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Abstract

This paper provides an overview and background for the expressions given in

the draft Australian Concrete Structures Standard (AS3600-202X) with respect

to flexural crack widths in fiber-reinforced concrete (FRC) elements containing

conventional reinforcement. The proposed model has been adapted from the

existing expression for plain reinforced concrete and accounts for the benefi-

cial effects of the fibers (steel and polypropylene) in the short- and long-term

and accounts for behavior observed in large-scale long-term test data. The ben-

efit of this approach is that a single (unified) expression may be used to deter-

mine the short- and long-term cracking behavior of conventionally reinforced

or FRC elements subjected to flexure.
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1 | INTRODUCTION

Serviceability limit state design has increasingly played a
more prominent role in the design of reinforced concrete
beams and slabs in recent years. Although cracks are
common in structural concrete, excessive or uncontrolled
cracking can significantly influence the serviceability and
durability of structural concrete. This is in addition to
any esthetic requirements that a structural element may
have. The control of cracking in structural concrete has
traditionally been achieved by limiting the stress in the
conventional reinforcement traversing a crack to an
appropriately low value (which is typically specified in
codes of practice) and ensuring that the reinforcement is
suitably distributed within the tensile zones of the ele-
ment. The drawback of such an approach is that, typi-
cally, large amounts of reinforcement are required to

limit crack widths, and hence the economic conse-
quences are significant.

The control of cracking in structural concrete elements
containing steel or macro-synthetic fiber reinforcement is
well documented in the literature.1–4 Conventionally rein-
forced concrete members that also contain fibers (com-
monly referred to as fiber-reinforced concrete [FRC])
generally present finer and more closely spaced cracks
than the same member not containing fibers—assuming
both members contain equal amounts of conventional
reinforcement. The foremost advantage of introducing
fibers to structural concrete is their ability to transmit ten-
sion across cracks. This phenomenon has been well docu-
mented for elements failing in shear.5,6 In a serviceability
analysis, when both fibers and conventional steel rein-
forcements traverse a crack, the stress across the crack is
shared between these two contributors.7 For example,
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consider the two long tension chords with un-yielded rein-
forcement subjected to uniaxial tension presented in
Figure 1. The tension chord illustrated in Figure 1a con-
tains fibers, whereas the tension chord in Figure 1b does
not. For a given load P (which is greater than the load
required to induce cracking), the fibers at the crack are
engaged and transmit a tensile stress equivalent to σf(w)
across the crack. σf(w) is primarily dependent on the type
and volume of fibers but is also indirectly affected by fac-
tors such as the compressive strength of the concrete. For
the tension chord not containing fibers, the tension at the
crack is taken wholly by the reinforcing steel. The propor-
tion of stress carried by the conventional steel and the
fibers is primarily dependent on the quantity of each rein-
forcement. The contribution of the fibers to the overall
tension across a crack decreases significantly as the crack
widens. This is due to the strain-softening nature of most
fiber types and dosages used in practice. Widening of
cracks can be attributed to an increase in applied load
and/or to shrinkage of the concrete between the cracks.
According to the Tension Chord Model for FRC (see Refs.
8,9) (and for reinforced concrete see Ref. 10), there is a
build-up of tension in the uncracked concrete with distance
from each crack (the magnitude of which is a function of
the bond between the reinforcement and surrounding

concrete, the reinforcement ratio, and the diameter of the
reinforcement) and this tensile stress is limited to the tensile
strength of the concrete, fct, with a maximum value located
mid-way between the cracks. Consequently, it can be dem-
onstrated that the crack spacing in FRC elements can be
significantly reduced by increasing the fiber content or post-
cracking performance—this has significant implications for
predictions of crack widths in FRC members.

The authors have previously developed and verified
models for the prediction of cracking and deformation of
FRC flexural elements using the Tension Chord Model
(shown in Figure 1 and described above)—see Amin
et al.11 and Markic et al.12 Some of these models require
an iterative solution and are not unified with the crack
control expressions contained in Australian Concrete
Structures Standard (AS3600-201813) for reinforced con-
crete. It should be noted that the existing provisions
contained within AS3600-2018 for determining the crack-
ing behavior of FRC flexural elements containing conven-
tional reinforcement do not adequately account for
physical observations made in large scale, long-term test-
ing. To this end, existing expressions contained for deter-
mining the short- and long-term flexural crack widths of
reinforced concrete are extended to FRC members in a
manner that is consistent with experimental observations.

FIGURE 1 Cracking

behavior of tension chords:

(a) fiber-reinforced concrete

(FRC); (b) RC.
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2 | SIMPLIFIED CODE
APPROACHES FOR FLEXURAL
CRACK CONTROL

Several codes of practice contain provisions to evaluate
flexural crack widths in reinforced concrete structures
(fib MC2010,14 fib MC2020,15 Eurocode 2,16,17 and
AS360013). These models predict crack widths at any time
after cracking based on the integral of the difference
between the mean strain in the steel reinforcement and
the mean strain in the concrete between two cracks:

w¼ sr,max εsm� εcmð Þ: ð1Þ

In Equation (1), w is the maximum design crack
width (as opposed to the absolute maximum
crack width), sr,max is the maximum crack spacing, εsm is
the mean strain in the steel reinforcement between
the cracks at the serviceability design load, and εcm is the
mean strain in the concrete between the cracks. Available
models apply various simplifications to determine the
crack spacing and strain difference (see Refs. 18–21).
The application of Equation (1) depends on the model
used to describe the transfer of load between the reinforce-
ment and the surrounding concrete through mechanical
interlock. The “no-slip” approach assumes that perfect
bond exists between the steel reinforcement and the sur-
rounding concrete. This approach has been used in non-
linear finite element analyses combined with concrete
damage plasticity models to adequately predict the crack-
ing behavior of reinforced concrete elements.22 More com-
mon, however, is the “slipping-bond” approach. In this
method, slip (i.e., relative displacement) is assumed to
occur between the steel reinforcement and the concrete.
The slip can be evaluated by solving a second-order differ-
ential equation for a given bond stress–slip relationship. In
this approach, the slip is a maximum at the crack and
diminishes to zero moving away from the crack.

2.1 | Crack spacing

Various expressions have been developed for the determi-
nation of crack spacings in conventionally reinforced and
FRC elements subjected to flexure (see Refs. 8,23–25;
Amin and Gilbert 4). It is important to note that maximum
crack spacings are of interest (as opposed to average crack
spacings) when seeking to estimate design crack widths.
Referring back to the tension chords shown in Figure 1,
where it is assumed that the development of stress within
the FRC between the cracks is the same for concrete with
and without fibers, and is a function of the bond between
the reinforcing steel and concrete matrix, τb, the reinforce-
ment ratio (ρtc = Ast/Act) and the diameter of the steel

reinforcement, db, assuming constant bond stresses τb. The
stress (σtc(x)) within the tensile concrete at any point
x along the tension chord between a primary crack (x = 0)
and the location between any two primary cracks
(x = sr,max/2) is equal to:

σtc xð Þ¼ σf wð Þþ4τbρtcx
db

… 0≤ x ≤
sr,max

2
: ð2Þ

Setting Equation (2) to fct at x = sr,max/2 yields an expres-
sion for sr,max:

sr,max ¼
db f ct�σf wð Þ� �

2τbρtc
≥ lf : ð3Þ

The limiting term in Equation (3), lf, is the fiber length
and was introduced by Kaufmann et al.26 For large fiber
dosages (i.e., for σf(w) � fct), Equation (3) may yield very
small crack spacings. This is, however, physically impossi-
ble, as for small crack openings, the embedment length of
the fibers would be too short to develop enough tension to
warrant such stresses. Substituting σf(w) = f0.5 (i.e., the
residual tension offered by the FRC at a crack opening dis-
placement equal to 0.50 mm) in Equation (3) has been
shown to provide reasonable results. It is noted that setting
σf(w) equal to zero gives the same relationship as in the
original Tension Chord Model by Marti et al.10

In the Tension Chord Model approach described above,
the tensile concrete stresses are assumed to be uniformly
distributed over the tension chord, implying plane concrete
sections and leading to equal crack widths from the bar to
the concrete surface. It is important to recognize that crack
widths at the concrete surface will differ from crack widths
if they are measured at the steel–concrete interface, as
explained in Beeby.27 Furthermore, experiments on rein-
forced concrete elements in flexure have demonstrated that
concrete cover, c, the distribution of reinforcement in the
tensile zone, and the longitudinal strain distribution each
have a considerable influence on the maximum crack spac-
ing.23 Consequently, AS3600-2018 has adapted the 2004 ver-
sion of Eurocode 2 for determining maximum crack
spacings in reinforced concrete elements. This method orig-
inated in 1966 when Ferry-Borges28 combined the contribu-
tions of concrete cover and slipping bond. For cross-
sections with bonded reinforcement fixed at reasonably
close centers (i.e., at bar spacings less than 5(c + 0.5db)),
the maximum crack spacing is determined as:

sr,max ¼ kf2 3:4c þ 0:3k1k2db
ρeff

� �
≤ 1:3 D�dnð Þ: ð4Þ

In Equation (4), ρeff is the reinforcement ratio given
by Ast/Ac.eff where Ac.eff is the effective area of concrete

AMIN ET AL. 3
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in tension surrounding the bars with depth hc.eff equal to
the lesser of 2.5 (D – d), (D – dn)/3 or D/2 where d is the
effective depth of the section, D is the total depth of
the section and dn is the depth to the neutral axis. k1 is a
coefficient that accounts for the bond properties of the
bonded reinforcement, k1 = 0.8 for deformed bars and
1.6 for plain bars; k2 is a coefficient that accounts for the
longitudinal strain distribution through the depth of
the section with k2 = 0.5 for pure bending and k2 = 1 for
pure tension. For cases in combined tension and bending,
k2 = (ε1 + ε2)/(2ε1) where ε1 is the greater and ε2 is the
lesser of the tensile strains at the boundaries of the
cross-section (assessed on the basis of a cracked section).
Caldentey et al.29 criticized this approach for tension ele-
ments, noting that this method leads to very exaggerated
crack spacings and also noting that there are fundamen-
tal differences in the cracking behavior of reinforced con-
crete elements subjected to either direct tension or pure
bending. The new crack width provisions in Eurocode
2:2024 have been influenced by this rationale. For a
description of the cracking behavior of FRC elements
subjected to pure tension, we refer to the recent study by
Tang et al.30 Where a mixture of bar diameters is used in
a section, an equivalent bar diameter, db.eq, is used. For a
section with n1 bars of diameter db1 and n2 bars of diame-
ter db2, the following expression is used:

db:eq ¼n1d
2
b1þn2d

2
b2

n1db1þn2db2
: ð5Þ

The term kf2 shown in Equation (4) is a modification
factor introduced in this study to account for the effect of
the fibers (if any) on crack spacing. As can be inferred
from Equation (3), in general, the greater the residual
strength offered by the fibers, the greater the reduction in
crack spacing. For a section not containing fibers,
kf2 = 1.0. For a section containing fibers, kf2 is taken as:

kf2 ¼ 1�1:1kgkf3f 0:5
f ct

: ð6Þ

In Equation (6), kg is a member size factor equal to 1 +
(0.0067Acts/15,600) where Acts is the area of concrete
within the tensile zone at service loads after cracking (refer
to DAfStB31). The parameter kf3 is a relaxation factor
which has been introduced to the existing expression for
kf2 in the revised version of AS3600-202X as a result of this
study and is shown in Equation (6). This factor depends
on the fiber type and duration of load. For short-term ana-
lyses, kf3 = 1.0 for all types of fibers. However, for determi-
nation of the final long-term crack widths after a period of
sustained loading, it was demonstrated in the long-term
tests by Watts et al.32 and Watts et al.33 that the tension

provided by the fibers immediately after cracking (which
leads to reductions in crack spacings) decays over time. Watts
et al.32 and Watts et al.33 attributed this behavior to the grad-
ual slip and/or deformability (i.e., creep and relaxation) of the
fibers traversing a crack over time. Consequently, the stiffness
of the cracked fiber reinforced section decreases over time. In
members containing conventional reinforcement subjected to
sustained loading, the loss of tension by the fibers is imparted
to the conventional reinforcement. The reduction in tension
provided by the synthetic fibers appears to be greater than for
steel fibers due to the greater deformability (reduced modu-
lus) of synthetic fibers. Additionally, the bond characteristics
of both the steel and macro-synthetic fibers, defined by the
physical shape of the fibers and their anchorage mechanisms,
also contribute to the progressive slip of the fibers from the
matrix over time, thus leading to a gradual degradation of the
stiffness provided by the fibers across the crack. Similar con-
clusions were made by Boshoff and Nieuwoudt,34 Babafemi
et al.35 and Vrijdaghs et al.36 According to the testing under-
taken by Watts et al.32 and Watts et al.,33 straight embossed
polypropylene fibers appear to be less anchored and more
susceptible to long-term debonding than end-hooked steel
fibers. The relaxation factor kf3 has been calibrated to the
results of the testing conducted by Watts et al.32 and is taken
as 0.3 for steel fibers and 0.1 for non-metallic fibers. For the
case where fibers are not included (i.e., in plain reinforced
concrete) kf3 = 1.

2.2 | Difference between reinforcement
and concrete strains

The second term presented in Equation (1) represents the
difference between the mean strain in the reinforcement
and the mean strain in the concrete between the cracks.
The mean strain in the concrete between the cracks
includes the mean tensile stress-related strain and the
shrinkage strain. The mean tensile stress-related strain is
caused by the tensile stress that develops between the
cracks due to the bond between the reinforcement and
the surrounding concrete. This is made up of an elastic
strain and a tensile creep strain. In AS3600, this differ-
ence is approximated by:

εsm� εcm ¼ σscr
Es

� 0:6f ct
Esρeff

1þneρeffð Þkf1

þ εcs 1� 0:5neρeff
1þneρeff

� �
≥ 0:6

σscr
Es

,
ð7Þ

where εcs is the absolute value of the final long-term
shrinkage strain, ne is the effective modular ratio and is
equal to (1+φc)Es/Ec, φc is the creep coefficient

4 AMIN ET AL.
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associated with the time interval after cracking and Es

and Ec are the elastic moduli of the steel and concrete,
respectively. The term kf1 accounts for the effect of the
fibers (if any) on the tension stiffening effect. If no fibers
are present, then kf1 = 1.0, otherwise if fibers are present

kf1 ¼ 1þkf3f 0:5
f ct

: ð8Þ

In Equation (7), σscr is the stress in the tensile rein-
forcement assuming a cracked section at the time the
crack width is required. It is important to note that a sec-
tional analysis is required to evaluate this term whether
or not fibers are contained in the section. Referring to the
singularly reinforced FRC section in bending presented
in Figure 2, a sectional analysis at the serviceability limit
state for FRC assumes that the concrete is elastic in com-
pression, the reinforcement is elastic in tension, and that
the contribution of the fibers can be taken as rigid plastic
applied to the tensile side of the neutral axis with a stress
equal to kf3f0.5. Referring to Figure 2, σscr is evaluated as
the strain in the longitudinal reinforcement, εst, multi-
plied by Es. For a known moment, a sectional analysis
may be completed by assuming a value of εst and solving
for dn:

With all terms known in Equation (9), the strain at
the extreme compressive fiber, ε0, can be determined as
εst � dn/(d – dn). The stress at the most extreme compres-
sive fiber of the concrete is therefore Ecε0, and the

resulting compressive force on the section is 0.5dnbEcε0.
The force carried by the fibers, Tf, is kf3f0.5b(D – dn) and
the force in the steel reinforcement, Ts, is εstEsAst. The
corresponding lever arms about the neutral axis for the
compressive concrete, tensile fiber, and conventional
steel reinforcement components are 2dn/3, (D – dn)/2
and d – dn, respectively. The solution procedure requires
evaluation of the internal moment and, if required, εst is
varied until the calculated internal moment is equal to
the applied moment. The limiting term in Equation (7) is
provided to limit the tension stiffening effects in mem-
bers containing low reinforcement ratios.

Although the proposed method is based on the now-
withdrawn 2004 edition of Eurocode 2 for reinforced con-
crete, which has recently been superseded by the 2024
version, the novelty of the approach is that the effect of
the fibers may easily be incorporated into either model
through the determination of the introduced factors kf1,
kf2, kf3, and kg, which are applied to the expressions for
crack spacing and the strain difference between the rein-
forcement and concrete. Should the next revision of
AS3600 adopt the method proposed in the 2024 version
of Eurocode 2 for plain reinforced concrete, the method-
ology proposed in this paper for FRC may still be
extended without much effort.

3 | MODEL VALIDATION

The AS3600-2018 model for instantaneous loadings
arrangements was previously validated by the authors in

FIGURE 2 Serviceability limit state sectional analysis for fiber-reinforced concrete section in bending. (a) Beam elevation. (b) Section.

(c) Strains at crack. (d) Stresses at crack.

dn ¼
� AstεstEsþbkf3f 0:5Dþbkf3f 0:5dð Þþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
AstεstEsþbkf3f 0:5Dþbkf3f 0:5dð Þ2�4 0:5bEcεst�bkf3f 0:5ð Þ �AstεstEsd�bkf3f 0:5Ddð Þ

q

2 0:5bEcεst�bkf3f 0:5ð Þ : ð9Þ

AMIN ET AL. 5
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Bernard et al.37 This paper will therefore focus on valida-
tion for long term test data. In particular, the model is
compared to the long-term test data reported in Watts
et al.32 To the authors' knowledge, this is the only compre-
hensive study available with full material characterization
on large scale specimens subjected to a permanent service
load. Watts et al.32 subjected six large-scale specimens with
varying fiber types (either no fibers, steel, or polypropylene
fibers) of varying geometries and varying longitudinal
reinforcement ratios to sustained uniformly distributed
loads typically observed in practice. The specimens had
the notation B-X-Y where “X” is the type of fiber (either
“S” for steel, “P” for polypropylene or “N” for no fibers),
and “Y” is the longitudinal tensile reinforcement ratio
(in %). The dosage of the steel and polypropylene fibers
adopted in that study was 30 and 5 kg/m3, respectively.

With regard to crack spacing, Table 1 presents a com-
parison of the maximum crack spacing predicted using
Equation (4) and that observed in the testing after
approximately 600 days of testing.

Despite the considerable variation in predicted crack
spacings, the proposed model adequately predicts the max-
imum crack spacing for each of the six specimens tested
by Watts et al.,32 with an average sr,max_model/sr,max_exp of
0.99 and coefficient of variation equal to 7.3%. Certainly,
more long-term test data is required for further validation;
however, given the absence of a large database of test
results, the model appears adequate in this respect.

Figure 3 presents a comparison of the maximum
design crack widths evaluated according to the proposed
model for each of the six specimens tested in Watts
et al.32 In Figure 3, the spread of widths for all cracks
located within 400 mm of midspan is shown. It can be
seen that the model typically falls well within the range
of the recorded crack widths for all specimens over the
entire duration of testing and predicts the average crack
widths (i.e., the design crack widths) with good certainty.
As such, the predicted crack widths are considered
reasonable given the range and spread of the observed
cracking. It is worth noting that the model tends to
diverge somewhat at later ages for the polypropylene
FRC relative to the steel FRC—this may be attributed to

long-term effects such as shrinkage, creep, and relaxation
of the fibers across the cracks. As noted earlier, further
long-term testing is required by the scientific community
to further validate the proposed model.

4 | EXAMPLE CALCULATIONS

To illustrate the ease of use of this model, this
section provides example calculations for three reinforced
concrete beams with the cross-section shown in Figure 2b.
In these examples, b = 300 mm, D = 500 mm, d = 450 mm,
Ast = 930 mm2 (i.e., 3 � 20 mm diameter bars) and the clear
cover to the longitudinal bars c = 40 mm. One beam con-
tains steel fibers, one beam contains polypropylene fibers
and the third beam contains no fibers. The beams are sub-
jected to a maximum service load moment M = 100 kNm
sustained over a long period of time. The material properties
are f0c = 32 MPa, Ec = 28.6 GPa, fct = 2.5 MPa, εcs = 0.0006,
φc = 2.5, Es = 200 GPa, and fsy = 500 MPa. For both beams
with fibers, f0.5 = 1 MPa.

4.1 | Case 1: steel fibers (kf3 = 0.3)

4.1.1 | Step 1

The first step involves determining the depth of the neutral
axis dn and therefore the strain profile. A reasonable first
guess is to assume the stress in the bars is 200 MPa, giving
εst = 0.001. dn can be evaluated through Equation (9) as
128.29 mm. The strain in the extreme compressive fiber ε0 is
0.001 � 128.29/(450–128.29) = 0.000399. The maximum
compressive stress in the section is 11.40 MPa, giving a
resulting compressive force, C equal to 219.45 kN. The force
carried by the fibers is 0.3 � 1 � 300 � (500–128.29)
= 33.45 kN and the force in the steel reinforcement is
0.001 � 200,000 � 930 = 186 kN. The resulting internal
moment can be evaluated as 84.83 kNm which is not equal
to the applied moment of 100 kNm. Repeating this process
with εst = 0.001199 (which can be obtained using goal seek)
gives dn = 126.95 mm, ε0 = 0.000471, σ0 = 13.47 MPa,

TABLE 1 Comparison of proposed

model for maximum crack spacing to

test data reported in Watts et al.32

Specimen ID sr,max_exp (mm) sr,max_model (mm) sr,max_model/sr,max_exp

B-N-0.69 180.7 169.5 0.94

B-N-0.78 203.9 182.9 0.90

B-P-0.69 173.3 165.5 0.95

B-P-0.78 160.8 171.5 1.07

B-S-0.69 136.3 146.5 1.07

B-S-0.78 149.3 151.4 1.01

6 AMIN ET AL.
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C = 256.53 kN, Tf = 33.57 kN, and Ts = 222.96 kN. In this
case, the internal resisting moment is equal to 100 kNm
which is equal to the applied moment. The concrete area
within the tensile zone after cracking, Acts = b(D – dn)
= 111,916 mm2.

4.1.2 | Step 2

The member size factor at the serviceability limit state kg
and the modification factors to account for the effect of
the fibers (kf1 and kf2) are determined as follows

FIGURE 3 Comparison of

proposed model to crack width

data: (a) B-N-0.69; (b) B-N-0.78;

(c) B-P-0.69; (d) B-P-0.78;

(e) B-S-0.69; (f) B-S-0.78.

AMIN ET AL. 7
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kg ¼ 1þ 0:0067Acts

15,600

� �
¼ 1:048:

kf1 ¼ 1þkf3 f 0:5
f ct

¼ 1:12:

kf2 ¼
f ct – 1:1 kg kf3 f 0:5
� �

f ct
¼ 0:862:

The effective modular ratio is ne = (1 + φc) Es/Ec =
24.48. The effective height hc,eff = (D – dn)/3 = 124.35 mm
and the effective area of the tensile concrete is
Ac,eff = 300 � 124.35 = 37,305 mm2. The effective reinforce-
ment ratio is ρeff = Ast/Ac,eff = 0.0249. The factors k1 and k2
in Equation (4) are 0.8 and 0.5, respectively.

4.1.3 | Step 3

The strain difference can be evaluated as

εsm�εcm ¼ 239:74
200,000

� 0:6�2:5
200,000�0:0249

1þ24:48�0:0249ð Þ1:12

þ 0:0006 1�0:5�24:48�0:0249
1þ24:48�0:0249

� �

≥ 0:6
237:74
200,000

¼ 0:00114:

The maximum crack spacing is evaluated following
Equation (4):

sr,max ¼ 0:86 3:4�40þ0:3�0:8�0:5�20
0:0249

� �

≤ 1:3 500�126:95ð Þ¼ 200:1 mm:

4.1.4 | Step 4

The maximum crack width is evaluated following
Equation (1):

w¼ sr,max εsm� εcmð Þ¼ 200:1�0:000114¼ 0:229mm:

4.2 | Case 2: polypropylene fibers
(kf3 = 0.1)

4.2.1 | Step 1

Repeating the process specified above, however, with
εst = 0.00127 gives dn = 122.06 mm, ε0 = 0.000474,
σ0 = 13.55 MPa, C = 248.16 kN, Tf = 11.34 kN, and

Ts = 236.82 kN. The internal resisting moment can be
evaluated to equal 100 kNm, which is equivalent to the
applied moment. The concrete area within the tensile
zone after cracking, Acts = b(D – dn) = 113,381 mm2.

4.2.2 | Step 2

The member size factor at the serviceability limit state,
kg, and the modification factors to account for the effect
of the fibers (kf1 and kf2) are determined as follows.

kg ¼ 1þ 0:0067Acts

15,600

� �
¼ 1:049:

kf1 ¼ 1þkf3 f 0:5
f ct

¼ 1:04:

kf2 ¼
f ct – 1:1 kg kf3 f 0:5
� �

f ct
¼ 0:954:

The effective modular ratio is ne = (1 + φc)Es/
Ec = 24.48. The effective height hc,eff = (D – dn)/3 =

125.98 mm and the effective area of the tensile concrete
is Ac,eff = 300 � 125.98 = 37,794 mm2. The effective rein-
forcement ratio is ρeff = Ast/Ac,eff = 0.0246. The factors k1
and k2 in Equation (4) are 0.8 and 0.5, respectively.

4.2.3 | Step 3

The strain difference can be evaluated as

εsm� εcm ¼ 254:65
200,000

� 0:6�2:5
200,000�0:0246

1þ24:48�0:0246ð Þ1:04

þ 0:0006 1�0:5�24:48�0:0246
1þ24:48�0:0246

� �

≥ 0:6
254:65
200,000

¼ 0:00125:

The maximum crack spacing is evaluated following
Equation (4):

sr,max ¼ 0:95 3:4�40þ0:3�0:8�0:5�20
0:0246

� �

≤ 1:3 500�122:06ð Þ¼ 222:8mm:

4.2.4 | Step 4

The maximum crack width is evaluated following
Equation (1):

8 AMIN ET AL.
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w¼ sr,max εsm� εcmð Þ¼ 222:8�0:000125¼ 0:279mm:

4.3 | Case 3: no fibers (f0.5 = 0)

4.3.1 | Step 1

Repeating the process specified above, however, with
εst = 0.00131 gives dn = 119.67 mm, ε0 = 0.000475, σ0 =
13.58 MPa, C = 243.84 kN, Tf = 0 kN, and Ts = 243.84 kN.
The internal resisting moment can be evaluated to equal
100 kNm, which is equivalent to the applied moment. The
concrete area within the tensile zone after cracking,
Acts = b(D – dn) = 114,097 mm2.

4.3.2 | Step 2

The member size factor at the serviceability limit state kg
and the modification factors to account for the effect of
the fibers (kf1 and kf2) are determined as follows

kg ¼ 1þ 0:0067Acts

15,600

� �
¼ 1:049:

kf1 ¼ 1þkf3 f 0:5
f ct

¼ 1:

kf2 ¼
f ct – 1:1 kg kf3 f 0:5
� �

f ct
¼ 1:

The effective modular ratio is ne = (1 + φc)Es/
Ec = 24.48. The effective height hc,eff = (D – dn)/3 =

126.78 mm and the effective area of the tensile con-
crete is Ac,eff = 300 � 126.78 = 38,032 mm2. The effec-
tive reinforcement ratio is ρeff = Ast/Ac,eff = 0.0244.
The factors k1 and k2 in Equation (4) are 0.8 and 0.5,
respectively.

4.3.3 | Step 3

The strain difference can be evaluated as

εsm� εcm ¼ 262:19
200,000

� 0:6�2:5
200,000�0:0244

1þ24:48�0:0244ð Þ1:0

þ 0:0006 1�0:5�24:48�0:0244
1þ24:48�0:0244

� �

≥ 0:6
262:19
200,000

¼ 0:00131:

The maximum crack spacing is evaluated following
Equation (4):

sr,max ¼ 1:0 3:4�40þ0:3�0:8�0:5�20
0:0244

� �

≤ 1:3 500�119:67ð Þ¼ 234:1mm:

4.3.4 | Step 4

The maximum crack width is evaluated following
Equation (1):

w¼ sr,max εsm� εcmð Þ¼ 234:1�0:000131¼ 0:306mm:

Table 2 presents a summary of the results of the pre-
ceding analyses. It can be seen that the addition of a
moderate amount of steel fibers results in an approxi-
mately 25% and 15% reduction in the design crack width
and maximum crack spacing, respectively, relative to the
case where no fibers are present. On the other hand, the
polypropylene mix with equivalent f0.5 results in only a
9% and 5% reduction in the design crack width and maxi-
mum crack spacing, respectively, relative to the case
where no fibers are present. This is a result of the
adopted kf3 values for each fiber type.

5 | CONCLUDING REMARKS

This paper provides background for the expressions given
in the updated Australian Concrete Structures Standard
(AS3600-202X) with respect to flexural crack widths in
FRC elements containing conventional reinforcement.
The proposed model has been adapted from the existing
expression for plain reinforced concrete and accounts for
the beneficial effects of the fibers (steel and polypropylene)
in the short- and long-term. The benefit of this approach is

TABLE 2 Summary of example

calculations.
Specimen εsm�εcmð Þ (�) sr,max (mm) w (mm)

Case 1 (steel fibers) 0:00114 200:1 0:229

Case 2 (polypropylene fibers) 0:00125 222:8 0:279

Case 3 (no fibers) 0:00131 234:1 0:306

AMIN ET AL. 9
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that a single expression may be used to determine the
short- and long-term cracking behavior of reinforced or
FRC elements subjected to flexure. The model is validated
against the long-term test data provided in Watts et al.32

Sample calculations are provided to illustrate the ease-
of-use of the model.
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