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� Higher loading rate leads to higher first crack stress, flexural strength and energy absorption, while the energy absorption shows highest rate
dependency.

� An increase of crack propagation speed and multiple cracks are observed at higher loading rates.
� The percentage of fracture across coarse aggregate increases with increasing loading rate.
� A rate-dependent model for predicting the fracture of coarse aggregates is proposed.
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Coarse aggregates are often eliminated in ultra-high performance fibre reinforced concrete (UHPFRC) for
the sake of homogeneity, however, this causes an impairment on impact resistance. The flexural perfor-
mance of UHPFRC with coarse aggregates under different loading rates (0.2, 20 and 200 mm/min) is
investigated here to clarify the flexure and energy absorption mechanism. The flexural behavior and crack
propagation are measured, meanwhile, the fracture of coarse aggregates and the surface morphology of
steel fiber are analysed. The results show the energy absorption tends to be more rate dependent than the
first crack stress and flexural strength. An increase of crack propagation speed and multiple cracks are
observed at higher loading rates. The percentage of fracture across coarse aggregate is 23%, 32% and
58% at loading rates of 0.2, 20 and 200 mm/min, respectively. Further, a rate-dependent model for pre-
dicting the fracture of coarse aggregates is proposed. The present results contribute to designing UHPFRC
with enhanced flexural performance under different loading rates.

� 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

With superior mechanical strength, high resistance to cracking
and excellent energy absorption capacity, Ultra-high Performance
fibre reinforced Concrete (UHPFRC) is considered a very useful
material for impact and blast resistant structures [1–3], e.g. nuclear
power plants, military structures and high risk buildings, which
have a potentially high risk of being exposed to loadings with dif-
ferent loading rates. The excellent mechanical performance of
UHPFRC is achieved by optimizing microstructure and improving
homogeneity [4,5]. Generally, to achieve a good homogeneity,
coarse aggregates are eliminated in UHPFRC to decrease the size
of microcracks, which is proven to be proportional to the size of
aggregates [6]. Nevertheless, eliminating coarse aggregates not
only increases the production cost, but also increases the autoge-
nous shrinkage [5]. On the other hand, the resistance of UHPFRC
structures under projectile impact and blast has been shown to
be associated with the size and strength of coarse aggregates [7–
9]. As a result, without coarse aggregates, impact and blast resis-
tance of UHPFRC structures are impaired.

Moreover, it has been demonstrated that adding coarse aggre-
gates into UHPFRC may not reduce or even slightly increase the
strength of UHPFRC [9–11]. With a favorable replacement level
of coarse aggregates (25 vol%), the tensile properties of UHPFRC
are not reduced [12]. Meanwhile, coarse aggregates can also
improve the elastic modulus of UHPFRC [13]. The response and
post-impact properties of UHPFRC with coarse basalt aggregates
under low-velocity impact were measured, and the results showed
that coarse aggregates can be successfully introduced into UHPFRC

http://crossmark.crossref.org/dialog/?doi=10.1016/j.conbuildmat.2021.124055&domain=pdf
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.conbuildmat.2021.124055
http://creativecommons.org/licenses/by/4.0/
mailto:q.yu@bwk.tue.nl
https://doi.org/10.1016/j.conbuildmat.2021.124055
http://www.sciencedirect.com/science/journal/09500618
http://www.elsevier.com/locate/conbuildmat


S. Li, O.M. Jensen and Q. Yu Construction and Building Materials 301 (2021) 124055
without sacrificing the low-velocity impact properties [14]. In
addition, the effect of coarse aggregates on bullet resistance of
UHPFRC was also investigated, and the results indicated that intro-
ducing coarse basalt aggregates with a particle size up to 25 mm
into UHPFRC significantly enhanced in-service bullet impact resis-
tance, with 14.5% reduction of penetration depth [15].

The high tensile/flexural strength and excellent energy absorp-
tion capability of UHPFRC under bending load make it different
with the normal concrete, which is accompanied with brittle fail-
ure [16,17]. Meanwhile, the bending test with beam specimen is
the standard test method to evaluate the tensile properties of
cementitious materials [18]. Hence, the flexural performance of
UHPFRC with coarse aggregates exposed to various loading rates
is of great importance for the design, construction and safety eval-
uation of engineering structures [19]. Several studies have been
carried out to investigate the flexural performance of UHPFRC
under different loading rates [20–23]. The influences of supple-
mentary cementitious materials, nano-particles and fiber on the
flexural behavior of UHPFRC under different loading rates have
been reported [24–28]. The flexural strength of UHPFRC was pro-
ven to increase with the increasing loading rate [17,29–31].
Besides, the crack propagation speed of UHPFRC under different
loading rates was found to increase as the crack initiation strain
rate increases [32,33]. Whilst many studies have concentrated on
the UHPFRC using only fine or refined aggregates, very few studies
have reported the loading rate effects of the flexural performance
of UHPFRC with coarse aggregates. The studies on normal concrete
with coarse aggregates have suggested that the fracture of coarse
aggregates is an important factor influencing the strain rate effect
of concrete [34,35]. For normal strength concrete, cracks just pass
through the matrix and interfacial transition zone (ITZ) under
static loading, instead, cracks pass through coarse aggregates
under higher loading rate, resulting in higher fracture toughness
and better energy absorption capability [36,37]. It could be
hypothesized that more fracture of coarse aggregates would
happen in UHPFRC containing coarse aggregates under a higher
loading rate, leading to a higher energy absorption capacity com-
pared with UHPFRC without coarse aggregates. Moreover, the dif-
ference of crack propagation path is attributed to the weakness of
ITZ and mechanisms of crack propagation under different loading
rates [38,39]. Owing to the low water to binder ratios (w/b) and
pozzolanic reactions between portlandite (CH) and reactive min-
eral admixture, the ITZ in UHPFRC is in general much denser than
that of normal concrete [4], which suggests that the fracture of
coarse aggregates of UHPFRC would be different from that of con-
ventional concrete, resulting in different flexural performance and
energy absorption capability. To date, the fracture of coarse aggre-
gates in UHPFRC under different loading rates and its role on the
flexural performance and energy absorption capability have not
been explored.

A comprehensive study is hence needed to investigate the flex-
ural performance and energy absorption capability of UHPFRC with
coarse aggregates under different loading rates and elucidate the
role of coarse aggregates on the rate-dependence mechanism. This
paper aims to investigate the loading rate effects on the flexural
performance of UHPFRC with coarse basalt aggregates as well as
the corresponding mechanism. Firstly, the first crack strength, flex-
ural strength and energy absorption capacity are measured by
three points bending tests. Then, the crack propagation process is
observed by a high-speed camera. Subsequently, the behavior of
coarse aggregates in the tested UHPFRC is quantitatively analysed
and the surface tomography of steel fibers is observed by Scanning
Electron Microscope (SEM). Finally, based on meso-mechanics, the
ratio of fracture toughness of ITZ and coarse aggregates is analysed
and a prediction mode concerning the fracture of coarse aggregates
under different loading rates is proposed. The results obtained
2

from this study shed light on the contribution of coarse aggregates
on the flexural performance and energy absorption of UHPFRC with
coarse aggregates under different loading rates and would help
with designing UHPFRC with further enhanced dynamic
performance.

2. Experimental program

2.1. Materials and mix design

The mixture proportions for UHPFRC investigated in this study
are summarized in Table 1. The raw materials used in this study
are Portland cement CEM I 52.5 R (PC), micro-silica (mS), limestone
powder (LP), silica sand (S), coarse basalt aggregate (BA), tap water
(W), PCE-type superplasticizer (SP) and steel fiber (SF). Two coarse
basalt aggregates with different sizes are utilized in this study in
order to improve the packing density, as shown in Fig. 1.

As shown in Fig. 2, straight steel fibers with a diameter of
0.2 mm and a length of 13 mm, which is one of the most widely
used reinforcements to improve the flexural performance [40,41],
are used in this study. The fibers are brass coated. The geometrical
and mechanical properties of the straight steel fibers are summa-
rized in Table 2 [42].

The static compressive strength of the UHPFRC at 28 days is
156 MPa, which meets the strength requirement of UHPFRC [4,5].
More detailed information about the mix design, fresh and hard-
ened properties of the UHPFRC matrix can be found in our previous
work [9].

2.2. Specimens preparation

The mixing of the UHPFRC is conducted at room temperature of
20 ± 1 �C, following the procedure below: firstly, dry mixing of all
powders and sands, then, sequentially adding 75% water, super-
plasticizer and the remaining water, steel fiber and basalt aggre-
gate. The mixing lasts about 10 min. The detailed mixing regimes
are shown in Fig. 3. After mixing, the self-compacting UHPFRCmix-
ture is poured into molds with the dimensions of
40 � 40 � 160 mm3 [3]. Then all the samples are covered by plastic
film and stored at room temperature (20 ℃) for 24 h. After that,
they are demolded and cured in water at room temperature (20
℃) for another 27 days. All specimens are tested in surface dry con-
ditions at the curing age of 28 days.

2.3. Flexural test setup and testing

The three-point flexural test is employed to measure the flexu-
ral performance of UHPFRC with coarse aggregates under different
loading rates. The schematic of the testing system is shown in
Fig. 4. The span is 100 mm [43]. The flexural test is conducted using
an Instron 5967 universal testing machine. Different loading rates
are achieved through displacement control. The rate of displace-
ment is set at 0.2 mm/min, 20 mm/min, and 200 mm/min, respec-
tively. The smallest loading rate (0.2 mm/min) in this study
represents the quasi-static loading condition [25], while the load-
ing rates of 20 mm/min and 200 mm/min represent the loading
rate dependent levels [44]. Here, the strain rate of the bottommid-
span of UHFRPC samples can be evaluated according to equation
(1) [45,46]. The strain rates of the bottommidspan of UHPFRC sam-
ples are 8 � 10-3 and 8 � 10-2 s�1 at the loading rate of 20 mm/min
and 200 mm/min, respectively. The loading rates correspond to the
range of earthquake event, the loading rate of which is normally in
the range of 10-3 - 10-2 s�1.

_e ¼ de
dt

¼ 6hv
L2

ð1Þ



Table 1
Recipe of UHPFRC matrix (kg/m3).

Materials PC mS LP S BA (2–5 mm) BA (5–8 mm) W SP

Content (kg/m3) 675.0 40.0 160 911 410 249 168.0 8.0

Fig. 1. Coarse basalt aggregates.
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where e is the strain, t is the loading time, h is the height of the
beam, v is the velocity of the beam, L is the span of the beam.

The force of loading is measured by a load cell with the capacity
of 25 kN. The deflection at the centre of the specimens is recorded
by a displacement sensor. As shown in Fig. 5, the displacement
shows linear relationship with the loading time at the loading rates
of 20 and 200 mm/min, which confirms that a constant loading
rate can be achieved during the loading process. Three specimens
are tested for each loading rate. To record the crack propagation
process, a high-speed camera and a high intensity flashlight are
installed in front of the specimen with a safety distance of 0.5 m.
The recording rate is set as 8000 frames per second (0.000125 s
inter-frame time).

2.4. Calculations

The first crack strength, flexural strength and energy absorption
capability are calculated to evaluate the flexural performance of
UHPFRC with coarse aggregates. The first crack stress and flexural
strength can be given by the tensile stress of the end of linear-
elastic stage and the peak point [35,38].

The energy absorption is calculated by the load and deflection:

E ¼
Z Defmax

0
PidDef ð2Þ

where E is the energy absorption, J;Defmax is the maximum deflec-
tion, mm; Piis the load of each point, N.

Meanwhile, the dynamic increase factor (DIF) is calculated by
the ratio of values under dynamic loading and quasi-static loading:
Fig. 2. 13 mm strai

3

DIF ¼ Pd

Ps
ð3Þ

where Pd is the mechanical parameter under rate dependent levels
(20 mm/min and 200 mm/min); Ps is the mechanical parameter
under quasi-static loading (0.2 mm/min).
3. Results and discussion

3.1. Effect of loading rate on the flexural behavior of UHPFRC with
coarse aggregates

To analyse the effect of loading rate on the flexural behavior of
UHPFRC with coarse aggregates, the typical flexural stress–deflec-
tion curves under different loading rates are determined, as shown
in Fig. 6. The curves are similar to each other in shape at different
loading rates. The points of first crack stress and flexural strength
are indicated in the curves, as shown in Fig. 4b. By setting the
points of first crack stress and flexural strength as the boundaries,
the curves can be divided into three stages, i. e. elastic stage, strain
hardening stage and strain softening stage, which are similar to the
results of previous studies on fiber reinforced concrete [47–49]. In
the elastic stage, although the first crack stress shows an obvious
increase with the increasing loading rate, the slope of elastic part
is insensitive to the loading rate, which is consistent with the
behavior of concrete in tension [50]. This insensitivity might be
attributed to that there is no significant microcracking, which is
associated with the delay in the internal cracking process [51]. In
the strain hardening stage, both slopes of curve and flexural
strength exhibit loading rate sensitivity. This is in line with the
findings in other studies [29,52]. Moreover, in the post-peak
region, the maximum flexural deflection does not show obvious
difference between each other under different loading rate. How-
ever, due to the higher level of flexural strength under higher load-
ing rates, the covered area of the post-peak part of UHPFRC under a
higher loading rate shows a higher value, which confirms that
more energy is absorbed during the post-peak loading process
under higher loading rates.

The most important parameters of UHPFRC under flexural load-
ing are the first crack stress, flexural strength and energy absorp-
tion capacity [53,54]. To quantitatively analyse the influence of
loading rate on the flexural performance of UHPFRC with coarse
aggregates, the first crack stress, flexural strength and energy
absorption are computed, as shown in Fig. 7. At the loading rate
of 0.2 mm/min, the average values of the first crack stress, flexural
strength and energy absorption are 16.2 (±0.52) MPa, 22.9 (±0.65)
MPa and 29.3 (±1.0) J, respectively. It is apparent that UHPFRC with
ght steel fiber.



Table 2
Characteristics of steel fiber.

Fiber shape Bundling Length (mm) Diameter (mm) Aspect ratio (L/d) Density (kg/m3) Tensile strength (MPa) Elastic Modulus (GPa)

Straight Loose 13 0.2 65 7850 2750 200

0 1 3 4 5 110198762 (min)

Mixing time

PC+mS+LP+S 75% W 25% W+SP SF BA

Start End

Fig. 3. Mixing scheme of the UHPFRC.

Fig. 4. Schematic of the testing system for three-point flexural test.
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Fig. 6. Effect of loading rate on flexural behavior of UHPFRC with coarse aggregates.

S. Li, O.M. Jensen and Q. Yu Construction and Building Materials 301 (2021) 124055
coarse aggregates exhibits a high flexural resistance and strong
energy absorption ability. With the increase of loading rate, all of
these flexure parameters show significant sensitivity to the loading
rate, which is in line with the previous investigations on UHPFRC
without coarse aggregates [3,29,32]. At the loading rate of
20 mm/min, the average values of the first crack stress, flexural
strength and energy absorption capacity increase to 19.5 (±0.59)
MPa, 26.2 (±0.86) MPa and 37.4 (±1.15) J, respectively, and the
average values of the corresponding dynamic increase factor
(DIF) are 1.2 (±0.02), 1.1 (±0.01) and 1.3 (±0.02), respectively.
Meanwhile, at the loading rate of 200 mm/min, the average values
of the corresponding DIF are 1.6 (±0.08), 1.3 (±0.06) and 1.7 (±0.14),
respectively. The DIF of the flexural strength is higher than that of
the UHPFRC without coarse aggregates [55]. It might be related to
the different initial microstructures as the incorporation of coarse
4

aggregates introduces ITZ into UHPFRC matrix. Although the ITZ
in UHPFRC is denser and stronger than that of normal concrete,
the ITZ is still the weakest part of UHPFRC with coarse aggregates.
Thus, the heterogeneity of UHPFRC with coarse aggregates is
higher than that of UHPFRC without coarse aggregates. Some pre-
vious studies have confirmed that a higher heterogenous
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microstructure would lead to a higher DIF [56,57]. Therefore, the
incorporation of coarse aggregates would increase the DIF of
UHPFRC. It is clearly noted that the energy absorption tends to
be more rate dependent than the first crack stress and flexural
strength, which is consistent with the findings in [29]. Moreover,
the higher rate dependency of energy absorption also has been
reported in the research on fiber pullout performance [58,59].
The higher rate dependency of energy absorption might be attrib-
uted to that more damage is generated in the matrix during the
post-peak stage due to fiber bridging effect, leading to more energy
absorption [5,60,61]. However, due to the scale effect, the results of
the UHPFRC specimens in this study can’t be used in large scale
UHPCFR members directly.
5

3.2. Effect of loading rate on crack propagation

Themacroscopic crack propagation process under different load-
ing rates are recordedby thehigh-speedcamera.Due to the longper-
iodof elastic stageduring loading, this study just presents the results
fromthe timeoffirst crack initiation. The timeof first crack initiation
is set as the 0 s. Themoving crack-tip is indicated by a solid arrow in
the images. As shown in Fig. 8, at the loading rate of 0.2mm/min, the
surface crack initiated from the near centre of the bottom side, the
propagation path is curved. The total time of the whole propagation
process is 0.1875 s.With the increaseof loading rate, the total timeof
crack propagation decreases from 0.1875 s to 0.13 s and 0.0775 s,
respectively, as the loading rate increases from 0.2 mm/min to
20mm/min and 200mm/min. The crack propagation speed is calcu-
lated by dividing the moving displacement of crack-tip by the total
propagation time. It is indicated that the crack propagation speed
shows an increasing tendencywith the loading rate,which is consis-
tent with other cementitious materials [32,33]. Meanwhile, there
are more cracks appearing when the loading rate is increased to
20 mm/min and 200 mm/min, which is different from the crack
propagation pattern of 0.2 mm/min. More macroscopic crack
branches can lead to a higher energy dissipation [5,62,63]. The
appearance of multiple cracks might be attributed to two reasons,
the first is the crack branching phenomenon due to high crack speed
and the second is the higher bridging effects of steel fiber under
higher loading rates. However, according to the previous study,
crack branches at an angle to the main macroscopic crack path just
appear as the macroscopic crack speed reaches a limit [39], which
is in the range of 0.33 and 0.66 of Rayleigh wave speed [64]. Nor-
mally, the Rayleigh wave speed of cementitious materials is more
than 2000 m/s [33]. In this study, the macroscopic crack speed at
the loading rate of 200 mm/min is 0.52 m/s (calculated from the
crack length and the corresponding propagation time), which is far
smaller than the limit of macroscopic crack speed resulting in crack
branches. So, it can be deduced that the crack branching phe-
nomenon is not responsible for themultiple cracks. For the bridging
effects of steel fiber, the pullout rate of steel fiber from UHPFRC
matrix has been proven to increase with the increasing loading rate
[65]. A higher pullout rate would lead to a higher pullout force,
resulting inmultiple cracks, which has been reported by the studies
on the tensile behavior of UHPFRC [58,59]. Therefore, it can be con-
cluded that the appearance of multiple macroscopic crack is due to
the increasedbridging forceof steelfiberwith the increaseof loading
rate.

In order to analyse the effect of loading rate on the crack prop-
agation speed of UHPFRC with coarse aggregates, the lengths of
surface cracks are measured. The crack propagation speed is esti-
mated from the crack length and the corresponding propagation
time. As shown in Fig. 9, the crack propagation speed shows an
obvious growth tendency with the increase of loading rate. At
the loading rate of 0.2 mm/min, the average crack propagation
speed is 0.22 (±0.03) m/s. The crack propagation speed is lower
than that of UHPFRC without coarse aggregates [33]. It might be
associated with the increased heterogeneity of UHPFRC containing
coarse aggregates. Adding coarse aggregates would increase the
occurrence probability and size of defect, resulting in more
heterogenous meso-structure [6]. According to the previous study,
cracks would seek the propagation path with least resistance, lead-
ing to a longer propagation path [31], which can be proven by the
curved shape of macroscopic crack under the loading rate of
0.2 mm/min. The average crack propagation speed is enhanced to
0.31 (±0.03) m/s and 0.52 (±0.05) m/s as the loading rate increases
to 20 mm/min and 200 mm/min, respectively. Meanwhile, the
propagation path is straighter than that of loading rates of
20 mm/min and 200 mm/min, which might be attributed to that
the cracks would not have sufficient time to seek the propagation



Fig. 8. Positions of crack-tip of UHPFRC under loading rate of 0.2 mm/min (a), 20 mm/min (b), 200 mm/min (c).
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path with least resistance due to the increase of whole energy
release rate under higher loading rate [28].

3.3. Effect of loading rate on mesoscopic fracture

3.3.1. Fracture of coarse aggregates
The fracture of coarse aggregates is an important factor influ-

encing the strain rate energy absorption capability. The fracture
model observed in the fracture surface can be classified into two
categories: fracture across coarse aggregate and around coarse
aggregate [67,68]. The fracture across coarse aggregate means that
the crack propagates through the coarse aggregates, while the
around coarse aggregate means that the crack propagates through
the ITZ instead of crossing the coarse aggregates. For better recog-
nizing the percentage of fracture across coarse aggregate, the dis-
tribution of coarse aggregates in the concrete matrix is drawn in
6

two images with the same size. The coarse aggregates in the same
position in two images are considered as the fracture across coarse
aggregate due to that fracture across coarse aggregate would gen-
erate two fracture surfaces in a same position. As shown in Fig. 10,
the fracture across coarse aggregates and around coarse aggregates
are indicated by different colours of green and grey, respectively.
According to the previous studies on UHPFRC, the strengths of
matrix and ITZ have been improved greatly comparing with nor-
mal concrete [69,70]. As shown in Fig. 10a, although the around
coarse aggregate is still the principal damage mode, some fractures
across coarse aggregate appeared simultaneously, which is differ-
ent from normal concrete with coarse aggregates [38,71,72]. In
addition, it can be indicated that the coarse aggregates are still
the hardest components in UHPFRC [9,14,15], which is confirmed
by the low proportion of fractures across coarse aggregate under
the loading rate of 0.2 mm/min. Moreover, it is observed that the
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percentage of fracture across coarse aggregate increases with the
loading rate. Especially at the loading rate of 200 mm/min, the
number of fracture across coarse aggregate accounts for almost
half of the coarse aggregates. This can be explained by the fact that
the cracks would not have sufficient time to seek the propagation
path with least resistance due to the increase of whole energy
release rate under higher loading rates [28,31].
Fig. 10. Fracture surfaces of UHPFRC with coarse aggregates under loading rate of 0.2 mm
modes. Grey: fracture around coarse aggregates; Green: fracture across coarse aggregat
referred to the web version of this article.)

7

In order to quantitatively characterize the fracture feature of
coarse aggregates during the flexural process, an image processing
software called ImageJ@ is used to calculate the areas of green col-
our and grey colour separately. Because fracture across coarse
aggregate would generate two areas at the same position during
the fracture process, the area of fracture across coarse aggregate
is the average of the two areas in the same position. Thus, the cor-
responding percentage of fracture across coarse aggregate under
different loading rates is calculated by the ratio of areas of fracture
across coarse aggregate and fracture around coarse aggregate:

Pcr ¼ Acr=2
Acr=2 þ Aar

� 100% ð4Þ

where Pcr is the percentage of fracture across coarse aggregates
under different loading rates; Acr is the total area of green colour;
Aar is the total area of grey colour.

As shown in Fig. 11, the percentage of fracture across coarse
aggregate shows a significant increase with the increasing loading
rate. The mean values of the corresponding proportion of fracture
across coarse aggregate are 23 (±7) %, 32 (±9) % and 58 (±10) % at
the loading rate of 0.2, 20 and 200 mm/min, respectively. The
increasing trend is consistent with the results of normal concrete
and high-strength concrete [34,35,38,67]. However, the percentage
of fracture across aggregate is lower than that of high-strength
concrete [67]. It might be attributed to the better bridging effect
of steel fiber in UHPFRC due to the dense microstructure, leading
to more ductile fracture of UHPFRC with coarse aggregates [73].
It means that the fracture rate of UHPFRC with coarse aggregates
is lower than that of high-strength concrete, resulting in a lower
/min (a), 20 mm/min (b), 200 mm/min (c). (Different color indicate different fracture
es.) (For interpretation of the references to color in this figure legend, the reader is
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percentage of fracture across coarse aggregate. Further, it is noted
that for real engineering applications, scale effects should be con-
sidered when interpreting the present results.
3.3.2. Surface morphology of steel fiber
The bridging effect of steel fiber plays an important role in the

flexural of UHPFRC. To investigate the behavior of steel fiber
embedded in UHPFRC with coarse aggregates subjected to different
loading rates, the steel fibers in the same position of specimen
(bottom of beam specimen) were collected for microstructural
observation. The surfaces of steel fiber after pullout under different
loading rates were observed by SEM (FEI Quanta 200F) at an accel-
erating voltage of 2 kV. The magnifications were set as 350X and
1000X.

As seen in Fig. 12a, there are extensive longitudinal scratches
appearing on the surface of the steel fiber pulled out from the
UHPFRC under the loading rate of 0.2 mm/min. Meanwhile, small
matrix debris adhering to the surface of the steel fiber can be seen.
It is indicated that some damages have occurred in the matrix dur-
ing the pull-out process of steel fiber, which implies that the steel
fiber has a good bond property with the UHPFRCmatrix [74]. At the
loading rates of 20 mm/min and 200 mm/min, more surface longi-
tudinal scratches can be observed and the depth of scratches
becomes larger. Additionally, more cementitious matrix attach-
ments can be seen in the surface of steel fiber. This is in line with
the previous findings [66]. It can be concluded that a higher energy
is absorbed during the pullout process of steel fiber at a higher
loading rate [38,75]. It is because that the rate of crack opening
increases with the increasing loading rate [65], leading to stronger
pullout force and higher energy absorption capability under high
loading rates [58,59].
4. Meso-mechanical model for fracture of coarse aggregates

It has been demonstrated that when a crack propagates in elas-
tic solids and reaches a weak interface, one of the following situa-
tions may occur [76–78]: (a) the crack penetrates the interface and
continues to propagate along its original path; (b) the crack kinks
out to propagate along the interface and becomes a mixed-mode
crack. A meso-mechanical model was proposed by Anderson [79]
to analyse the crack propagation in materials with weak interface
under quasi-static loading condition. Here, based on the previous
model, a new rate-dependent model is developed for the analysis
8

of fracture of coarse aggregates in UHPFRC under different loading
rates.

4.1. Fracture of coarse aggregates under quasi-static loading

As shown in Fig. 13, in this study, the interface is regarded as ITZ
distributed around coarse aggregates. To simplify the analysis, the
coarse aggregate is set as a two-dimensional polygon and the ITZ is
regarded as a weak interface without thickness, as shown in
Fig. 13. b1 , b2 are the angles between the directions of crack prop-
agation and ITZ. According to the energy-based fracture mechanics,
the crack starts to propagate as the energy release rate equals to
the dissipated energy rate:

G ¼ C ð5Þ
where G is the energy release rate, and C is the dissipated energy
rate.

Moreover, it has been proven that the dissipated energy of ITZ
and coarse aggregates (CITZ , Cagg) are related to the fracture tough-
ness of ITZ and coarse aggregates [80]. Thus, the critical criterion
governing the fracture across coarse aggregate can be expressed
as:

GITZ

KITZ � Gagg

Kagg ð6Þ

where KITZ is the fracture toughness of ITZ, and Kagg is the fracture
toughness of coarse aggregates.

According to the previous studies, at the quasi-static loading
condition, the energy release rate of the fracture of coarse aggre-
gates and ITZ subjected to remote stress are given [64,81,82]:

Gagg ¼
Kagg

I

� �2
E 1� mð Þ ð7Þ

GITZ ¼
KITZ

I

� �2
þ KITZ

II

� �2
E 1� mð Þ ð8Þ

where m is the Poisson’s ratio, and E is the elastic modulus, Kagg
I

equals the stress intense factor of the main crack (K I), while, K ITZ
I

and K ITZ
II are related to the stress intensity factor of the main crack

(K I) and the angle (b) between the directions of crack propagation
and ITZ [79]:

K ITZ
I bð Þ ¼ K I

3
4
cos

b
2
þ 1
4
cos

3b
2

� �
ð9Þ

K ITZ
II bð Þ ¼ K I

1
4
sin

b
2
þ 1
4
sin

3b
2

� �
ð10Þ

So, the ratio of energy release rates of ITZ and coarse aggregate
is yielded:

GITZ

Gagg
¼ 3cos b

2 þ cos 3b
2

� �2 þ sin b
2 þ sin 3b

2

� �2
16

ð11Þ

Thus, based on equation (5), the fracture across coarse aggre-
gate will commence once the following criterion is achieved:

3cos b
2 þ cos 3b

2

� �2 þ sin b
2 þ sin 3b

2

� �2
16

� KITZ

Kagg ð12Þ

To analyse the influence of the angle (b) between the directions
of crack propagation and ITZ on the fracture across coarse aggre-
gate, the ratio of energy release rates of ITZ and coarse aggregate
as a function of angle (b) is shown in Fig. 14. It is indicated that
fracture across coarse aggregate occurs at high b while around
coarse aggregate occurs at low b. So, there is a critical angle (bcr),



Fig. 12. Surface morphology of steel fiber after pullout under loading rate of 0.2 mm/min (a), 20 mm/min (b), 200 mm/min (c).
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beyond which the fracture across coarse aggregate will appear.
Supposing that the coarse aggregates are randomly distributed in
the matrix of UHPFRC, and the angle (b) between the directions
of crack propagation and ITZ is also uniformly distributed from
0� to 90�. Thus, the relationship between the percentage of fracture
across coarse aggregate and the critical angle (bcr) of fracture
across coarse aggregate is given:

bcr ¼ 90 1� Pcrð Þ ð13Þ
where Pcr is the percentage of fracture across coarse aggregate.

As observed experimentally, at the loading rate of 0.2 mm/min,
the percentage of fracture across coarse aggregate is 23%, so, the
corresponding angle (b) between the directions of crack propaga-
9

tion and ITZ leading to fracture across coarse aggregate accounts
for 23% of 0� to 90�, that is, from 69� to 90�. Further, the ratio of
fracture toughness of ITZ and coarse aggregate can be obtained
by applying the value of GITZ

Gagg
at the point of 69�, that is, 0.46 (see

Fig. 12), which is calculated using equation (11).
4.2. Rate-dependent model for predicting the fracture of coarse
aggregates

It has been discussed above that the cracks would not have suf-
ficient time to seek the propagation path with least resistance due
to the increase of the whole energy release rate under higher load-



Fig. 14. The ratio of energy release rates of ITZ and coarse aggregate as a function of
angle (b).

Fig. 15. The relationship between f Vdf
� �

and loading rate.

Fig. 13. The simplified two-dimensional polygon of coarse aggregate in UHPFRC
with coarse aggregates. Schematic diagram showing the mesoscopic model of (a)
fracture across coarse aggregate, and (b) fracture around coarse aggregate.
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ing rates [38,39,66]. It means that the ratio of energy release rates
of ITZ and coarse aggregate would decrease with the increase of
loading rate, which is confirmed by the increasing percentage of
fracture across coarse aggregate. So, it can be induced that:

GITZ

GaggÞ
d
¼ f Vdf

� � GITZ

GaggÞ
s

  
ð14Þ

f Vdf

� � / 1
Vdf

ð15Þ

where GITZ

GaggÞd
�

is the ratio between the energy release rates of cross

ITZ and coarse aggregate under dynamic loading condition, GITZ

GaggÞs
�

is the ratio between the energy release rates of cross ITZ and coarse
aggregate under quasi-static loading condition, f Vdf

� �
is a coeffi-

cient related to the loading rate, which equals to 1 at quasi-static
loading, Vdf is the loading rate.

Supposing that the ratio of fracture toughness of ITZ and coarse
aggregate is not influenced by the loading rate, the relationship

between GITZ

GaggÞd
�

and loading rate can be obtained from the relation-

ship between the percentage of fracture across coarse aggregate
and loading rate.

GITZ

GaggÞ
d
/ 1

Pcr

 
ð16Þ

So, the relationship between f Vdf

� �
and the percentage of frac-

ture across coarse aggregate under different loading rates is given:
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f Vdf

� � ¼ PcrÞs
PcrÞd
�

 
ð17Þ

where PcrÞs
�

is the percentage of fracture across coarse aggregate
under quasi-static loading, PcrÞd

�
is the percentage of fracture across

coarse aggregate under dynamic loading.
The relationship between f Vdf

� �
and loading rate is shown in

Fig. 15. Obviously, f Vdf
� �

equals to 1 at the quasi-static loading
condition. Applying regression analysis of the experimental results
in this study, the relationship between f Vdf

� �
and loading rate can

be expressed:

f Vdf
� � ¼ �0:0019Vdf þ 0:9411;R2 ¼ 0:92 ð18Þ
Thus, by combining equations (11), (13) and (17), the fracture

across coarse aggregate will appear when the following criterion
is achieved:

�0:0019Vdf þ 0:9411
� � 3cos bcr

2 þ cos 3bcr
2

� �2
þ sin bcr

2 þ sin 3bcr
2

� �2
16

¼ KITZ

Kagg

ð19Þ
By combining equations (12) and (18), a rate-dependent model

for predicting the fracture of coarse aggregates can be given:

f Pcrð Þ ¼ 1
�0:0019Vdf þ 0:9411
� � KITZ

Kagg ð20Þ

where f Pcrð Þ ¼ 3cos90 1�Pcrð Þ
2 þcos3 90 1�Pcrð Þð Þ

2ð Þ2þ sin90 1�Pcrð Þ
2 þsin3 90 1�Pcrð Þð Þ

2ð Þ2
16 .

With a given value of toughness of coarse aggregate and ITZ, the
percentage of fracture across coarse aggregate under different
loading rates can be predicted using Eq. (19). Based on equation
(19), the ratio of fracture toughness of ITZ and coarse aggregate
as a function of angle (b) under different loading rates is shown
in Fig. 16. At a given ratio of toughness of ITZ and coarse aggregate,
the percentage of fracture across coarse aggregate shows an obvi-
ous increase tendency with the increase of loading rate. Mean-
while, it can be deduced that the percentage of fracture across
coarse aggregate would increase with the increase of ratio of
toughness of ITZ and coarse aggregate, which implies that, with a
given type of coarse aggregate, a better quality of ITZ would lead
to a higher energy absorption capability of UHPFRC with coarse
aggregates. The contribution of coarse aggregates on the fracture
performance and energy absorption capability of UHPFRC under
different loading rates can be deduced from the rate-dependent
prediction model. Based on the rate-dependent prediction model,



Fig. 16. The percentage of fracture across coarse aggregate as a function of the ratio
of fracture toughness of ITZ and coarse aggregates under different loading rates.
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the fracture performance UHPFRC under various loading rates can
be optimized by adjusting the quality of ITZ and the type of coarse
aggregates.
5. Conclusions

The flexural performance of UHPFRC with coarse aggregates is
investigated to clarify the mechanism of coarse aggregates on the
fracture and energy absorption of UHPFRC under different loading
rates. The rate sensitivities of first crack stress, flexural strength
and energy absorption capability are measured, and the fracture
of coarse aggregate and pullout of steel fiber are analyzed. A
rate-dependent model is developed to analyze the fracture of
coarse aggregates under different loading rates. Based on the
obtained results, the following conclusions can be drawn:

The first crack stress, flexural strength and energy absorption
capacity show sensitivity to the loading rate, the energy absorption
tends to be more rate dependent than the first crack stress and
flexural strength. The increase of macroscopic crack propagation
speed and crack branches are observed at higher loading rates.

The corresponding proportion of fracture across coarse aggre-
gate is 23%, 32% and 58% at the loading rate of 0.2, 20 and
200 mm/min, respectively. More surface longitudinal scratches
and more cementitious attachment are found on the surface of
steel fiber under higher loading rates. The increase of energy
absorption capability of UHPFRC with coarse aggregates under
high loading rates can be attributed to the increase of fracture
across coarse aggregate and bridging force of steel fiber.

A rate-dependent model for predicting the fracture of coarse
aggregates in UHPFRC is proposed to analyse the working mecha-
nism of coarse aggregates under different loading rates. The contri-
bution of coarse aggregates on the flexural performance and
energy absorption capability of UHPFRC under different loading
rates is analysed based on the rate-dependent prediction model.
The proposed model can be used to optimize the design of UHPFRC
towards the enhanced flexural performance under different load-
ing rates.
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