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ABSTRACT. In this paper, the mechanical behavior of steel-fiber-reinforced concrete was investigated to 
analyze the influence of steel fibers on tension stiffening. Using tension tests, the tension stiffening 
coefficient was evaluated through the load versus strain responses obtained from strain gages fixed to 
reinforcement steels. Moreover, an empirical model is proposed to estimate the tension stiffening 
coefficient of steel-fiber-reinforced concrete from reinforcement strains. From the test results, it was 
verified that the addition of steel fibers to concrete reduced the reinforcement steel strains and the crack 
width and increased the stiffness of cracked concrete, mainly in concretes reinforced with high volumes of 
fibers. 
Keywords: tension tests, empirical model, crack width. 

Análise do regime pós-fissuração do concreto armado reforçado com fibras de aço 

RESUMO. Neste trabalho foi investigada a influência das fibras de aço no regime pós-fissuração do 
concreto armado submetido à tração. Para isso, foram ensaiados tirantes de concreto armado, dos quais foi 
obtido o parâmetro de endurecimento do concreto no regime pós-fissuração por meio de extensômetros 
colados nas barras de aço. Dos ensaios é proposto um modelo empírico para estimativa do parâmetro de 
endurecimento do concreto reforçado com fibras de aço. Os resultados mostram que a adição de fibras de 
aço ao concreto reduziu a deformação da armadura e a abertura das fissuras nos tirantes após a fissuração do 
concreto, com consequente aumento da rigidez do tirante quando comparada ao concreto sem adição de 
fibras. Esse efeito foi tanto mais acentuado quanto maior era o volume de fibras adicionado ao concreto. 
Palavras-chave: tirante de concreto, modelo empírico, abertura de fissura. 

Introduction 

Tension stiffening reflects the ability of concrete 
to carry tension between cracks, which increases the 
rigidity of a reinforced concrete member before the 
reinforcement yields. This effect is primarily due to 
the mobilization of bonds at the steel–concrete 
interface. The tension stiffening is affected by the 
reinforcement ratio, the distribution and diameter of 
reinforcement bars, the concrete shrinkage, and the 
brittleness of the matrix. There are several empirical 
relationships to evaluate tension stiffening (Fields & 
Bischoff, 2004). For all relationships, the decrease of 
stiffness in a cracked member can be taken into 
account using a modified relationship for the load–
strain response of the reinforcement steel  
(Figure 1a), using an average stress–strain response 
for concrete in the post-cracking range (Figure 1b), 
or both (Belarbi & Hsu, 1994). There are also some 
analytical models based on the bond-slip between 

concrete and reinforcement steel (Floegl & Mang, 
1982; Gupta & Maestrini, 1990; Wu, Yoshikawa, & 
Tanabe, 1991; Choi & Cheung, 1996). 

Figure 1a shows a typical load–strain response of 
a tension specimen and of a bare steel bar. In this 
figure, the contribution of concrete to the tension 
response is given by the difference between the 
strains in the tension specimen and the bare steel 
bar. The tension specimen response is initially 
linearly elastic with uniform stresses in the concrete 
and steel along the length of the member until the 
tensile strength of the concrete is reached. In  
Figure 1b, after the first crack (C1), the average 
tensile stress in the concrete decreases with 
increasing strain, which reduces the tension 
stiffening as the load  increases  (Fields  &  Bischoff,  
2004). New cracks (C2, C3, and C4) arise as the load 
increases, further reducing the distance between 
them until this distance is more than twice the 
anchorage length. At the end of the cracking stage, 
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the cracking becomes stable and no new cracks will 
form. During the stabilized cracking stage, the crack 
widths increase while the tensile stress and the 
tension stiffening decrease. However, the tension 
stiffening decreases more slowly due to the loss of 
bonding, which is due to internal micro-cracking 
near the interface between the steel and concrete 
(Fields & Bischoff, 2004). When the reinforcement 
steel yields, the transfer of tensile stresses at the 
steel-concrete interface is damaged, which makes it 
difficult to transfer loads after the yielding load of 
the reinforcement steel is reached. 

 

 
 

 
Figure 1. a) Typical load–strain response from a tension test and; 
b) reduction of the average tensile stress in concrete by tension 
stiffening. 

Concrete shrinkage negatively influences the 
tension stiffening once it causes an initial shortening 
of the member, which induces compressive stress in 
the reinforcement steel. To maintain equilibrium, 
the reinforcement steel induces tensile stress in the 
concrete, which reduces the cracking load (Lorrain, 

Maurel, & Seffo, 1998; Bischoff, 2001). In addition, 
high-strength concretes present larger shrinkage, 
and larger reductions of tension stiffening are 
expected when shrinkage is ignored. 

In fiber-reinforced concrete, fibers improve the 
mechanical properties of the matrix due to the 
bridge effect through the cracks after cracking of the 
matrix. Furthermore, fibers improve the tenacity 
and ductility of the matrix by controlling the 
cracking process and increasing the tensile and bond 
strengths between the steel and concrete. The 
improvement of the bond strength and the ability to 
transfer tensile stress through the cracks should 
increase the tension stiffening of fiber-reinforced 
concrete (Abrishami & Mitchell, 1997; Yang, 
Walraven, & Den Uijl, 2009; Deluce & Vecchio, 
2013; Lee, Cho, & Vecchio, 2013). Fibers also 
control splitting cracks and cracking caused by 
shrinkage. Fibers with a high modulus of elasticity 
are more efficient in limiting the shrinkage of the 
matrix because of the greater difference between the 
modulus of elasticity of the fiber and that of the 
matrix (Zhang & Li, 2001). 

This paper aims to show the influence of steel 
fibers on the tension stiffening effect and proposes 
an empiric model for predicting the tension 
stiffening coefficient from the fiber content. In 
addition, this paper shows that the partial 
substitution of cement for less reactive materials, 
such as fly ash, is a possible strategy to reduce the 
consumption of cement because no changes in the 
tension stiffening of concrete due to mineral 
additions were observed.  

Material and methods 

Twenty-six tension tests of plain and steel-fiber-
reinforced concrete (SFRC), with and without 
mineral additions (silica fume and fly ash), were 
performed. One tension specimen was produced for 
plain concretes with and without mineral additions, 
but two were produced for the fiber-reinforced 
concrete. The variables analyzed were the fiber 
aspect ratio and fiber content. The specimens were 
stored in a humid chamber in which the 
temperature was kept at approximately 23ºC and the 
humidity was approximately 95%. Thus, there was 
no need to determine concrete shrinkage because 
the specimens were removed from the humid 
chamber only 12 hours before the tests. 

Materials 

In the production of the concretes, the following 
materials were used: blast furnace slag Portland 
cement, natural sand, coarse aggregate with a 



Tension

Acta Sci

maximu
superpl
with m
10% si
replace
Dramix
because
BN (ca
is 80) s
fibers w
1,000 M
The fo
(58.87 
(117.75
a high 
even w
Thus, t
was dec
which w
obtaine

The
minera
with m
cement
fiber co
plain c
steel fi
because
The wo
fibers o
these ta
SFRC w

Table 1
(kg m-3). 

Material 

Cement 
Natural sa
Coarse agg
Water 
Steel fiber
Superplast
Workabilit
 

Table 2
(kg m-3). 

Material 

Cement 
Silica fum
Fly ash 
Natural sa
Coarse agg
Water 
Steel fiber
Superplast
Workabilit

n stiffening of S

entiarum. Techn

um size of 
lasticizer adm

mineral additio
ilica fume to
ment of 30%
x® RC 65/60 
e its aspect rati
alled F80 is th
steel fibers wit
were 60 mm lo
MPa and a mo
ollowing fiber
kg m-3), 1.00

5 kg m-3). How
aspect ratio to

when using a h
the greatest vo
creased from 
was possible b
ed for each typ
e composition
l additions is 

mineral additio
t and aggregat
ontent as a re
oncrete comp
ibers. Howeve
e a low volum
orkability of fr
obtained from 
ables. A slight
was observed. 

. Composition o

Plain concre

439.05 
and 870.10 
gregate 870.10 

173.50 
r 0.00 
ticizer 3.29 
ty (mm) 210 

2. Composition 

Plain concre

261.46 
e 31.74 

100.43 
and 871.53 
gregate 871.53 

172.28 
r 0.00 
ticizer 3.27 
ty (mm) 220 

FRC 

nology 

25 mm, ste
mixture (1.0%)
ons were pro
o provide wo

% of the ceme
BN (called F

io is 65) and D
his paper becau
th hooked end
ong and had a 
odulus of elast
r contents w

0% (78.50   kg 
wever, the add
o fresh concret
high amount o
olume fraction
1.50% to 1.25

because the rei
pe of fiber was 
n of the co
presented in 

ons in Table 2
tes in the mix
esult of the a

position due t
er, this adjus

me fraction of
fresh concrete 

slump tests is
t decrease in t

of concretes witho

ete
Steel fiber-

Dramix RC 65/60
0.75% 1.00% 1.5
425.68 428.69 423
849.37 857.38 84
849.37 857.38 84
167.24 168.82 16
58.87 78.50 117
4.25 4.29 4
135 130 8

of concretes wi

ete
Steel fiber-

Dramix RC 65/60
0.75% 1.00% 1.5
260.84 259.40 25
31.67 31.49 31

100.19 99.64 98
869.46 864.66 85
869.46 864.66 85
171.20 170.25 16
58.87 78.50 117
4.35 4.32 4
190 150 6

el fibers, an
). The concr

oduced by add
orkability and
ent with fly
F65 in this pa

Dramix® RC 80
use its aspect r
ds were used. T
tensile strengt
ticity of 200 G

were used: 0.7
m-3), and 1.5

ition of fiber w
te is very diffic
of superplastici
n of the F80 f
% (98.13 kg m
nforcement in
very similar. 
oncretes with
Table 1 and

2. The amoun
xtures varied w
adjustment of
o the addition

stment was sm
f fibers was u
with and with

s also presente
the workability

out mineral addi

-reinforced concrete
0 BN Dramix RC 80/6
50% 0.75% 1.00% 1
3.01 424.68 429.61 4
6.02 849.37 859.21 8
6.02 849.37 859.21 8
6.58 167.24 169.18 1
7.75 58.88 78.50 9
.23 4.25 4.30
85 40 120 

ith mineral addi

-reinforced concrete
0 BN Dramix RC 80/6
50% 0.75% 1.00% 1
6.53 257.09 259.40 2

1.15 31.,21 31.49 3
8.54 98.75 99.64 9
5.11 856.95 864.66 8
5.11 856.95 864.66 8
8.37 168.73 170.25 1
7.75 58.88 78.50 9
.28 4.28 4.32
60 140 130 

d a 
retes 
ding 
 by 
ash. 
aper 
0/60 
ratio 
The 

th of 
GPa. 
75% 
50% 
with 
cult, 
izer. 
fiber 
m-3), 
ndex 

hout 
that 

nt of 
with 
f the 
n of 
mall 

used. 
hout 
d in 
y of 

itions  

60 BN
1.25%
430.70
861.39
861.39

69.61
98.13
4.31
85 

itions  

60 BN
1.25%
257.96
31.32
99.09
859.88
859.88

69.31
98.13
4.30
100 

T
and
28 da
diam
used.
carrie
the f
Socie
tests,
150 m

Tensio

T
(Elfg
robin
dime
well a
speci
recom
concr
All te
150 m
and
(see F
and a
sectio
distri
prefe
were

 

Figure

T
with
longi
of fr
applie
the r
accor

T
speci

Maringá, 

To characterize
splitting tens
ays. For these
eters of 150 m
. In addition,
ed out to dete
flexure tensile
ety of Civil En

prismatic spe
mm high, and

on specimens 

The RILEM T
ren & Nogha

n test and an
ensions and pro
as the experim
fied. The expe

mmendations
rete mixtures
ension specim
mm on each s

reinforced
Figure 2) with
a modulus of
on was cho
ibution of fibe
erential orienta

made in the h

e 2. Geometry of 

The reinforcem
a diameter o

itudinally alon
ee steel on b
ed. Three ele
reinforcement
rding to the po

To compare
men with the

v. 38, n. 4, p. 45

e the concretes
ile tests were
tests, cylindri

mm and heigh
, four-point b
ermine the to
strength of th

ngineers (JSC
ecimens that w
150 mm wide 

Technical Co
abai, 2002) an

nalysis of bon
oduction of th

mental setup an
eriments repor
of this comm
without fiber

mens had squa
side and were
with a sing

h a yielding st
elasticity of 2

osen to ens
rs in concrete,

ation of fibers 
horizontal posi

tension specimen

ment steel wa
of 20 mm, a

ng the specime
both ends to 
ctrical strain g

t steel of all 
ositions specifi

the response
response of a

55-463, Oct.-Dec

s, compression
e carried out
ical specimens

hts of 300 mm
bending tests

oughness facto
he SFRCs by

CE, 1984). For
were 600 mm
were used. 

ommittee FM
nnounced a ro
nding in whic
he test specime
nd procedures
rted here follo

mittee, although
rs were presc

are cross-sectio
e 800 mm in l
gle bar of
trength of 494
10 GPa. The
sure the ra
, that is, to avo
once the spec

ition. 

ns (SG: strain gage

as 1000 mm
and was posit
ens to leave 10
allow a load
gages were fix
tension spec

ed in Figure 2
e of the te
a bare bar, the

457 

c., 2016 

n tests 
t after  
s with 

m were 
were 

or and 
Japan 

 these 
 long, 

B-147 
ound-

ch the 
ens, as 
, were 

ow the 
h only 
cribed. 
ons of 
length 

steel  
4 MPa 
cross-

andom 
oid the 
imens 

 
e). 

long, 
tioned 

00 mm 
to be 

xed to 
imens 
. 
ension 
e same 



458 Oliveira Júnior et al. 

Acta Scientiarum. Technology Maringá, v. 38, n. 4, p. 455-463, Oct.-Dec., 2016 

length, test setup, and measuring and evaluation 
techniques were used in both cases. The strain of 
the bare bar was measured by three electrical strain 
gages fixed to the same position of the tension 
specimens.  

Testing procedure 

The tension tests were carried out under 
displacement control in an electrical-mechanical 
universal testing machine with a capacity of 300 kN 
(see Figure 3). The rate of the displacements used 
during all tests was 0.3 mm min-1. The 
reinforcement steel strains were measured by three 
strain gages spaced 102 mm apart. The first strain 
gage was placed at 92 mm from the superior end of a 
concrete prism of 800 mm. The steel strains were 
measured at each 5 kN load increment. 

 

 
 

 
Figure 3. Test setup. 

Results and discussion 

Concrete properties 

The mechanical properties of concretes without 
mineral additions are given in Table 3 and concretes 
with mineral additions are given in Table 4. 

These tables show that the mechanical properties 
of the SFRC were positively affected by the presence 
of fibers. The compressive strength (fcm) had a 
maximum increase of 28%. The flexure (fctm,f) and 

splitting (fctm) tensile strengths were also affected by 
fibers, and these properties increased as the fiber 
content increased. The same is true for the 
toughness factor. By comparing the results in Tables 
3 and 4, it can also be observed that the mechanical 
properties of the SFRC were reduced by the 30% 
replacement of the cement by fly ash.  

Table 3. Mechanical properties of concretes without mineral 
additions. 

Vf (%) Plain 
concrete 

Steel fiber-reinforced concrete 
Dramix RC 65/60 BN Dramix RC 80/60 BN 
0.75% 
(0.49)A

1.00% 
(0.65)A

1.50% 
(0.98)A 

0.75% 
(0.60)A 

1.00% 
(0.80)A 

1.25% 
(1.00)a

fcm, MPa 44.37 56.90 45.48 52.17 52.31 51.80 56.37
fctm, MPa 4.20 6.15 6.12 8.28 6.46 6.85 7.75 
fctm,f, MPa – 8.14 8.80 9.22 9.10 9.50 7.01 
Toughness 
factor, MPa – 7.13 7.91 8.25 7.35 7.95 5.56 

 

Table 4. Mechanical properties of concretes with mineral 
additions. 

Vf (%) Plain 
concrete 

Steel fiber-reinforced concrete 
Dramix RC 65/60 BN Dramix RC 80/60 BN 
0.75% 
(0.49)A

1.00% 
(0.65)A

1.50% 
(0.98)A 

0.75% 
(0.60)A 

1.00% 
(0.80)A 

1.25% 
(1.00)A

fcm, MPa 41.40 44.37 42.63 49.90 43.20 42.05 45.00 
fctm, MPa 4.25 4.73 6.48 7.09 6.15 5.96 5.85 
fctm,f, MPa – 6.85 6.87 9.84 8.20 9.34 8.93 
Toughness 
factor, MPa – 5.81 6.33 8.90 7.34 8.20 7.26 

 

Crack width 

The crack patterns in tension specimens were 
observed during tension tests. The plain concrete 
specimens showed a small number of transverse 
cracks. With the addition of steel fibers, multiple 
cracks were observed, which demonstrated that the 
best control of the cracking process was provided by 
the fibers.  

Figure 4 shows how the average main crack 
width (wm) varied as the load increased. The values 
presented in these figures refer to the mean of 
measurements carried out at several points of the 
crack (mainly in corners), which means that the 
crack width was not uniform along its path. The 
same figure shows the maximum limit of cracking 
recommended by the American Concrete Institute 
(ACI, 2005) for concretes without fibers, which in 
this case was 0.329 mm. A significant reduction in 
the crack width due to the addition of fibers was 
observed, and this reduction increased as the 
amount of fiber increased. In some cases, this 
reduction reached 75% compared to the crack width 
in the tension specimen made of plain concrete. 
Comparing the crack width to the  maximum  limit  
prescribed by the ACI 224R, it was noted that in 
tension specimens made of SFRC this limit was 
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