK approach [20] or other
methods [21] which predict the strain capacity of the
matrix phase in the presence of fibers as shown in

Eq. (6).

1
127y, EcV2)?
by = % (6)
EEXrV

where 7 is the shear strength of the matrix; y,, is the frac-
ture toughness of the matrix; E is the composite modu-
lus; r 1s the fiber radius and V,, is the volume fraction of
the matrix. This equation has been verified to be appli-
cable for the cement based materials by showing that
the strength of the matrix is increased in the presence
of fibers [22]. The experimentally obtained values for
emu correspond to the values reported as epopct) as
reported in Table 3. Depending on the fabric cement
system used, in the current study, y./r in the range
0.5-5.0 Nmm/mm resulted in a good -correlation
between experimental and simulations of the stress and
strain at BOP level.

Beyond the BOP level, Zone III is dominated by for-
mation of parallel microcracking. The gradual reduction
of matrix stress levels in the vicinity of the cracked
matrix is referred to as the softening zone. In this zone
the matrix cracks widen and while there may be no
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localization in the strain softening zone, the response is
modeled by contributions from a softening matrix and
the fabric pullout force. The stress—strain response of
matrix in the post peak region is assumed to be an expo-
nentially decaying function of the maximum stress and
asymptotically approach zero.

0 (&) = Omue MG g > g (7)

where ¢ represents the exponent coefficient affecting the
rate of decay in stress from the peak composite stress.
Typical value of ¢ between 0.1 and 5.0 gives a reason-
able rate of stress drop in the post peak region of the
matrix phase. The definition of strain in this region is
gage length dependent and the present approach uses
the mean strain over the length of several cracks in the
matrix. As the specimen undergoes strain softening, an
exponential decaying stiffness similar to Eq. (7) utilizing
the stiffness at peak was used. The modulus E,(¢;), com-
puted for each strain level ¢, was proportional to the
reduction of the stress from the peak value.

6. Theoretical simulation of fabric pullout

In the Zone III of loading, the cross-sections contain-
ing matrix cracks are held in equilibrium due to the
fabrics which carry the load by bond and eventually fab-
ric pullout mechanism. As fabrics bridge across an exist-
ing matrix crack, the stress is transferred back into the
matrix through the interfacial zone. The magnitude of
the shear stress is a function of the contact bond stiffness
and the frictional properties between the two surfaces.
Conceptually, the higher the bond, the higher tensile
load can be resisted. Both experimental and theoretical
values for the contact bond stiffness of a fabric under
pullout conditions were used. The experimental stiffness
values, K, were obtained from fabric pullout tests con-
ducted by Sueki [13,23]. These parameters are reported
in Table 3 for the various fabric-matrix combinations
of mixtures A—E. The experimental values can be used
as a constant linear elastic spring, k across the cracked
matrix. The theoretical method to obtain the entire deb-
onding and pullout-slip model is presented in Appendix
I. This approach models two mechanisms that are
responsible for the overall stiffness of a fabric. In addi-
tion to the bond stiffness of a longitudinal yarn,
additional stiffness is provided due to the anchorage at
the junction point of two yarns. This junction point
serves to transfer load to the transverse yarns, which
by deforming, tend to transfer load away from the lon-
gitudinal yarns. A beam on elastic foundation formula-
tion was introduced to model this response and obtain
the stiffness parameters of a junction as described in
Appendix I. Using the bending mechanism of the trans-
verse yarns, the stiffness of a junction was used to com-
pute the compliance of a fabric under pullout condition.

This compliance was utilized in calculation of average
strain once distributed cracking was the dominant mode
(Zones 111 and IV). The nonlinear model is capable of
predicting the initial linear loading, partial debonding,
and fabric pullout, and compared to a constant stiffness
approach which assumes a linear spring model across
the crack.

7. Computation of the compliance of cracked composite

The displacement of the specimen is obtained by
integrating the strain components in the uncracked seg-
ments and adding it to the slip parameters obtained
from the cracked regions. The crack spacing function
defined in Eq. (1) and its parameter in Table 4 determine
the mean crack spacing for calculations of displace-
ments. A representative volume element of the sample
in Fig. 1.1 shows a single crack across a representative
specimen with length equal to average crack spacing.
The slip for a given load is adjusted for a factor of 2
to represent crack opening across two faces of a crack.
The total displacement of the sample is the combination
of the slip and the elongation obtained through the un-
cracked segments of the specimen, which were assumed
to carry an average strain of ¢, defined theoretically
according to Eq. (6). Subsequent loadings of a cracked
layer results in a change in the magnitude of the crack
spacing as obtained from the damage evolution law.
The response of a matrix in the strain-softening zone
asymptotically approached to a level of zero stress.
Function C(P) represents the compliance of the deb-
onded fabric as a function of applied load and is
obtained from the pullout load-slip response defined
using Egs. (I.1) and (I1.2) (from Appendix I)

U(L
C(P) = ulL)
P
 meairy +w@u)La+ 3 Ku(x) .
o I
g;%i coth(B,(L — La)) + ngnlfd Ly

where U(L) is the slip for embedded length L; P is the
pullout load; t,,,x and 7 are the maximum and residual
shear strength of the interface; r is the fiber radius, Lq is
the debonded length; K, is the equivalent spring stiffness
obtained from beam on elastic foundation system; u(x;)
is the deformation in direction of the pullout load;

parameter f, = where G;j is the shear modulus

G
Ernr?®
of the interface. The average displacement A(g;) of the
specimen is expressed by

Ag) =eH = {amu —|—2P(£i)S(lgi)C(P)}H & >emu  (9)

where H is the gage length. This approach states that the
average strain is primarily related to the magnitude of
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crack spacing, the force applied, and the stiffness (or
compliance) of the bond between the fabrics and the
cement matrix. Using the updated crack spacing, the
quasi-elastic stiffness parameters are obtained and used
to calculate the stress and load for that increment.
One way to simplify this approach is to assume a linear
approach by using constant bond stiffness throughout
the test. This constant bond stiffness has been calculated
using the experimental pullout-slip response and is
defined as K reported in the last column of Table 3.
Simplification of Eq. (9) to a constant stiffness measure
would require assumption of zero debonded length (i.e.
L4 =0) resulting in the following:

1
Alg) =eH = |emu + 2P(8i)m H &> eéem (10)

8. Formulation for a laminate in tension

Depending on the state of normal strain in each lam-
ina, the stiffness is calculated incrementally and applied
to the orthotropic model to calculate lamina stress. Due
to the incremental nature of the solution, load redistri-
butions were not considered. The constitutive relations
for a general orthotropic material include the stiffness
matrix which relates the stress and strain within a lam-
ina loaded in its principal directions. The stiffness of
the matrix phase due to cracking is updated with each
increment of applied strain. An elastically equivalent
compliance matrix is calculated with the updated elastic
properties.

Ac' = E|(w)A¢

: S o (11)
o =Ad + o =E(w)Ad + 5!
The average stiffness parameter for the lamina is ob-
tained as A4 which relates the strains into average normal
stress for the laminate loaded in the principal material
direction [24].

A= 3 E(0) o) (12)

A is the extensional stiffness of the material, it is used to
compute P the force per unit length of cross-section and
takes into account the layers which have cracked, soft-
ened, or fractured. With knowledge of incremental
strain the lamina stress is computed for each loading
step and the results are added to the loads and strains
from previous iteration, i.e. the applied load at the step
ith (P;) was represented as

PiZP,;l—FAPi:Pl;]-F;IASi (13)
The algorithm for calculation of load-deformation in

the axial response is as follows: the geometrical dimen-
sions of the lamina and the stacking sequence are de-

fined. The strain distribution is imposed incrementally,
and the stiffness coefficients of 4, are calculated and used
to obtain the stress. If the stresses meet the failure crite-
rion, the stress and stiffness are adjusted according to
the constitutive response and the material properties
are updated for subsequent analysis. The ultimate
strength of fabric material Fp,, was used as the point
of termination of computation and used to define the
failure of composite at a stress defined as o,. These val-
ues were obtained by multiplying the number of yarns
per unit thickness (n/f) by the experimentally obtained
strength of plain fabrics

O = Viop = I’lFfu/l (14)

The ultimate strength Fp,, is dependant on the fabric
type and geometry, furthermore, experimental observa-
tions indicated that in majority of cases, the ultimate
failure was due to fabric—paste bond, the strength of
the lamina was not significant in comparison with the
degradation of the stiffness and the overall stress—strain
response.

In order to calibrate the empirical parameters intro-
duced, an approach was used to fit the proposed models
to the relationship between the crack spacing and the
stiffness degradation according to Egs. (1)—(3), (6) and
(7). A comparative response function is shown for two
fabric systems according to Fig. 4. In this plot experi-
mental data for crack spacing and tangent stiffness are
plotted at various strain levels for two fabric systems,
low modulus PE fabric and high modulus AR-Glass
fabric. The experimental values are shown as the solid
markers and the theoretical simulations based on the
empirical models of Eqgs. (2)—(7) are shown as lines
through the experimental data. It is noted that although
these formulations are all based on the applied strain,
and even though the strain as the independent vari-
able is eliminated in this figure, still a good correlation
between these independent measurements of damage
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Fig. 4. Comparison of two fabric systems in stiffness degradation as a
function of crack spacing.
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are obtained. It is furthermore shown that the stiffness
degradation in AR-Glass fabric decreases by about an
order of magnitude over a small range of crack distribu-
tion. The stiffness degradation in PE system is also dis-
tributed over an order of magnitude range, but
compared to AR-Glass fabrics is operational at an en-
tirely different crack spacing range. The range of crack-
ing in PE systems is much longer as compared to the
AR-Glass fabric systems.

9. Analysis of the results

A summary of a parametric study is presented to
examine the sensitivity of the model to a range of
parameters including volume fraction, stiffness of fabric,
interface bond strength, and matrix properties is pre-
sented. A more comprehensive discussion is available
elsewhere [25]. There are three potential ways to increase
the post cracking stiffness of the composite; increasing
the volume fraction of fabric material, increasing the
stiffness of the fabric material, or enhancing the bond
between the fabric and matrix. These three aspects point
out that as the fabric volume fraction increases, the stiff-
ness of the composite in the post cracking range in-
creases by two different mechanisms, increasing the
BOP level (as shown in Eq. (6) ACK Model) in addition
to the post crack stiffness due to the number of fabric
layers intersecting each crack. The latter is more domi-
nant since the relationship is linear while the former
mechanism is dependant of cubic root of the volume
fraction.

The effect of stiffness of the fabric on the overall
stress—strain response of the composite also shows that
as we cover the low to high modulus fabrics used, repre-
senting, AR-Glass, PP, and PE, a change of stiffness in
the post BOP range is by an order of magnitude [25].
Increasing the stiffness of the fabric material has a direct
effect on the overall stiffness characteristics of the
system, while increasing the bond decreases the load
transfer length back into the matrix. Therefore a direct
correlation exists between the stiffness of the fabric
and reduction in crack spacing, which will be studied
during the comparison with experimental data.

The significance of the effect of stiffness of the inter-
face on the stress—strain response of the composite has
been shown in a parametric study [25]. When the bond
is weak, pullout of the fabric takes place at the expense
of additional cracking. Fig. 5a and b study the effect of
bond strength of the fabric material on the fabric pull-
out and the tensile stress—strain response of composites.
First the fiber pullout model is represented with two dif-
ferent shear strength levels of 2.13 and 2.91 MPa. These
curves are compared with the experimental pullout-slip
response of PP fabrics. Note that increasing the bond
strength, increases the load carrying capacity at any slip
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Fig. 5. Behavior of the model with varying values of bond strength of
the PP fabric. (a) Pullout test results and model simulation for two
different shear strength values. (b) Simulation of tension test.

level and the ultimate pullout force. These curves are
used as the nonlinear stiffness models for the cracked
matrix. The model uses constant crack spacing evolution
terms (Sy, S, o, and ¢y,) in both cases, hence it is not
possible how the mode of failure changes from distrib-
uted cracking at high bond strength to crack widening
at low bond strength. The simulation of stress—strain
diagram for the composite is shown in Fig. 5b. Note that
lower shear strength values result in a lower load carry-
ing capacity. In order to make this simulation possible,
only the interface shear strength (7,,,) of the composites
were altered from 2.13 to 2.91 MPa, and the resulting
pullout response according to Eq. (I.1) was used in the
analysis of the tensile test data. After the matrix crack-
ing is completed, the load is primarily carried by the
fibers, hence the two curves converge.

9.1. Comparison with experimental results

The parameters used in the analytical model were cal-
ibrated with the experimental results of stress—strain and
crack spacing versus strain response of several compo-
site systems. Several case studies were used: three fabric
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types AR-Glass, PE and PP, two matrix formulations,
with and without addition of fly ash, and two processing
parameters, with low and high pressures applied on top
of the composite at its fresh stage. Tables 3 and 4 pres-
ent the summary of mechanical stress—strain, stiffness
degradation and crack spacing parameters of these
specimens.

The first case study evaluated the effect of pressure
applied during preparation of the specimens. To study
this variable, two different pressure levels of 1.7 kPa
(Series A) and 15 kPa (Series C) were applied on top
of the laminates which affected the penetration of matrix
in between fabric openings and the quality of interface
bond. Fig. 6 presents the experimental and simulated
effect of the applied pressure on the stress—strain and
crack density. The model can successfully predict the
tensile responses based on the crack spacing distribu-
tions for both cases of pressures. The initial cracking
stress, the post crack stiffness, the ultimate strength,
and also the mean crack density are all dependant on
the level of applied pressure. An increase in the pressure
increases the tensile strength of the composite by about
83%, and the saturation crack density decreases from
18 mm to 9 mm suggesting better bonding under high
pressure. Moreover, Fig. 6 also shows that crack widen-
ing is the control mechanism of the low-pressure com-
posites, as the crack spacing function beyond strain of
2% 1is not significantly changed. This value of strain is
significantly less than the strains (3%) obtained for the
high-pressed composites. The above discussion suggests
relatively poor bond of the low-pressed system which
can be effectively modeled using the interface parameters
chosen. On the other hand, enhanced interaction be-
tween the fabric and the cement matrix is indicated for
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Fig. 6. Stress and crack spacing versus strain for samples with AR-
Glass fabric (with low pressure, 1.7 kPa Series A, and high pressure
15 kPa, Series C) compared with the theoretical model.

the high-pressed composite as most of the tensile re-
sponse is controlled by multiple cracking mechanisms
due to stress transfer between the fabric and the matrix.
One can clearly see the effect of the pressure applied
after the pultrusion process on the model predictions
of tangent stiffness of the composite. This change is inte-
grated in the model by means of the crack spacing
parameters used (Fig. 6 and Table 4). Low pressure re-
sults in low stiffness, whereas the composite with the
high pressure is much stiffer through the whole range
of loading.

The second study is to evaluate the effect of flyash on
the composite. The performance of plain portland
cement composite (Series A) was compared to another
mixture (Series B) where 40% by volume of the portland
cement was replaced with Class F flyash. Both systems
use AR Glass fabrics. Using parameters in Table 4
results in the simulation shown in Fig. 7. Note that the
matrix modification by the use of flyash affects the over-
all response of the system and the crack spacing para-
meters, resulting in much higher post crack stiffness as
compared to the control sample. Use of flyash improves
the bond strength and anchorage of the fabric and thus
the cracking stage is a more dominant mechanism as
compared to crack widening. The crack saturation den-
sity in the control specimens does not decrease below
20 mm as compared to 12 mm for the flyash modified
mixtures. In order to simulate these experimental obser-
vations, a bond strength of 2.62 MPa was used for the
matrix with 40% flyash as compared to a bond strength
of 1.76 MPa used for the control sample. These bond
values resulted in different fabric pullout-slip responses,
directly affecting the tensile response.

The effect of flyash particles on stiffening the speci-
men can be shown in the microstructural examination
of fabric cement composite systems. Due to their size
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Fig. 7. Crack spacing and stress versus strain for samples with AR-
Glass fabric (with flyash Series B, and without flyash Series C) as
compared with the theoretical model.
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Fig. 8. (a) SEM image of sample with AR-Glass and 40% flyash
showing the flyash particles filling the region close to the bonded
junction. (b) Failure of the bonded junction revealing the strength of
the coated component as a weak point in the failure of the longitudinal
Versus transverse yarn.

and shape, flyash particles can easily occupy the voids at
the junction of the yarns in the fabric. Fig. 8a shows a
group of flyash particles located at the fabric joint
resulting in densification of the interface layer and thus
improvements in anchorage of the fabrics. Fig. 8b shows
the failure of a junction bond in the AR-Glass fabrics
which is a direct consequence of proper anchorage of
the transverse yarns of the fabric. Note that the fracture
of a single junction contributes to the sequential deb-
onding of the yarns, and extends the load carrying
capacity of the fabric and toughening the composite
mechanisms. Modeling of the sequential failure of the
fabric response is addressed in Appendix 1.

The third study was carried out with low modulus PE
fabric cement composites, labeled as “D” type in Tables
1-3. Fig. 9 shows two replicate samples of PE cement
composites along with the model response. Note that
both the stress—strain and the crack spacing response
of both samples are sufficiently well simulated with the
theoretical simulations. While the saturation crack spac-
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Fig. 9. Stress and crack spacing plots plotted versus strain for two
samples with polyethylene (PE) fabric along with the theoretical model
response which gives the fit for the crack spacing and the stress—strain
response.

ing of these specimens are much smaller than glass fabric
specimens, the post cracking stiffness values are lower
due to the lower stiffness of the polymeric fibers used.
The general agreement of both the crack spacing and
stress versus strain responses clearly show that the pro-
posed methodology is applicable to a range of compos-
ites. In this simulation the nonlinear approach for the
fabric pullout model described in Appendix I was used.
Initial stiffness of the composite as obtained in the
experimental results and reported in Table 3 equal to
1.9 GPa was used. This value is much lower than the
expected value of about 15-20 GPa for cement based
materials.
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The final study investigates the using of simple linear
bridging models to simulate the experimental results. In
order to compare the present model using the simplifica-
tions for the bridging mechanism, a constant bridging
stiffness of k=109 N/mm for PP samples (labeled
“E”) was used in lieu of the nonlinear response. The
simulation of stiffness degradation and crack spacing
formation along with the stress strain responses are
shown in Fig. 10. Note that the linear pullout response
can model the transition of the load response, crack
spacing and also the stiffness degradation as a function
of strain. The post BOP stress—strain response is under-
estimated by using the simplified linear stiffness model,
and higher stiffness of the fabric layer is required to
better simulate the full stress—strain response.

10. Conclusions

A procedure is presented to relate the properties of
the matrix, fabric, interface and the damage parameters
to the overall mechanical response of fabric reinforced
cement based composites. The crack evolution and stiff-
ness degradation can be related to the applied strain,
and used in an incremental approach with composite
laminate theory to simulate the uniaxial tensile response
of the composites. The pullout data of the fabrics was
used in both a linear and nonlinear approach to simulate
the crack bridging force across the matrix cracks.
The model simulation data is compared with wide
range of experimental tests. A good fit is obtained
between the calculated and the experimental values
for various matrix formulations, fabric types, and
processing parameters. Experimental observations can
be explained by the simulation methodology using
material parameters.
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Appendix I

A theoretical basis has been proposed to analyze the
experimental results of fabric pullout from a cementi-
tious matrix. The load transfer across a matrix crack
can be calculated using a closed form fabric cement
bond model [26]. A model for pullout of straight yarns
based on shear lag approach is used as the basis and
the debonding and pullout using frictional and adhesion
bond is modeled. The effect of transverse yarns in woven
and bonded fabrics are handled using a periodic

arrangement of linear springs providing anchorage at
the warp/fill junctions (warp and fill are the yarns paral-
lel and perpendicular to load direction, respectively).
Anchorage at the point of intersection of yarns is attrib-
uted to the connection of the warp and fills yarns and
the restraint offered by the fill yarns in redistributing
the load. Anchorage may also be caused by the surface
curvature of the yarn in a woven fabric. The simulation
results have been compared with the experimental
results of three fabric types and three different sample
making procedures [12]. The model predictions verified
the experimental results quite well.

A segment of matrix between two bridged cracks is
used. The length is specified as the average crack spac-
ing S(¢), which is a function of the applied global strain.
The crack is placed in the middle of this specimen. A
uniformly loaded uniaxial tensile stress is applied at
the ends of the sample. This stress is transferred to the
fabric and then back into the matrix over the specimen
length. A portion of the stress passes through the
traction of the crack and another portion through the
fabric across the crack. The stress transfer across
the strain softening matrix is handled by means of expo-
nential decay formulation of Eq. (7). According to the
model for Fabric pullout, as shown in Fig. 1.1 load on
the fabric can be divided in three portions: load carried
by the debonded region, Py, load carried by the bonded
region, P, and load transferred at the junctions points
to the transverse yarns Pp. In the debonded region
two parameters are important, the debonded length,
Ly, and the constant frictional shear stress acting along
this length 7, [27]. In the bonded region, a shear lag
mechanism is operating with a decaying shear stress
due to parameter f, which models the stiffness of the
interface. This theoretical procedure was used in order
to characterize the pullout-slip response of a fabric
according to the de-bonded length, and the number of
active junctions in redistributing the load. The general
load-slip relationship for a debonding fabric is
expressed as

P = Py 4 Pyt Py = te(2mr) Ly 4 2 T
= , = r
4TI IR B, coth(,(L — Lq))
+ Z Kou(x;) (L1)
P
P —1Lq P—%Tde
U(L) = —=——— coth(B,(L — L ———FL 1.2
( ) EfTU"Z'Bz co (ﬁ2( d)) + EfTU"z d ( )
where Ky — 2k sinh(47) + s1n()l)

7. cosh(21) + cos(Al) —

E; nr2 V 4EI (I3)

In these equations, k = bky. k¢ is the modulus of founda-
tion in N/m?>, b is the constant width of the beam in
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Table 1.1

Values of parameters used in fabric pullout model [23]

Fabric Nominal E Nominal E Nominal E Nominal E Strength for
material for matrix (MPa) for fiber (MPa) for beam (MPa) for foundation (N/m?) anchorage (N)
AR-Glass 4000 3144 2000 4000 8

PE 176 0.1 1

PP 1380 35 4

contact with the foundation and EI is the flexural rigid-
ity of the yarn treated as a beam. In the present ap-
proach, b is considered as thickness of yarn and [ is
calculated from fill-yarn geometry [28]. ko and E are
considered as the values related to matrix and fiber
interface. Table 1.1 presents the parameters used in the
generation of the pullout-slip response of different fab-
ric systems. Fig. 1.2 presents a simulation of the fabric
pullout force—slip relationship experiments for two fab-
rics studied: AR-Glass and PE. Note that the initial re-
sponse of the two curves up to the peak point is well
modeled using the present approach. The sudden drop
in the load response corresponds to the failure of the
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Fig. 1.2. The pullout response of the nonlinear fabric debonding
model.

junction points at each increment of the connection be-
tween the warp and fill yarns, or the junctions in the
cross yarn attachments.
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