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Abstract: Three-point bending tests on notched beams of three types of steel fiber-reinforced
concretes (SFRC) have been conducted using both a servo-hydraulic machine and a drop-weight
impact instrument. These three different concretes had the same matrix, while various fiber contents
and deflection (displacement) hardening or softening behaviours, i.e., 40 kg/m3 Dramix OL 13/0.20
(Concrete PA), 40 kg/m3 Dramix OL 13/0.20 + 20 kg/m3 Dramix RC 80/30 BP (Concrete PB) and
40 kg/m3 Dramix OL 13/0.20 + 60 kg/m3 Dramix RC 80/30 BP (Concrete PC), respectively. The
shape and geometry of the specimen followed the RILEM recommendation but with a reducing
factor 1.5. The flexural strength and the fracture energy were measured over a wide range of
loading rates (displacement rates), spanning six orders of magnitude, from 2.20 ×10-3 mm/s (Quasistatic) to 2.66 ×103 mm/s. The results show that the fracture energy and the flexural strength
increase as the loading rate increases for these three concretes. Besides, such a trend is relatively
mild under low rates. The gain of the flexural strength is around 30% compared with its quasi-static
values. For Concretes PA and PB, the enhancement of fracture energy is around 20%, but 30% for
Concrete PC. However, under high rates the increase in the fracture energy and the peak load are
pronounced. For Concrete PA, the dynamic increase factors of the flexural strength and the fracture
energy are approximately 6 and 3, while for Concrete PC, they are around 4 and 2 respectively.
That is, the higher the fiber content is, the less rate sensitivity gets.

highways, airport runways overlays, to reduce
both cracking and thickness. Moreover, it is
adopted commonly in industrial floors to

INTRODUCTION
Nowadays, steel-fiber reinforced concrete
(SFRC) has been used widely for pavements,

1

1

X.X. Zhang, G. Ruiz, M. Tarifa and D. Cendón

decrease damage due to abrasion and impact
as well [1]. Thus, the dynamic mechanical
behaviour of SFRC is getting more and more
concerns [2-7]. In our previous work [3], we
have used a drop-weight impact device and a
servo-hydraulic testing machine to study the
flexural behaviour of a SFRC at a wide range
of loading rates, from 10-3 mm/s to 103 mm/s.
The shape and geometry of the beam followed
the recommendation of the RILEM TC 162TDF committee [8] and the EN 14651
standard [9], i.e., 150 mm × 150 mm in cross
section, and 700 mm in total length. The initial
notch-depth ratio was approximately 1/6, and
the span was fixed at 500 mm during the tests.
64.5 kg/m3 (volume ratio: 0.83%) of steel fiber
were added as the reinforcement. The steel
fiber with a tensile strength 1900 MPa used
was hooked-end, 50 mm in length, 0.75 mm in
diameter and 67 in aspect ratio. The results
show that the fracture energy and the peak
load increase as the loading rate increases.
Furthermore, such a trend is relatively mild
under low rates (from 10-3 mm/s to 100 mm/s).
The gain of the fracture energy and peak load
is around 10% compared with its quasi-static
values. Whereas under high rates (from 102
mm/s to 103 mm/s), the increases in the
fracture energy and the peak load are
pronounced. The dynamic increase factors of
the peak load and the fracture energy for the
fastest loading rate are approximately 3.5 and
2.5, respectively.
Due to the fact that the standard beam
(around 40 kg in weight) of the
recommendation of RILEM TC 162- TDF
committee [8] and EN 14651 standard [9] is
not that easy to handle in the lab, Giaccio et al.
[10] proposed to use small beams to measure
design parameters of fiber-reinforced concrete
(FRC), such as 100 mm × 100 mm in cross
section. The testing results proved that the
post-peak parameters (equivalent or residual
strengths) did not differ from the standard
beam considering a significance level of 10%.
Thus, for getting design parameters of FRC, it
is more convenient to use small beams.
As a continuous investigation of the
previous work, in the paper, the rate effect on
SFRC with three different fiber contents has

been studied. Namely, a series of SFRC
specimens (cylinders and small notched beams)
having different fiber types and contents were
fabricated. Three-point bending tests on
notched beams were conducted at a wide range
of loading rates (loading point displacement
rates), from 10-3 mm/s to 103 mm/s, adopting
both a servo-hydraulic testing machine and a
drop-weight impact device. The results show
that the fracture energy and the flexural
strength increase as the loading rate increases
for these three SFRCs. Moreover, such a trend
is relatively mild under low rates, while it is
pronounced under high loading rates.
Furthermore, the higher the fiber content is,
the less rate sensitivity is.
The rest of the paper is structured as
follows: the experimental procedure is given in
Section 2, the results are presented and
discussed in Section 3. Finally, some relevant
conclusions are drawn in Section 4.
2 EXPERIMENTAL PROCEDURE
2.1 Material characterization
Three types of SFRC with deflection
hardening or softening behaviours were used
throughout the experiments. These three
concretes were self-compacting ones and,
named as Concrete PA, PB and PC,
respectively. The matrix of them was kept
consistent. Two different sands, the coarse one
(0-2 mm) and fine one (0-0.8 mm), CEM I
cement 42.5 R-SR and two types of
superplasticizer (Glenium ACE-325 and B-225)
were used in the composition. The mixing
proportions by weight were: 1: 0.12 : 0.35 :
1.21 : 1.27 : 0.38 : 0.021 (cement: silica fume:
filler siliceous: fine sand: coarse sand: water:
superplasticizer). Straight smooth short and
hooked-end long steel fibers were added as
reinforcement. The former (Dramix OL 13/.20)
was 13 mm in length, 0.20 mm in diameter
and 65 in aspect ratio, the minimum tensile
strength is 2600 MPa. The latter (Dramix RC
80/30 BP) was 30 mm in length, 0.38 mm in
diameter and 80 in aspect ratio, the minimum
tensile strength is 1050 MPa. The quantities
and fiber type adopted in each concrete are
shown in Table 1.
2
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The workability of the fresh mixtures was
determined following ASTM C1611 standard
[11] as shown in Fig. 1, the two largest
diameters in two directions at 90o are listed in
Table 1 as well.

2.2 Three-point bending tests
Two machines were used to do three-point
bending tests on notched beams at a wide
range of loading rates, from 10-3 mm/s to 103
mm/s. One was a servo-hydraulic testing
machine and the other was a drop-weight
impact instrument.

Table 1: Steel fiber contents and results of slump flow
tests.
Concrete
type

Dramix
OL
13/.20
(kg/m3)

Dramix
RC
80/30
BP
(kg/m3)

Fiber
volume
ratio

Diameters
of slump
flow tests

PA

40

-

0.51%

700×700

PB

40

20

0.77%

660×670

PC

40

60

1.23%

570×570

The dimensions of the beams were 100
mm × 100 mm (B× D) mm in cross-section,
and 450 mm in total length (L). The span (S)
was fixed at 333 mm during the tests and, the
initial
notch-depth
ratio
(a/D)
was
approximately 1/6, see Fig. 2, namely,
following the recommendation of RILEM TC
162- TDF committee [8] with a reducing
factor 1.5.

(mm2)

Force

Figure 2: Schematic diagram of the specimen.

2.2.1 Tests under low loading rates 10-3 to
101 mm/s

Figure1: Slump flow test result.

Compressive tests were conducted at an
age around 7 months by using a servohydraulic testing machine, following ASTM
C39 [12] and ASTM 469 [13] standards. Four
cylinders of 150 mm × 300 mm (diameter ×
height) were tested for each type of SFRC.
The results are presented in Table 2. It is clear
that the compressive strength and the elastic
modulus are slightly influenced by the fiber
content.

In this low loading rate range, the tests
were performed using the hydraulic servocontrolled testing machine as shown in Fig.
3(a).

Table 2: Properties of concretes at an age around 7
months.

Concrete Compressive Elastic Possson´s Density
type
strength modulus ratio
ρ
fc
E
ν
(kg/m3)
(MPa)
(GPa)
0.18
2362
PA
112 (1) 46.4 (3)
(0.01)
(3)
0.17
2376
PB
112 (6) 45.2 (2)
(0.01)
(32)
0.17
2408
PC
114 (3) 45.9 (3)
(0.01)
(11)

(a)

(b)

Figure 3: Photo of the set-ups (a) Servo-hydraulic
testing machine (b) Drop-weight impact machine.

The beam rests on two rigid-steel cylinders
laid on two supports permitting rotation out of
the plane of the beam and rolling along the
beam´s longitudinal axis with negligible
friction. These supports roll on the upper

Note: values in parentheses are standard deviations.
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surface of a very stiff beam fastened to the
machine base. Two LVDTs (linear variable
differential transducers) fixed to the steel beam
are used to measure the displacement between
the loading rod and the steel beam. Moreover,
an extensometer attached to the lower surface
of the beam was adopted to obtain the Crack
Mouth Opening Displacement (CMOD). The
tests were conducted in position-control. Two
loading rates were applied during the test from
quasi-static level (2.20×10-3 mm/s) to rate
dependent level (2.20×101 mm/s). Four
specimens were tested at each loading rate.

condition needs to be confirmed as well during
the impact process by using this method, i.e.,
the loss of contact between the tup, the
specimen and the supports should be avoided
[18]. If there is a loss of contact among them
under the impact loading condition, it would
result in the wrong interpretation on
experimental results by using the method.
Taking the work done by the self-weight of
the beam into account, the fracture energy can
be calculated according to Eq. (1), which is
more accurate than the one recommended by
RILEM 50-FMC Technical Committee [19]

2.2.2 Impact tests at loading rate 103 mm/s

𝑊𝑜

GF = 𝐵(𝐷−𝑎) +

In this high loading rate, all tests were
performed by using the drop-weight impact
machine as shown in Fig.3 (b). It has the
capacity to drop a mass of 316 kg from the
height up to 2.6 m, and can accommodate
flexural beams with spans of up to
approximately 1.6 m. More detailed
information about this instrument is given in
reference [14]. An impact hammer weighting
120.6 kg was adopted for the three-point
bending tests and, two drop heights of 160 mm
and 360 mm were selected. The corresponding
impact velocities were 1.77 ×103 mm/s and
2.66 ×103 mm/s, respectively.
The impact force between the hammer tup
and the beam is measured by a piezoelectric
force sensor affixed to the tup. Due to the fact
that the impact load measured includes inertia
force, thus, two more force sensors are located
between the supporter and the specimen for
measuring pure bending load (reaction force)
excluding inertia effect [14-17]. An
accelerometer bonded to the hammer is used to
measure acceleration during the impact
process, and then loading point displacement
would be determined [3]. Once the reaction
force and the loading point displacement are
obtained, i.e., the inertia effect is removed
during the impact process, the dynamic
fracture energy is obtained. It is worth noting
that this method would not be valid any more
if the failure pattern changes to shear of local
ones instead of flexure.
Furthermore,

a

three-point

𝐿
2𝑆

𝑚𝑔 1−

𝛿𝑠

𝐵(𝐷−𝑎)

(1)

where 𝑊0 , 𝐵, 𝐷, 𝑎, 𝑆, 𝐿, 𝑚, 𝛿𝑠 and 𝑔 are the
area under the experimental load-displacement
curve, width, depth, notch, span, length, mass,
specified deflection of the beam and
gravitational acceleration, respectively. Under
dynamic loading conditions, 𝑊0 was obtained
by the area under the reaction force –
displacement (load – displacement) curves,
where the reaction force is evaluated by
adding the values from both support data
points as proposed in references [14-17].
Furthermore, the flexural strength for a
notched beam with center-point loading can be
calculated as Eq. (2).
3𝑃

𝑆

𝑚𝑎𝑥
𝑅 = 2𝐵(𝐷−𝑎)
2

(2)

where Pmax is the peak load in the loaddisplacement curve.
2.3 Determination of elastic modulus by
using three-point bending test
According to the recommendation of
RILEM TC 89-FMT [20], elastic modulus is
calculated from Eqs. (3) and (4).
𝐸 = 6𝑠𝑎𝑉1 (𝛼)/(𝐶𝑖 𝐵𝐷2 )

(3)

𝑉1 𝛼 = 𝑉1 𝑎/𝐷 = 0.76 − 2.28𝛼 +
3.87𝛼 − 2.04𝛼 3 + 0.66/(1 − 𝛼)2
(4)
2

where 𝐶𝑖 is the initial compliance determined
from Load-CMOD curve, and the other
parameters of the beam is defined in Fig. 2.

bending
4
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0.51%, the behaviour follows that of the
conventional SFRC. I.e., the fibers provide
post-cracking ductility, but the loads are less
than the first crack load (deflection softening
behaviour). With adding more hooked-end
fibers to Concrete PA, Concretes PB and PC
show different flexural behaviour and can be
classified as high performance SFRC due to
the fact the fibers act to increase both the
strength and toughness of the concretes
(deflection hardening behaviour) [2, 7, 21].

RESULTS AND DISCUSSIONS

3.1 Failure pattern and fracture surfaces
All beams tested present flexural failure
pattern. For the impact tests, only Concrete PC
were not broken completely due to not having
enough impact energy for the hammer drop
height 160 mm, the rest were fractured entirely.
Fig. 4 shows the morphology of fracture
surface of Concretes PA, PB and PC at impact
loading rate 2.66×103 mm/s, respectively. It is
obvious that Concrete PC has greater
roughness on the fracture (crack) surface than
the rest due to the fact that it has higher fiber
contents, more fibers has more resistance to
the crack propagation and a better bridging
crack effect. Moreover, no broken fibers are
found, all the fibers in crack surface are pulled
out.

35
PA
PB
PC

30

Load (kN)

25
20
15
10
5
0

0

1

2

3

4

CMOD (mm)

Figure 5: Typical load-CMOD curves.
Table 3: Comparison of elastic modulus.
Elastic modulus
(GPa)
Relative error
From cylinder From beam

(a) Concrete PA

(b) Concrete PB

PA

46.4 (3)

49.5 (2)

6.7%

PB

45.2 (2)

47.5 (3)

5.1%

PC

45.9 (3)

48.7 (4)

6.1%

Note: values in parentheses are standard deviations.

Table 3 presents the comparison of elastic
modulus by using two different measuring
methods. One is the compressive test on
cylinders following ASTM 469 standard [13],
the other is the three-point bending test
following the RILEM recommendation, see Eq.
(3). It is clear that the results are in a good
agreement, the relative error is less than 7%.
Though the RILEM recommendation is for
plain concrete, it is still valid for fiberreinforced concrete.

(c) Concrete PC
Figure 4: Morphology of fracture surface of
different concretes at loading rate 2.66×103 mm/s.

3.2 Quasi-static flexural behaviour
Fig. 5 shows the typical load-CMOD
curves for each SFRC at quasi-static loading
rate, i.e. 2.2 ×10-3 mm/s. It is observed that the
peak load and the fracture energy increase
with an increase in steel fiber volume ratio.
Moreover, both of the ascending (pre-peak)
and descending (post-peak) parts of the curves
are influenced by the addition of steel fibers.
For Concrete PA, the lowest fiber content,

3.3 Dynamic flexural behaviour
Fig. 6 shows the comparison of the typical
load-displacement curves at different loading
rates for each SFRC, from 10-3 mm/s to 103
mm/s. It is worth noting that at loading rates
103 mm/s, i.e., drop-weight impact tests, the
5
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load refers to the reaction force from the
supports. From the figure, it is obvious that the
peak load increases with increase in loading
rates. However, the stiffness of the beam does
not present a clear tendency, which is due to
the sensitivity of the elastic flexibility of the
beam to the boundary conditions during the
application of the concentrated load as put
forward in reference [22]. Moreover, the
chosen cut-off value in displacement was set 3
mm for calculating fracture energy, due to the
fact that some beams were broken when the
displacement reached this value approximately.
140

-3

2.20x10
1
2.20x10
3
1.77x10
3
2.66x10

120

Load (kN)

100

Table 4 presents the experimental results at a
wide range of loading rates. The dynamic
increase factor (DIF) is determined by the
ratios of the flexural strength (R) and the
fracture energy (GF) to their corresponding
quasi-static values for each type of SFRC.
Here, the lowest loading rate (2.20×10-3 mm/s)
is set as the quasi-static condition. H is the
drop height of the hammer for the impact tests.
Table 4: Expermental results at different loading rates.
H
𝛿
Pmax R
DIF GF DIF
type (mm) (mm/s) (kN) (MPa) for R (N/m) for GF
2.20 11.96 8.46
3067
1
1
×10-3 (0.5) (0.3)
(264)

Concrete

mm/s
mm/s
mm/s
mm/s

PA

-

80

160

60
40

360

20
0

0

1

2

3

4

5

-

Displacement (mm)

(a) Concrete PA
140

-3

2.20x10
1
2.20x10
3
1.77x10
3
2.66x10

120

Load (kN)

100

PB

mm/s
mm/s
mm/s
mm/s

160

80

360
60
40

-

20
0

0

1

2

3

4

5

PC

Displacement (mm)

(b) Concrete PB
140

2.20x10
1
2.20x10
3
1.77x10
3
2.66x10

100

Load (kN)

160
-3

120

mm/s
mm/s
mm/s
mm/s

360

×10

1

(0.4) (0.4)

1.77 55.13 38.41
×10

3

(6)

(4)

2.66 67.89 46.98
×10

3

(9)

(6)

2.20 20.85 14.74
×10

-3

(4)

(3)

2.20 26.85 18.93
×101

(4)

(3)

1.77 67.77 47.77
×10

3

(15) (10)

2.66 85.47 60.07
×10

3

(5)

(5)

2.20 33.06 23.28
×10-3 (0.8) (0.05)
2.20 43.98 31.28
×10

1

(6)

(4)

1.77 98.41 69.53
×10

3

(14) (11)

2.66 129.67 91.50
×10

3

(11)

(6)

1.32
4.54
5.55
1
1.28
3.24
4.07
1
1.34
2.98
3.93

3784
(420)
8060
(774)
8635
(547)
5056
(1168)
6171
(789)
12347
(2078)
13964
(609)
9414
(361)
12552
(2646)
17752
(230)
20218
(588)

Note: values in parentheses are standard deviations.

80
60
40
20
0

-

2.20 15.70 11.13

0

1

2

3

4

5

Displacement (mm)

(c) Concrete PC
Figure 6: Load-displacement curves at different loading
rates.
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2.63
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1.22
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to 5.55. Moreover, the high performance
SFRCs (PC and PB) is less sensitive to loading
rate than the conventional SFRC (PA). For
instance, at loading rate 2.66×103, DIF of
flexural strength for Concrete PA is 5.55,
while they are 4.07 and 3.93 for Concretes PB
and PC, respectively. Banthia [7] reported a
similar tendency in the study of dynamic
fracture behaviour of SFRC.
Furthermore, a prediction of each concrete
for the rate effect on the flexural strength is
derived from the experimental results as
shown in Eqs. (5), (6) and (7), the correlation
coefficient is over 95%.

Flexural strength (MPa)

100

80

Concrete PA
Concrete PB
Concrete PC

60

40

20

0

2.20x10

-3

2.20x10

1

1.77x10

3

2.66x10

3

Loading rate (mm/s)

(a) Flexural strength
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Experimental results PA
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5

Experimental results PB
. . 0.26
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4

3

2

1
0

2.20x10
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1.77x10
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2.66x10

1E-3
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0.01

0.1

1

10
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1000 10000

Loading rate (mm/s)

Loading rate (mm/s)

(b) Fracture energy

(a)

3.0

DIF (Fracture energy)

Figure 7: Flexural strength and fracture energy at
different loading rates

Fig. 7 shows the flexural strength and the
fracture energy at four loading rates for three
different SFRCs. Regardless loading rates, it is
obvious that higher fiber content exhibits a
higher fracture energy and flexural strength,
due to the improvement of fiber bridging
capacity at crack surface.

Experimental results PA
. . 0.24
PA: DIFGF=1+0.28(/)
Experimental results PB
. . 0.25
PB: DIFGF=1+0.24(/0)

2.5

Experimental results PC
. . 0.16
PC: DIFGF=1+0.30(/0)
.
0=1mm/s

2.0

1.5

1.0
1E-3

The tendency of the rate effect on the
flexural strength and the fracture energy is
presented in Fig. 8 as well. It is observed that
the flexural strength increases with increase in
loading rates for each type of SFRC. It is
worth noting that the rate effect is minor under
low loading rates. For instance, DIF for three
different concretes is around 1.3, i.e., the
enhancement of flexural strength is around 30%
at loading rate 2.20×101 mm/s. However,
under impact conditions, the rate effect is
remarkable. DIF reaches the range from 2.98

0.01

0.1

1

10

100

1000 10000

Loading rate (mm/s)

(b)

Figure: 8 (a) Loading rate effect on the flexural
strength (b) Loading rate effect on the fracture energy.
PA:

δ

δ

δ0

δ0

DIFR = 1 + k( )n = 1 + 0.51( )0.27 ,
for δ in mm/s

7

(5)
δ

δ

δ0

δ0

PB:

DIFR = 1 + k( )n = 1 + 0.36( )0.26

PC:

DIFR = 1 + k( )n = 1 + 0.36( )0.25

δ

δ

δ0

δ0

(6)
(7)
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where δ is the loading rate in mm/s, δ0 is set
as 1 mm/s. thus, those adjustment parameters k
and n are without units. The equations can be
used to efficiently predict the rate effect on the
flexural strength and could also be helpful in
performing numerical simulations.
The loading rate effect on the fracture
energy is also shown in Fig. 8 (b). The trend is
similar to that of the flexural strength, i.e., the
tendency is moderate under low loading rates,
while under high loading rates it is dramatic. A
similar equation for each concrete is also
proposed to represent this behaviour, see Eqs.
(8), (9) and (10), the correlation coefficient is
over 92%.
PA:

𝛿

δ

𝛿0

δ0

4 CONCLUSIONS
The fracture behaviour of three different
steel-fiber reinforced concretes at a wide range
of loading rates was investigated. One was a
conventional SFRC, the others were two high
performance SFRCs. The shape and geometry
of the beams followed the recommendation of
RILEM TC 162-TDF but with a reducing scale
factor 1.5. Moreover, the loading rates varied
form a quasi-static level to a dynamic one, the
order of magnitude was from 10-3 to 103 mm/s.
Some conclusions can be drawn from this
study.
The recommendation of RILEM TC 89FMT committee for estimating the elastic
modulus by a three-point bending test is still
valid for fiber-reinforced concrete, though it is
for plain concrete.
For both the conventional and the high
performance SFRCs, the flexural strength and
the fracture energy are rate sensitive. Under
low loading rates, the rate effect is minor,
while it is remarkable under high loading rates.
At low loading rate (2.20×101 mm/s), for
flexural strength, three different SFRCs get
around 30% enhancement. While at high
loading rates, the dynamic increase factor for
the conventional SFRC, is approximately 6
instead of 4 for the two different high
performance SFRCs. Moreover, with an
increase in fiber content, the rate sensitivity is
less. Regarding the fracture energy, the gain is
less than 40% for three different SFRCs at low
loading rate (2.20×101 mm/s), while it is less
than 3 at high loading rates.
Two empirical equations for the rate
sensitivity of the flexural strength and the
fracture energy are proposed for each type of
SFRC. They would be helpful in numerical
simulations that evaluate the rate effect of the
fracture behaviour.

𝐷𝐼𝐹𝐺𝐹 = 1 + 𝑚( )𝑟 = 1 + 0.28( )0.24 ,

for 𝛿 in mm/s

(8)
𝛿

δ

𝛿0

δ0

PB:

𝐷𝐼𝐹𝐺𝐹 = 1 + 𝑚( )𝑟 = 1 + 0.24( )0.25

PC:

𝐷𝐼𝐹𝐺𝐹 = 1 + 𝑚( )𝑟 = 1 + 0.30( )0.16 (10)

𝛿

δ

𝛿0

δ0

(9)

where coefficients 𝑚 and 𝑟 are adjusting
parameters without units due to the fact that δ0
is set as 1 mm/s as mentioned before.
Moreover, the rate effect on the fracture
behaviour of the SFRC is slight as well in the
low rate range. It could be attributed to viscous
effects mainly originated by the presence of
free water in voids and porous structures in the
matrix [23], and also the weak pullout
behaviour between the fiber and the matrix
[24]. However, under impact loading rates, the
rate effect is remarkable. On the one hand, the
additional microcracking and the additional
resistance to microcracks initiation and growth
make fracture propagation more difficult [2527]. On the other hand, steel fibers embedded
in concrete matrix support a higher load under
impact and the pullout energy is also greater,
the rate effect is pronounced [28]. Furthermore,
the high performance SFRCs (PA and PB) is
less sensitive to loading rate than the
conventional SFRC (PA) as well, but not like
the rate effect on the flexural strength,
showing a big difference, DIF of fracture
energy is just from 1.89 to 2.82 under impact
loading conditions.
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