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� Cracking potential of steel fiber reinforced concrete was studied by ring test.
� Residual stress or relaxed stress decreased with increasing amount of steel fiber.
� Free shrinkage or stress rate decreased with increasing amount of steel fiber.
� Cracking potential decreased with increasing amount of steel fiber.
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a b s t r a c t

High strength concrete (HSC) suffers significant shrinkage in response to low water-to-cement (w/c) ratio
and high self-desiccation at early age. Cracking may occur when the residual tensile stress is over the ten-
sile strength of HSC. Double hooked-end steel fiber can reduce the shrinkage and the cracking potential of
HSC effectively. Investigations on cracking potential of early-age HSC reinforced with double hooked-end
steel fiber by utilizing ring test remain lacking. Therefore, ring tests for four HSC mixtures with different
amounts of double hooked-end steel fiber of 0%, 0.12%, 0.24%, and 0.36% were conducted in the present
study. The analysis of experimental results indicated that (1) the steel ring strain decreased with increas-
ing amount of double hooked-end steel fiber; (2) the residual stress or relaxed stress of HSC decreased
with increasing amount of double hooked-end steel fiber; (3) the free shrinkage or stress rate of HSC
decreased with increasing amount of double hooked-end steel fiber; (4) the cracking potential of HSC
decreased with increasing amount of double hooked-end steel fiber. At the age of 21.25 d after casting,
the cracking potential parameter was 0.875, 0.561, 0.440, and 0.329, which decreased by 35.9%, 49.7%,
and 62.4% when the amount of double hooked-end steel fiber increased from 0% to 0.12%, 0.24%, and
0.36%, respectively.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

High strength concrete (HSC) is utilized widely for its
superiority. HSC with lower water-to-cement (w/c) ratios
possesses several advantages compared with normal strength
concrete, such as higher workability, higher strength, higher
durability, and lower permeability [1–5]. However, low w/c
ratios bring about high self-desiccation [6–8], which leads to
significant autogenous shrinkage and increases the cracking
potential of early-age HSC under restrained condition [9]. Early
age is an important period during the lifetime of concrete [10].
Early-age cracking offers accesses for water and aggressive
chemical ions [11], which not only weakens the bearing capacity
of concrete structures but also reduces service life and durability
of concrete structures [12,13]. The addition of steel fiber
improves the mechanical properties and reduces cracking poten-
tial of concrete [14–18]. Double hooked-end steel fiber is better
anchored in HSC compared with ordinary steel fiber [19–21].
The double hooked-end steel fiber is added to concrete to
restrain the development of microcracking and reduce cracking
potential of HSC at early age [22–24]. Investigations on cracking
potential of concrete reinforced with steel fiber have been
conducted [14,17,22]. However, investigations on influence of
double hooked-end steel fiber on HSC remain lacking. Therefore,
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Fig. 1. Photograph of double hooked-end steel fiber.
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investigations on the cracking potential of double hooked-end
steel fiber reinforced HSC are necessary.

Ring test is normally utilized to estimate cracking potential of
early-age concrete [12,25–28]. Tensile stress occurs in concrete
ring specimens when the shrinkage is under restrained condition
[29]. The shrinkage behavior and cracking potential of concrete
under restrained condition is evaluated by utilizing ring test, as
recommended by ASTM C1581 [30] and AASHTO [31]. Shrinkage
is divided into two types: drying shrinkage and autogenous shrink-
age [32,33]. Water evaporation, which leads to drying shrinkage,
happens when the humidity inside concrete is higher than the
environmental humidity [34,35]. Autogenous shrinkage occurs
when cement hydration leads to moisture loss [12,36]. The results
show that steel fiber can reduce shrinkage of plain concrete effec-
tively [32,37,38]. However, investigations on influence of double
hooked-end steel fiber on shrinkage of HSC at early age remain
lacking. Therefore, investigations on shrinkage of HSC reinforced
with double hooked-end steel fiber by utilizing ring test are neces-
sary to understand the cracking mechanism of HSC better.

The cracking potential of concrete is also affected by stress
relaxation [12,39,40]. The creep-related stress relaxation is an
important factor for shrinkage analysis and early-age cracking
potential evaluation of concrete [29,40–42]. Creep can significantly
prevent cracking caused by shrinkage and thermal deformations in
structures at early age and partly relieve the induced stresses
[12,36]. Investigations on tensile creep of concrete have been con-
ducted [42,43]. However, investigations on influence of double
hooked-end steel fiber on creep-related stress relaxation of HSC
remain lacking. Therefore, investigations on stress relaxation of
HSC reinforced with double hooked-end steel fiber by utilizing ring
test are necessary.

Investigations on mechanical properties of HSC reinforced with
steel fiber have been conducted [22,44–48]. However, investiga-
tions on cracking potential of HSC reinforced with double
hooked-end steel fiber at early age remain lacking. Therefore,
investigations on steel ring strain, residual stress, free shrinkage,
stress rate, stress relaxation, and cracking potential of HSC rein-
forced with double hooked-end steel fiber by utilizing ring test
were conducted in the present study.
2. Experimental program

2.1. Mix proportions and materials

Four HSC mixtures utilized in the present study had the same
w/c ratio of 0.32. Mixtures SF00, SF12, SF24, and SF36 were the
HSC with steel fiber volume fraction of 0%, 0.12%, 0.24%, and
0.36%, respectively. The mix proportions of SF00, SF12, SF24, and
SF36 are depicted in Table 1. The coarse aggregate in mixtures
SF12, SF24, and SF36 was partially substituted with double
hooked-end steel fiber, as reported in [45].

Portland Cement (P�Ⅱ 52.5R) with the Blaine fineness of
375 m2/kg was utilized in the present study according to Chinese
National Standard GB 175–2007/XGI-2009 [49] and ASTM C150
Table 1
Mix proportions of concrete.

Mixture composition SF00

Water (kg/m3) 153.6
Cement (kg/m3) 480
Fine aggregate (kg/m3) 690
Coarse aggregate (kg/m3) 1127.00
Superplasticizer (kg/m3) 3.84
Steel fiber (kg/m3) 0
Steel fiber volume fraction (%) 0
[50]. The fine aggregate was nature river sand with fineness mod-
ulus of 2.1. The coarse aggregate was crushed limestone with the
maximum size of 25 mm. The photograph of double hooked-end
steel fiber utilized in the present study is depicted in Fig. 1. A kind
of liquid polycarboxylate-based superplasticizer was utilized to
achieve similar workability for four HSC mixtures. Tap water was
utilized in four HSC mixtures for casting. Results of slumps were
165, 153, 142, and 131 mm for mixtures SF00, SF12, SF24, and
SF36, respectively.
2.2. Ring test

Fig. 2(a) and (b) depict the ring specimen geometry in detail
with top view and cross view, respectively. The dimensions of
inner (RIS) and outer (ROS) radius of the steel ring were 127.5 and
162.5 mm, respectively; the dimensions of inner (RIC) and outer
(ROC) radius of the concrete ring were 162.5 and 262.5 mm, respec-
tively. The steel rings utilized in the present study were all 100 mm
tall. Eight strain gauges were utilized to determine the steel ring
strain, est, of each specimen continuously, as reported in [38,39].
The strain gauges were attached at the mid-height of the inner sur-
face of the steel ring, as depicted in Fig. 2(b). The measurement of
the steel ring strain started after casting. The steel ring strains were
recorded at an interval of 30 min until the concrete cracked, as
reported in [26,38,51]. Fig. 3 depicts the restrained ring test spec-
imens in practice.

One concrete ring specimen was cast for each HSC mixture.
After casting, the ring specimens were sealed with vinyl and alu-
minum tape on top surfaces immediately to prevent sudden dry-
ing. The specimens were cured at a constant temperature
(23 ± 1 ) and relative humidity (60 ± 5%), as reported in [39]. The
outer ring was taken off after 1 d of curing. Circumferential drying
condition was provided according to the ASTM C1581 [30] and
SF12 SF24 SF36

153.6 153.6 153.6
480 480 480
690 690 690
1123.32 1119.63 1115.95
3.84 3.84 3.84
9.42 18.84 28.26
0.12 0.24 0.36
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Fig. 2. Geometry of ring specimen: (a) Top view; (b) Cross view; (c) Concrete ring under surface pressure; (d) Steel ring under surface pressure (all units in mm).
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AASHTO [31] to ensure that water evaporation was along the
height of outer surface of concrete ring.

2.3. Free shrinkage measurements

The prismatic specimens with the size of
550 mm � 100 mm � 100 mm were tested to determine free
shrinkage strain of HSC according to Chinese Standard GB/T
50082–2009 [52]. The restrained conditions of prismatic and ring
specimens were different. However, the prismatic and ring speci-
mens with an equal volume-to-surface area ratio are considered
to have same free shrinkage [53]. Prismatic specimens were sealed
partially with vinyl (i.e. 178 mm long from the ends) after
demoulding to reach the target volume-to-surface area ratio,

V=S ¼ p� ðR2
OC � R2

ICÞ � h
h i

= 2� p� ROC � h½ � ¼ 80:95 mm, as

depicted in Fig. 4. The measurement of free shrinkage by utilizing
dial gauges with a precision of 10-3 mm was started at the age of
1.5 d after casting, and the net age, tnet, was defined as the elapsed
time since that time (i.e. tnet ¼ t � 1:5), as reported in [28].

2.4. Mechanical properties investigation

Mechanical properties tests were conducted on specimens at
the same time to determine the elastic modulus and the
strength of concrete according to Chinese Standard GB/T
50081-2002 [54]. Elastic modulus and strength were calculated
by the average values of three concrete specimens. The cubic
compressive strength at 28 d was 66.39, 69.16, 71.23, and
73.14 MPa, which increased by 4.17%, 7.29%, and 10.17% when
the amount of double hooked-end steel fiber increased from
0% to 0.12%, 0.24%, and 0.36% for mixtures SF00, SF12, SF24,
and SF36, respectively.

Splitting tensile strength was obtained by testing 150 mm cubic
concrete specimens. The time-dependent splitting tensile strength
is calculated by Eq. (1) [55].

f spðtÞ ¼ f sp;28exp S1 1�
ffiffiffiffiffiffi
28
t

r !" #
ð1Þ
in which f spðtÞ ¼ time-dependent splitting tensile strength of con-
crete, in MPa; f sp;28 ¼ splitting tensile strength of concrete at 28 d,
in MPa; t ¼ age of concrete after casting, in d; and S1 ¼ a fitting
parameter.

The splitting tensile strength at 28 d was 3.66, 4.29, 4.74, and
4.95 MPa, which increased by 17.21%, 29.51%, and 35.25% when
the amount of double hooked-end steel fiber increased from 0% to
0.12%, 0.24%, and 0.36% for mixtures SF00, SF12, SF24, and SF36,
respectively. Results on strength were in accordance with that
reported in [18,56]. Results reported in [18] indicate that the addi-
tion of steel fiber improves the compressive strength of concrete
comparedwith plain concrete. Results reported in [56] indicate that
the addition of steel fiber enhances the tensile strength of concrete.

The value of compressive elastic modulus was obtained by test-
ing prismatic specimen with the size of 300 mm � 150 mm
� 150 mm. The early-age tensile elastic modulus was considered
to be almost equivalent to the early-age compressive elastic mod-
ulus in the present study, as reported in [51,57]. The time-
dependent elastic modulus of concrete is calculated by Eq. (2) [58].

EcðtÞ ¼ Ec;28exp S2 1�
ffiffiffiffiffiffi
28
t

r !" #
ð2Þ

in which EcðtÞ ¼time-dependent elastic modulus of concrete, in
GPa; Ec;28 ¼ elastic modulus of concrete at 28 d, in GPa; and S2 ¼a
fitting parameter.

The elastic modulus at 28 d after casting was 51.60, 53.17,
58.08, and 60.42 GPa, which increased by 3.04%, 12.56%, and
17.09% when the amount of double hooked-end steel fiber
increased from 0% to 0.12%, 0.24%, and 0.36% for mixtures SF00,
SF12, SF24, and SF36, respectively. Table 2 depicts the results of
time-dependent splitting tensile strength and time-dependent
elastic modulus of HSC.

3. Results and discussion

3.1. Influence of double hooked-end steel fiber on steel ring strain

Fig. 5 depicts the relationship between steel ring strain and age
of concrete ring specimens. A sharp decrease of steel ring strain



Fig. 3. Restrained ring test specimens: (a) Test set-up; (b) Placing concrete; (c) After demoulding; (d) Cracking.
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represented the occurrence of cracking, as reported in [27]. A visi-
ble crack occurred in mixture SF00 at the age of 21.25 d after cast-
ing, no crack occurred for concrete ring specimens for mixtures
SF12, SF24, and SF36 during the period of test, as depicted in
Fig. 3 (d).

The steel ring strain decreased with increasing amount of dou-
ble hooked-end steel fiber, as depicted in Fig. 5. At the age of 7 d
after casting, the steel ring strain was �68, �51, �44, and �30
me, the absolute value of which decreased by 25.0%, 35.3%, and
55.9% when the amount of double hooked-end steel fiber increased
from 0% to 0.12%, 0.24%, and 0.36% for mixtures SF00, SF12, SF24,
and SF36, respectively. For mixtures SF12, SF24, and SF36, the
increasing rates of steel ring strain were slower than that for mix-
ture SF00, which indicated that the addition of double hooked-end
steel fiber reduced the restrained shrinkage of concrete specimens,
as reported in [39]. Results on shrinkage were in accordance with
that reported in [37,38]. Results reported in [37] indicate that the
cracking area of total plastic shrinkage decreases by nearly 40%
for concrete with steel fiber volume fraction of 0.1% compared with
plain concrete. Results reported in [38] indicate that the strain of
shrinkage at 28 d decreases by 29% for concrete with steel fiber
volume fraction of 0.2% compared with control concrete with no
fiber.

3.2. Influence of double hooked-end steel fiber on residual stress of HSC

The shrinkage of concrete ring specimen was under restrained
condition when the concrete dried, which induced tensile stress
in the concrete specimen, as reported in [39]. The steel ring strain,
est, can be utilized to determine the development of residual tensile
stress, rres: rð Þ, in the concrete ring [59]. The concrete and steel ring
suffered interface pressures, Pres., which were equivalent in value
and in the opposite directions, as depicted in Fig. 2(c) and (d).
The rres: rð Þ reached maximum when r ¼ ROS (i.e. at the interface
between steel and concrete ring). The maximum residual tensile
stress, rres:max, is calculated by Eq. (3) [26].

rres:max ¼ �est � ES � R
2
OS � R2

IS

2R2
OS

� R
2
OS þ R2

OC

R2
OC � R2

OS

ð3Þ

in which rres:max ¼ the maximum residual tensile stress, in MPa;
est ¼ the steel ring strain, in le; ES ¼ the elastic modulus of steel
ring, in GPa; ROS ¼ the radius of outer steel ring, in mm
(162.5 mm); RIS ¼ the radius of inner steel ring, in mm
(127.5 mm); and ROC ¼ the radius of inner steel ring, in mm
(262.5 mm).

The maximum residual stress decreased with increasing
amount of double hooked-end steel fiber, as depicted in Fig. 6. At
the age of 21.25 d after casting, the maximum residual stress of
concrete ring specimens was 3.17, 2.38, 2.07, and 1.62 MPa, which
decreased by 24.9%, 34.7%, and 48.9% when the amount of double
hooked-end steel fiber increased from 0% to 0.12%, 0.24%, and
0.36% for mixtures SF00, SF12, SF24, and SF36, respectively. Results
on residual stress were in accordance with that reported in [60].
Results reported in [60] indicate that the residual stress decreases
with increasing amount of steel fiber.
3.3. Influence of double hooked-end steel fiber on free shrinkage of HSC

Free shrinkage is a property of great importance relating to the
durability of concrete [61]. The results were calculated by the aver-
age values of three prismatic specimens. The free shrinkage
decreased with increasing amount of double hooked-end steel
fiber, as depicted in Fig. 7. At the net age of 7 d, the free shrinkage
was –232, �151, �107, and �68 le, the absolute value of which
decreased by 34.9%, 53.9%, and 70.7% when the amount of double
hooked-end steel fiber increased from 0% to 0.12%, 0.24%, and
0.36% for mixtures SF00, SF12, SF24, and SF36, respectively.



Fig. 4. Prismatic specimens with sealed ends for free shrinkage measurement: (a) Schematic drawing; (b) Photograph (all units in mm).

Table 2
Splitting tensile strength, elastic modulus and regression coefficients of all mixtures.

Concrete mixture Splitting tensile strength (MPa) S1 R2 Elastic modulus (GPa) S2 R2

3 d 7 d 28 d 3 d 7 d 28 d

SF00 3.17 3.49 3.66 0.065 0.992 45.64 49.96 51.60 0.054 0.925
SF12 3.60 3.98 4.29 0.083 0.995 47.47 51.30 53.17 0.051 0.955
SF24 4.24 4.53 4.74 0.052 0.990 50.17 55.06 58.08 0.067 0.977
SF36 4.54 4.72 4.95 0.043 0.994 51.39 56.47 60.42 0.076 0.993
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The amount of large pores in concrete specimens increases with
increasing amount of steel fiber, which increases the toughness
and decreases the capillary pressure of concrete specimens [37].
Therefore, the shrinkage resistance of concrete was influenced by
the amount of double hooked-end steel fiber significantly. Results
on shrinkage were in accordance with that reported in [32,62].
Results reported in [32] indicate that drying shrinkage decreases
with increasing amount of steel fiber. Results reported in [62] indi-
cate that the addition of steel fiber reduces the autogenous shrink-
age of plain concrete.
3.4. Influence of double hooked-end steel fiber on stress rate of HSC

Cracking potential is usually described by stress rate, which is
an important element to control the cracking age [51]. Eq. (4) is
utilized to calculate the stress rate, S, of concrete ring specimens
[30,63].

S ¼ G aj j
2
ffiffiffiffi
tr

p ð4Þ
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in which S ¼ the stress rate of concrete ring specimens, in MPa/d;
G ¼ a constant determined by the dimensions of ring setup, in
GPa; a ¼ strain rate factor for strain gauges, in le/d1/2; and tr ¼
the elapsed time from 1.5 d to the cracking age or the elapsed time
from 1.5 d to the end of ring test, in d.
Eq. (5) is utilized to calculate G [63].

G ¼ EsRIChs

RIShc
ð5Þ

in which RIC ¼ radius of inner concrete ring, in mm (162.5 mm);
hs ¼ thickness of steel ring, in mm (35 mm); and hc ¼thickness of
concrete ring, in mm (100 mm).

Eq. (6) is utilized to calculate a [30,63].

enet tð Þ ¼ a
ffiffiffiffiffiffiffi
tnet

p þ k ð6Þ
in which enet tð Þ ¼ the net steel ring strain calculated as the differen-
tial value of the steel ring strain at any recorded time and that at the
age of 1.5 d after casting, in le; tnet ¼ the net age, in d; and k ¼ a
regression constant. The strain rate factor a was determined with
the linear regression analysis results about the net steel ring strain
and the square root of net age, as depicted in Fig. 8. The results of a
were �12.893, �9.833, �9.302, and �8.571 le/d1/2 with the R2 val-
ues of 0.968, 0.922, 0.869, and 0.939 for mixtures SF00, SF12, SF24,
and SF36, respectively.

For mixture SF00, the occurrence of crack was at the net age of
19.75 d. For mixtures SF12, SF24, and SF36, no crack occurred dur-
ing the whole test. The stress rate decreased with increasing
amount of double hooked-end steel fiber, as depicted in Fig. 9. At
the net age of 7 d, the stress rate of specimens was 0.141, 0.108,
0.102, and 0.094 MPa/d, which decreased by 23.4%, 27.7%, and
33.3% when the amount of double hooked-end steel fiber increased
from 0% to 0.12%, 0.24%, and 0.36% for mixtures SF00, SF12, SF24,
and SF36, respectively. Cracking potential of concrete can be clas-
sified into 4 levels in Table 3 depending on cracking time and stress
rate according to ASTM C1581 [30], as reported in [63]. Mixture
SF00 belonged to ‘Moderate-Low’ level; mixtures SF12, SF24, and
SF36 belonged to ‘Low’ level in the present study. Therefore, the
concrete with more amount of double hooked-end steel fiber
showed lower cracking potential.

3.5. Influence of double hooked-end steel fiber on stress relaxation of
HSC

Relaxed stress is calculated as the differential value between
theoretical elastic stress and residual stress [28,39]. The self-
restraint and the restraint caused by steel ring are important fac-
tors to determine the residual stress in concrete ring specimens
[26]. The concrete ring specimens are assumed to be under com-
plete restrained condition considering that steel rings are rigid
[64]. However, steel rings are not rigid enough in practice, which
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Table 3
Classification of cracking potential [30].

Net time to cracking,tcr (d) Stress rate, S(MPa/d) Cracking potential
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leads to deformation of steel rings when they are under the load
caused by shrinkage [65].

Eq. (7) is utilized to determine the value of radial deformation,
DUsh, assuming that the concrete ring deformed without restraint
[26,65].

DUsh ¼ RICDesh ð7Þ
in which DUsh ¼the value of radial deformation, in mm; and Desh ¼
incremental free shrinkage strain, in le.

A fictitious pressure, DPel, is assumed to exist on the interface
between the steel ring and concrete ring [30,66]. Eqs. (8) and (9)
are utilized to determine the displacement of the interface
between the steel ring and concrete ring, respectively [26,65].

Ust ¼ �DPel

R2
OS 1þ v sð ÞR2

IS þ 1� vsð ÞR2
OS

h i
EsROS R2

OS � R2
IS

� �
0
@

1
A ð8Þ

Uc ¼ DPel

R2
IC 1þ vcð ÞR2

OC þ 1� vcð ÞR2
IC

h i
EcRIC R2

OC � R2
IC

� �
0
@

1
A ð9Þ

in which Ust ¼ displacement of outer surface of steel ring, in mm;
Uc ¼displacement of the inner surface of concrete ring, in mm;
DPel ¼ a fictitious pressure, in MPa; Ec ¼ time-dependent elastic
modulus of concrete, in GPa; vc ¼ Poisson’s ratio of concrete; and
v s ¼ Poisson’s ratio of inner steel ring.

The value of radial deformation, DUsh, and the differential value
of two displacements should be equivalent, which is given by Eq.
(10) [26,65].

Ust � Uc ¼ DUsh ð10Þ
Eq. (11) is obtained by substituting Eqs. (7) – (9) into Eq.(10)

[22,68]:

DPel ¼ � DeshEc

Ec
Es

1þvsð ÞR2ISþ 1�vsð ÞR2OS½ �
R2OS�R2IS

þ 1þvcð ÞR2OCþ 1�vcð ÞR2IC½ �
R2OC�R2IC

ð11Þ
Eq. (12) is utilized to determine the incremental circumferential
theoretical elastic stress of concrete specimens, Drel rð Þ, with the
result in Eq. (12) [26,65].

Drel rð Þ ¼ DPel
R2
OS

R2
OC � R2

OS

1þ R2
OC

r2

 !
ð12Þ

in which Drel rð Þ ¼ the incremental circumferential theoretical elas-
tic stress of concrete specimens, in MPa; and r ¼ radius of concrete
ring between 162.5 and 262.5 mm, in mm.

Eq. (12) reaches the maximum on the contact surface of the
steel ring and concrete ring when r ¼ ROS. Eq. (13) is utilized to
determine incremental maximum theoretical elastic stress, which
is simplified by substituting the dimensions of specimens into
Eq. (12).

Drel;max ¼ � 2:24DeshEc

3:93 Ec
Es
þ 2:44

ð13Þ

in which Drel;max ¼ incremental maximum theoretical elastic stress,
in MPa. The relationship between incremental maximum theoreti-
cal elastic stress and net age is depicted in Fig. 10.

Eq. (14) is utilized to determine the incremental creep-related
relaxed stress, Drrel, which is induced by creep in the concrete ring
specimens, by calculating the differential value between the incre-
mental maximum theoretical elastic stress, Drel;max, and the incre-
mental maximum residual stress, Drres;max [26,67].

Drrel ¼ Drel;max � Drres;max ð14Þ
in which Drrel ¼ incremental relaxed stress, in MPa; and Drres;max ¼
incremental maximum residual stress, in MPa. The incremental
maximum theoretical elastic stress and incremental maximum
residual stress for different mixtures at net age are depicted in
Fig. 11. The relaxed stress decreased with increasing amount of
double hooked-end steel fiber, as depicted in Fig. 12. At the net
age of 7 d, the relaxed stress in concrete ring specimens was 3.93,
2.41, 1.44, and 0.78 MPa, which decreased by 38.7%, 63.4%, and
80.2% when the amount of double hooked-end steel fiber increased
from 0% to 0.12%, 0.24%, and 0.36% for mixtures SF00, SF12, SF24,
and SF36, respectively.

3.6. Influence of double hooked-end steel fiber on cracking potential of
HSC

The time-dependent cracking potential parameter, uCR tð Þ, is
defined as the ratio of time-dependent maximum residual stress
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Fig. 11. Comparison on incremental maximum theoretical elastic stress and incremental maximum residual stress for different mixtures: (a) SF00; (b) SF12; (c) SF24; (d)
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to time-dependent splitting tensile strength, as given in Eq. (15)
[26,67]. Fig. 13 depicts the relationship between residual stress
or the splitting tensile strength and age for different mixtures.

uCR tð Þ ¼ rres;max tð Þ
f sp tð Þ ð15Þ

in which uCR tð Þ ¼ cracking potential parameter.
The cracking potential of concrete ring specimens decreased
with increasing amount of double hooked-end steel fiber, as
depicted in Fig. 14. Cracking potential parameter at the age of
21.25 d after casting was 0.875, 0.561, 0.440, and 0.329, which
decreased by 35.9%, 49.7%, and 62.4% when the amount of double
hooked-end steel fiber increased from 0% to 0.12%, 0.24%, and
0.36% for mixtures SF00, SF12, SF24, and SF36, respectively. The
crack occurs when uCR ¼ 1 in theory, however, crack will occur
when uCR is lower than 1 in practice [26,67]. Crack occurs even
tensile stress is lower than tensile strength when concrete is under
continuous stress due to creep failure [68]. Results on cracking
potential were in accordance with that reported in [17]. Results
reported in [17] indicate that the cracking potential decreases with
increasing amount of steel fiber.

4. Conclusions

The investigations on influence of double hooked-end steel fiber
on the behavior and cracking potential of HSC at early age utilizing
ring test were conducted in the present study. The analysis was
shown based on the results of the ring test, including steel ring
strain, residual stress, relaxed stress, free shrinkage, stress rate
and cracking potential of four HSC mixtures. The conclusions gen-
eralized from the experimental results were as follows:

(1) The steel ring strain decreased with increasing amount of
double hooked-end steel fiber. The steel ring strain at the
age of 7 d after casting was �68, �51, �44, and �30 me,
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Fig. 13. Comparison on maximum residual stress and splitting tensile strength for different mixtures: (a) SF00; (b) SF12; (c) SF24; (d) SF36.
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the absolute value of which decreased by 25.0%, 35.3%, and
55.9% when the amount of double hooked-end steel fiber
increased from 0% to 0.12%, 0.24%, and 0.36%, respectively.

(2) The residual stress or relaxed stress decreased with increas-
ing amount of double hooked-end steel fiber. The maximum
residual stress at the age of 21.25 d after casting or relaxed
stress at the net age of 7 d of concrete ring specimens was
3.17, 2.38, 2.07, and 1.62 MPa or 3.93, 2.41, 1.44, and
0.78 MPa, which decreased by 24.9%, 34.7%, and 48.9% or
38.7%, 63.4%, and 80.2% when the amount of double
hooked-end steel fiber increased from 0% to 0.12%, 0.24%,
and 0.36%, respectively.

(3) The free shrinkage or stress rate decreased with increasing
amount of double hooked-end steel fiber. The free shrinkage
strain or stress rate at the net age of 7 d was –232, �151,
�107, and �68 le or 0.141, 0.108, 0.102, and 0.094 MPa/d,
the absolute value of which decreased by 34.9%, 53.9%, and
70.7% or by 23.4%, 27.7%, and 33.3% when the amount of
double hooked-end steel fiber increased from 0% to 0.12%,
0.24%, and 0.36%, respectively.

(4) The cracking potential decreased with increasing amount of
double hooked-end steel fiber. At the age of 21.25 d after
casting, the cracking potential parameter was 0.875, 0.561,
0.440, and 0.329, which decreased by 35.9%, 49.7%, and
62.4% when the amount of double hooked-end steel fiber
increased from 0% to 0.12%, 0.24%, and 0.36%, respectively.
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