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Abstract

In this paper, in order to investigate the size effect on the flexural behavior of ultra-
high-performance concrete (UHPC) beams, two groups UHPC beams with sizes of,
150mm x 250mm = 2300mm (small) and 300mm x500mmx4600mm (large), were tested
through four-point bending test. Each group consists of four UHPC beams with
different rebar type and reinforcement ratio. The experimental results showed that the
flexural strength, normalized deflection, and fracture toughness of HRB400 steel
reinforced UHPC beams was not affected by size effect. The normalized deflection at
ultimate bearing capacity of GFRP reinforced UHPC beams is affected by size effect,
but no size effect was shown for whole deflection process. The flexural strength and
fracture toughness of GFRP reinforced UHPC beams changed from having size effect
to no size effect with the increase of reinforcement ratio. Furthermore, the maximum
crack width, number of cracks and average crack spacing of both UHPC beams were
sensitive to the size of specimen, while no significant size effect was shown for ductility

of both UHPC beams.
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1. Introduction

With the development of construction technology, the size of steel reinforced
concrete structural members become larger. However, the current design method of
steel reinforced concrete beams is based on the test results of small size members, which
is different from the actual behavior of large structural members in engineering.
Therefore, when designing large size structural members, it is necessary to consider the
influence of size effect on their performance.

There are three major approaches to explain the size effect of the concrete or
concrete members: Weibull's theory[ 1], Bazant's theory[2] and fractal theory of fracture
[3]. Weibull's theory [1] states that the size effect is mainly caused by the random
distribution of material strength. The probability of encountering a low strength
material element increases with the increase of structure size due to the randomness of
concrete strength. Bazant's theory [2] suggestes that the size effect is caused by the
steady growth of macroscopic crack propagation with load, stress redistribution and
release of stored strain energy. The fractal theory of fracture [3] considered that the size
effect is caused by the difference of fractal characteristics during fracture propagation
in quasi-brittle materials.

Many experts and scholars have conducted in-depth studies on the size effects of
concrete members[4]-[8]. Lepech et al.[9] investigated the size effect on the flexural

behavior of engineered cement composites (ECCs). The results indicated that the size



effect on the flexural strength of ECC members was negligible when compared to
reinforced concrete specimens. Kim et al. [10] also carried out bending tests for fiber-
reinforced cementitious composites (FRCCs) with three different sizes. The results
illustrated that the flexural strength and normalized deformation of FRCC increase with
the decrease of size, and the flexural behavior of FRCC has obvious size effect. Alca et
al.[11] studied the influence of size effects on the flexural strength of high-strength
concrete beams. They found that there was no significant size effect on the flexural
strength of high strength concrete beams. However, Appa et al[12]concluded that there
are obvious size effects on both flexural capacity and ductility of steel reinforced
concrete beams.

Compared to regular, fiber-reinforced concrete, etc, Ultra-high-performance
concrete (UHPC) is characterized by high compressive strength, high toughness, and
high durability [13-15]. Therefore, UHPC is gradually used in engineering field such
as bridge structure, building structures and repair work etc. In recent years, some
scholars have studied the influence of size effect on the flexural performance of UHPC
[16-21]. Mahmud et al. [16] and Wille et al. [17] conducted three-point and four-point
bending tests on UHPC beams. The results showed that the size effect had no effect on
the flexural strength of UHPC beams, owning to the high ductility of UHPC. Nguyen
et al [18] conducted four-point bending tests on UHP-HFRC with three sizes. They
found that the flexural strength, normalized strength, and normalized energy absorption
capacity of UHP-HFRC exhibited size effects. This is consistent with the findings from

Chandrangsu et al.[21], but not with Mahmud et al[16] and Wille et al [17]. Yoo et al.



[19] studied the influence of different types of steel fibers on the size effect of UHPC
beams. The results illustrated that compared with the steel fiber with small aspect ratio,
the steel fiber with large aspect ratio could effectively reduce the size effect of UHPC
beam, and the flexural strength of the UHPC beam with 2% volume content of steel
fiber was not significantly affected by the size effect. Reineck et al[20] investigated the
influence of specimen size on the tensile and flexural strength of UHPFRC. They found
that the ratio of the width to length of the specimen section was one of the key
parameters affecting the tensile and bending strength of UHPFRC. Overall, there is
little research on the size effect of the UHPC beams, especially in the aspects of
reinforcement ratio and rebar type. The influence of size effect on the flexural
performance of UHPC beams is still not clear and the conclusions are not sufficient.
The size effect of UHPC beam needs further study.

The study aimed to investigate the size effect on the flexural behavior of the UHPC
beam that the research variables were reinforcement type and reinforcement ratio. Two
reinforcement ratio 0.68% and 1.17%, and two types of rebars GFRP and HRB400 steel
reinforcement were used in the study. Two different sizes of UHPC beams,
150mm x 250mm x 2300mm (small) and 300mm x500mm x4600mm (large) selected.
Four-point bending tests were performed to investigate the influence of size effect on
flexural capacity, normalized deflection, cracking behavior, fracture toughness and

ductility, etc.



2. Test set up

2.1 Specimen characteristics

The mix design and mechanical properties of the UHPC matrix are summarized in
Table 1 and Table2, respectively. The diameter and length of steel fibers were 0.22mm
and 13mm, respectively, and their properties are provided in Table 3. According to the
geometric similarity principle, rebar type and reinforcement ratio, a total of eight UHPC
beams were prepared in the experiment al program under two different sizes:
150mm x 250mm x 2300mm (small) and 300mm x500mm x4600mm (large). The
tensile reinforcements were GFFP rebars and HRB400 steel reinforcements,
respectively. The reinforcement ratio was 0.68% and 1.17%, respectively, and the
stirrup adopted HRB400 steel reinforcements. The specimens were grouped into two
series-a beam series reinforced with GFRP rebars (G-X-X) and a beam series reinforced
with HRB400 steel reinforcements (S-X-X). The letters G, S, 0.68/1.17, and 250/500
indicate the GFRP rebar, HRB400 steel rebar, reinforcement ratio, and the specimen
height, respectively. For example, the specimen G-0.68-250 is composed of the GFRP
bars reinforced UHPC beam with 0.68% reinforcement ratio and specimen height of
250mm. The geometrical shape and reinforcement of test beams are shown in Figure 1

and Table 4. The properties of used rebars are summarized in Table 5.
2.2 Materials and specimen preparation

Silica sand, as the only aggregate in UHPC, contained three particle sizes, namely
fine (0.16-0.315mm), medium (0.315-0.63mm), and coarse (0.63-1.25mm). The 2%

dosage (2 vol.%) of straight steel fibers and 2% of polycarboxylate superplasticizer was



incorporated. Further, Portland cement (PO42.5) and silica fume (silica flour with 98%
Si02 at 0.3 um average diameter) were used as the cementitious materials.

To fabricate flowable UHPC, three different grades of silica sand was first
premixed for 2 min. Secondly, the steel fibers were dispersed into the mixture and
mixed for 2 min. Thirdly, cement and silica fume were added and mixed for another 10
min. Lastly, water premixed with superplasticizer was poured into the dry mixture and
mixed for another 6 min, consistently. Ultra-high-performance concrete with good
compatibility and workability could be obtained.

Because UHPC had adequate workability and showed self-consolidating
characteristics, the structural elements made of this material are generally fabricated by
casting the concrete at a certain point and allowing it to flow[22]-[25]. Therefore, all
test UHPC beams were fabricated in the same way that UHPC was poured at the end
and allowed to self-flow. The specimens were covered with sponges and allowed to
harden at room temperature for one day. All the specimens were then taken out of the
moulds and were cured at room temperature for 28 days.

As the behavior such as bond behavior of GFRP rebar [26,27] and steel
reinforcement is different, so in this research both GFFP rebars and HRB400 steel

reinforcement are used

2.3 Test setup and Test procedure
The test rigs are shown in Figure 2. The test was implemented by load and
displacement through hybrid control method[28-33]. The test used load control before

cracking. Before the load reached 90% of the estimated crack load of the test beam, the



increasing value of each increment was 5% of the estimated ultimate load. The loading
value of each level did not exceed SkN when it was close to the cracking load. When the
test beam cracked, the test used displacement control and the speed was 1 mm/min until

failure. The load of each increment was maintained for 5 min.

2.4 Test content

To pinpoint the cracking and capture the growth of cracks in the test process, a
thin layer of white paint was alternatively applied before testing. The detailed testing
content are illustrated as following: (i) Strain gages were attached at the longitudinal
reinforcements (Figurel(a. b)) to measure the strains in the reinforcements. (ii) The
deflection of beam span, loading point and support position was measured using LVDTs
(Figure 2); (iii) The cracking load and ultimate load, test phenomenon and failure
pattern of the test beam are recorded, simultaneously.

3. Experimental results and discussion

3.1 Failure modes

Figure 3 shows the cracking behavior of UHPC beam under four-point bending
test. As shown in Figure 3, the UHPC beams under four-point bending can be divided
into two zones: zone 1 and zone 2. Zone 1 was pure bending zone. The cracks generated
in zone 1 were uniformly distributed. Zone 2 included the two-thirds of the span (one-
third each at either side of zone 1) where the cracking behavior was influenced by shear
as well as moment [18]. Consequently, the cracks in zone 2 were non-uniform and
gradually increased from the support to zone 1. Under four-point bending, multiple

closely spaced cracks were developed in zone 1, while relatively few sparsely spaced



cracks developed in zone 2. Figure 4 shows the cracks of the flexural UHPC beams
during the test. The cracks within zone 1 were perpendicular to the neutral axis of the
UHPC beams while the few cracks within zone 2 were usually inclined due to the shear
effect [18].

Figure 5 shows the crack pattern and failure modes. The tensile failure was
observed in GFRP rebars reinforced UHPC beams (G-0.68/1.17-250/500), i.e., the
tensile GFRP rebars were pulled or broken. However, the UHPC at the edge of the
compression zone had not reached the ultimate pressure strain and was not crushed
(Figure 5(b)). HRB400 steel rebars reinforced UHPC beams (S-0.68/1.17-250/500)
were the balanced-reinforced beam failure showing the tensile reinforcement yielded
and the concrete in the compression zone peeled off (Figure 5(c)). Although the beam
geometry, boundary and loading conditions are all symmetric, the damage cracks of the
test beams were tortuous and deviated away from the beam central lines. This should
be attributed to the random distribution and orientation of steel fibres[17],34[34], which
made the crack-tip stress fields complicated and the local tensile strength and fracture
toughness highly heterogeneous[16].

The failure modes of the UHPC beams with GFRP rebars and HRB400 steel rebars
were different at ultimate bearing capacity. The damage crack width of GFRP rebars
reinforced UHPC beams increased suddenly, when the UHPC beam reaches the
ultimate bearing capacity. The tensile GFRP rebars were pulled and the beams were
brittle failure. However, the UHPC beams with HRB400 steel rebars continued to carry

higher load. The damage crack width of HRB400 steel rebars reinforced UHPC beams



increased slowly, and the beams performed ductile failure.

3.2 Rsults smmary

Table 6 summarizes the test result of ultimate moment and ultimate load. The
maximum crack width, number of cracks and average crack spacing of zone 1 of the
UHPC beams are shown in Table 7. Figure 6 shows the load and mid-span deflection
curves and strains measured at the center of the longitudinal GFRP and steel rebars are
shown in Figure 7. As shown in Table 6, the ultimate bearing capacity of GFRP bars
reinforced UHPC beams and HRB400 steel reinforced UHPC beams was large when a

higher GFRP/steel reinforcement ratio and specimen size were used.

3.3 Relationship between the load and strain in rebars

Strains measured at the center of the longitudinal GFRP and steel rebars are shown
in Figure 7. Before cracking, the strain of GFRP rebars and HRB400 steel reinforcem-
ent drove the nearly linear increase. After cracking, the stress was transferred from
concrete to GFRP bars and HRB400 steel reinforcements. Due to the low elastic
modulus of GFRP bars, the strain of GFRP rebars increased faster than that of HRB400
steel reinforcements. The strain change law of GFRP bars was basically the same as
HRB400 steel reinforcements. With the increase of reinforcement ratio, lower strains
were observed for the UHPC beams with GFRP rebars and HRB400 steel reinforceme-
nts at identical load levels. The strain of GFRP rebars was greater than that of HRB400

steel reinforcements at identical load levels and ultimate bearing capacity.

3.4 Load versus deflection response

Figure 6 shows the load and mid-span deflection curves for test UHPC beams, and



the deflection at ultimate bearing capacity is illustrated in Table 8. The load and
deflection curves of GFRP bars reinforced UHPC beams with different sizes were
bilinear, while the load and deflection curves of HRB400 steel reinforced UHPC beams
had yielding stage. Considering the additional influence that caused by reinforcement
ratio, the deflection of GFRP bars reinforced UHPC beams and HRB400 steel
reinforced UHPC beams were increasing accordingly. With the increase of
reinforcement ratio, lower deflection was observed for the UHPC beams with GFRP
rebars and HRB400 steel reinforcements at identical load levels. The deflection at
ultimate bearing capacity of UHPC beams with GFRP bars and HRB400 steel
reinforcements increased with the increase of specimen size. GFRP bars reinforced
UHPC beams had higher deflection at ultimate bearing capacity than that of HRB400

steel reinforced UHPC beams (Table 8).

3.5 Ductility

Since GFRP rebar shows no any yielding behavior and UHPC has higher ductility,
conventional definition of ductility index is inappropriate for the evaluation of
structural ductility of UHPC beams with GFRP bars and steel bars. Therefore, the
energy-based approach was used to calculate ductility, as shown in Eq. (1) [35]. Figure
8(a) illustrates the schematic diagram of the load-deflection curve of FRP-reinforced
concrete beams showing the calculated energies as proposed by Naaman and Jeong [35],
and Figure 8(b) illustrates load-deflection curve of steel-reinforced concrete beams as
proposed by Jo BW et al [36]. As shown in the Figure 8, the un-loading slope was

determined using the initial slope and its load (S;and P, , respectively), and the secant



slope and its load (S, and P, , respectively). As the behavior of the GFRP bars
reinforced UHPC beams were almost bilinear, the P, was taken as P, in Figure 8(a) [37].
Due to the existence of yield stage in HRB400 steel reinforced UHPC beams, the P, was

taken as P, in Figure 8(b).
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Where #4, is the ductility index, E; is the total energy, which is the area under load-
deflection curve up to the ultimate load = A + A, in Figure 8, and E, is the elastic stored
energy, a portion of the total energy = A in Figure 8.

The ductility calculated by the energy-based approach is shown in Table 8. The
ductility index of GFRP bars reinforced UHPC beams was 1.176~1.222, while the
ductility index of HRB400 steel reinforced UHPC beams was 1.189~1.768. The
ductility of UHPC beams with GFRP bars and HRB400 steel bars was low when a
higher GFRP or HRB400 steel reinforcement ratio was used. The GFRP bars reinforced
UHPC beams produced a low ductility than HRB400 steel reinforced UHPC beams.
This was because GFRP rebars had no yielding characteristics, while HRB400 steel
reinforcements had yielding characteristics.

4. Size effect on flexural behavior of UHPC beams

4.1 Size effect on equivalent bending stress
The ultimate bearing capacity of the test beams were expressed by the equivalent
bending stress that was calculated from the equation suggested in Wille et al [17] as

follows:



5 _M_BXM _ PL
75 pxh? bxh

(3)

Where M is the applied moment, P is the applied load, b , h are the width and
height of the specimen, respectively.

The beam sizes on the variation of the equivalent bending stress were calculated
from the test results are illustrated in Figure 9, while the calculation results are shown
in Table 6. The ultimate bearing capacity of GFRP bars reinforced UHPC beams with
low reinforcement ratio (G-0.68, reinforcement ratio 0.68%) had a certain size effect,
i.e., as the beam size increased from 250 mm to 500 mm, the equivalent bending stress
at the ultimate bearing capacity decreased. The beam size on the equivalent bending
stress for ultimate bearing capacity of GFRP bars reinforced UHPC beams with high
reinforcement ratio (G-1.17, reinforcement ratio 1.17%) and all HRB400 steel
reinforced UHPC beams had no size effect (Figure 9). This implied that the ultimate
bearing capacity of GFRP bars reinforced UHPC beams was affected by size effect due
to the brittle property of GFRP bars, but the flexural strength of GFRP reinforced UHPC
beams changed from having size effect to no size effect with the increase of the ratio of
GFRP bars. In contrast, the ultimate bearing capacity of all HRB400 steel reinforced

UHPC beams had no size effect due to the yield characteristics of HRB400 steel rebars.

4.2 Size effect on cracking behavior

Figure 10 and Table 7 show the maximum crack width, number of cracks and
average crack spacing of zone 1 of the UHPC beams, and the crack behavior of the
UHPC beams is shown in Figure 5. The number of cracks developed in zone 1 of the

UHPC beams was approximately 56%~72% of the total number of cracks counted in



both zone 1 and 2. The average crack spacing decreased with the increase of cracks,
which was related to the bending strain capacity of UHPC beams, because the crack
spacing in tension was strongly influenced by the tensile strain at the post cracking
strength of the UHPC beams: the increase in tensile strain capacity was accompanied
by a increase of cracks and a reduction of average crack spacing within the zone 1 of
the UHPC beams [18,38]. The average crack spacing of GFRP bars reinforced UHPC
beams was more sensitive to specimen size, as shown in Figure 10(c) and Table 7, than
that of HRB400 steel reinforced UHPC beams. The average crack spacing for small and
large GFRP bars reinforced UHPC beams was 31.58mm, 63.16mm (reinforcement ratio
0.68%), 30.00mm, 57.14mm (reinforcement ratio 1.17%), respectively. The average
crack spacing for small and large HRB400 steel reinforced UHPC beams was 25.00mm,
38.71lmm (reinforcement ratio 0.68%), 24.00mm, 46.15mm (reinforcement ratio
1.17%), respectively. As shown in Table 7 and Figure 10(a), the different size of GFRP
bars reinforced UHPC beams produced a higher maximum crack width than HRB400
steel reinforced UHPC beams when they had identical reinforcement ratios. In contrast
to HRB400 steel bars and UHPC, GFRP bars and UHPC were inferior in bonding
performance and crack retardation development. Therefore, the maximum crack width
of GFRP bars reinforced UHPC beams was more sensitive to specimen size.
Compared with HRB400 steel reinforced UHPC beams, GFRP bars reinforced
UHPC beams produced fewer cracks, while the average crack spacing in zone 1 (Figure
3) was larger. Large UHPC beams produced more cracks than small UHPC beams

(Figure 10(b)), but the maximum crack width and average crack spacing became larger



with the increase of size (Figure 10(a. c)). This implies that the maximum crack width,
number of cracks and average crack spacing of UHPC beams was sensitive to specimen

size, and it was not affected by the rebar type and reinforcement ratio.
4.3 Size effect on fracture toughness parameter

The fracture toughness ( K ) may be taken as the value of stress intensity factor
created at the tip of the critical fracture process zone by ultimate load. The fracture
toughness of UHPC beams was calculated from the equation suggested in Li and Maale;j
[39] as follows:

K. =ozaF,(a/h) 4)

a aY a) a)'
Fl(a/h) =1.122—1.4(EJ+7.33(HJ —13.08[EJ +14.0(EJ (5)

Where o =0y, as shown in equation (3), a is critical crack extension length.

The variations of fracture toughness are plotted with respect to the height of
specimens in Figure 11, and the results of fracture toughness are shown in Table 6. The
GFRP bars reinforced UHPC beams produced a higher fracture toughness at the
ultimate bearing capacity than HRB400 steel reinforced UHPC beams with the same
reinforcement ratio. This was because the load of specimens was mainly determined by
rebars when UHPC beams were damaged. The tensile strength of GFRP rebars was
higher than that of HRB400 steel reinforcements with the same diameter, so GFRP
rebars improved the flexural strength of UHPC beams. According to Egs. (4) and (5),
the high ultimate bearing capacity generated by the GFRP rebars also produced a high

fracture toughness. The variation pattern of size effect on fracture toughness of GFRP



bars reinforced UHPC beams and HRB400 steel reinforced UHPC beams was
consistent with that of equivalent bending stress. The size effect was shown for K. of
GFRP bars reinforced UHPC beams with low reinforcement ratio, and the K,. of GFRP
bars reinforced UHPC beams with high reinforcement ratio had no size effect. However,
no size effect was shown for K,. of HRB400 steel reinforced UHPC beams. This was
consistent with the findings from Zhang et al Error! Reference source not found..
Compared to a/h (ratio of critical crack extension length to specimen height), the
equivalent bending stress had a higher influence on the size effect of the K. of UHPC

beams in this paper.

4.4 Size effect on normalized deflection

The normalized deflection ( &/ L) is defined as the ratio of the midspan deflection
to the span length of the UHPC beams. The equivalent bending stress versus normalized
deflection curves are provided in Figure 12. The size effect on normalized deflection at
ultimate bearing capacity is provided in Figure 13. The deflection, normalized deflect-
ion and equivalent bending stress corresponding to the ultimate bearing capacity are
summarized in Table 8.

The experimental results reflected the size effect on the normalized deflection:
When the test beams reached the ultimate bearing capacity, the small GFRP bars
reinforced UHPC beams produced higher normalized deflection capacities than large
UHPC beams whereas the small HRB400 steel reinforced UHPC beams produced
weaker normalized deflection capacities than large UHPC beams (Figure 13). However,

the size had different effects on the equivalent bending stress and normalized deflection



of GFRP bars reinforced UHPC beams with high reinforcement ratio: the equivalent
bending stress of large beam was higher than that of small beam whereas the normalized
deflection of large beam was smaller than that of small beam (Figure 9 and Figure 13).

From a single force state, the normalized deflection of GFRP bars reinforced
UHPC beams had size effect such as ultimate bearing capacity. However, it could be
seen from the whole deflection process (Figure 12) that the deflection of GFRP bars
reinforced UHPC beams had no size effect. No size effect was shown for normalized
deflection of HRB400 steel reinforced UHPC beams from a single force state or

ultimate bearing capacity.

4.5 Size effect on ductility

The ductility index of the UHPC beams at the ultimate bearing capacity is shown
in Table 8, and the size effect on ductility is illustrated in Figure 14. The ductility index
of GFRP bars reinforced UHPC beams (HRB400 steel reinforced UHPC beams) with
0.68% reinforcement ratio were 1.198 (1.201) and 1.222 (1.768) for small and large
specimens, respectively, while those of GFRP bars reinforced UHPC beams (HRB400
steel reinforced UHPC beams) with 1.17% reinforcement ratio were 1.176 (1.198) and
1.181 (1.378) for small and large specimens. The ductility of GFRP bars reinforced
UHPC beams was better when the beam size was large. This indicated that no size effect
was shown for ductility of GFRP bars reinforced UHPC beams. The same was true for
HRB400 steel reinforced UHPC beams. However, it is necessary to conduct more in-
depth research of the size effect on the ductility of flexural UHPC beams with GFRP

bars, since there are few studies on this issue.



5. Conclusions

This study investigates the size effect on the flexural performance of the GFRP
rebars reinforced UHPC beams and HRB400 steel reinforced UHPC beams with two
different reinforcement ratios. Two different sizes of UHPC beams were tested using
four-point bending. From the above discussions, the following conclusions were
demonstrated.

(1) The tensile failure was observed in GFRP rebars reinforced UHPC beams,
balanced-reinforced failure was found for HRB400 steel rebars reinforced UHPC
beams. The GFRP rebars reinforced UHPC beams changed from having a certain size
effect to no size effect with the increase of reinforcement ratio. The HRB400 steel
reinforced UHPC beams had no size effect, and this result was not affected by the
reinforcement ratio.

(2) The maximum crack width, number of cracks and average crack spacing of
UHPC beams was sensitive to specimen size that the maximum crack width, number
of cracks and average crack spacing of UHPC beams with GFRP bars and HRB400
steel reinforcements increased significantly with the increase of specimen size.

(3) There was no size effect on the deflection of UHPC beams during the whole
loading process. When the test beams reached the ultimate bearing capacity, the
normalized deflection of GFRP bars reinforced UHPC beams increased with the
decrease of specimen size, which had a certain size effect. The normalized deflection
of HRB400 steel reinforced UHPC beams decreased with the decrease of specimen size,

which had no size effect.



(4) No size effect was shown for ductility calculated by energy approach of GFRP
bars reinforced UHPC beams and HRB400 steel reinforced UHPC beams.
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Figure captions

Figure 1. Details of test program; (a) details of small test beams (G/S-0.68/1.17-250),
(b) details of large test beams (G/S-0.68/1.17-500), (c) section details of test beams.
Figure 2. Details of test setup.

Figure 3. Distribution of moment, shear, and cracks along beam.

Figure 4. Photo of specimen with multiple cracks.

Figure 5. Crack patterns and failure modes; (a) cracking behavior and failure modes
of UHPC beams, (b) the tensile failure of GFRP bars reinforced UHPC beams, (c) the
balanced-reinforced failure of HRB400 steel reinforced UHPC beams.

Figure 6. The load and mid-span deflection curves of UHPC beams.

Figure 7. The load and strain curves in rebar of UHPC beams.

Figure 8. The schematic diagram of the load—deflection curve of beams with FRP bars
ad steel bars showing the calculated energies; (a) FRP bars reinforced beams [35], (b)
steel reinforced beams [36].

Figure 9. Size effects on the equivalent bending stress of the UHPC beams.

Figure 10. Size effect on cracking behavior of the UHPC beams; (a) Max. crack width,



(b) number of cracks within zone 1, (¢) average crack spacing.

Figure 11. Size effect on fracture toughness parameter.

Figure 12. The equivalent bending stress versus normalized deflection curve of UHPC
beams for different size.

Figure 13. Size effect on normalized deflection at ultimate strength.

Figure 14. Size effect on ductility of the UHPC beams at ultimate bearing capacity.

4 Zone 2 4 Zone 1 4 Zone 2 4
- 6@70 (HRB40O)
i Strain gage \ ‘ ‘
L ‘ £z /l//
JEom
, 250 600 | 600 | 600 . 250
1 T T T T T
;
|

i 2300

Figure 1(a)

T Zone 2 N Zone 1 N Zone 2 |
- 12@70 (HRB400)
T
f/ S O T ™~ 7 11— T il
‘ ‘ ™~ Strain gage ‘
\
- e == = N 2 o = i %
7T77777777777777w7J
| 500 | 1200 | 1200 1200 | 500 |
| 4600 |
Figure 1(b)
2 - 10(Steel bar) 2 - 10 (Steel bar)
d " <] 7
- 6@70(Steel bar) - 6@70(Steel bar)
3 3
N 2. 12 o~ 2-16
¢ &|| (Steel/GFRP ban) ¢ o] (Steel/GFRP bar)
150
150 % k
G/S-0.68-250 G/S-1.17-250




2 - 20 (Steel bar) 2 - 20 (Steel bar)

7 7
.+ 12@70(Steel bar) 1. - 2@70(steet ban)
o
2 225 = 2. 20+25
¢ &l| (Steel/GFRP bar) Ll (Steel / GFRP bar)
300 300

G/S-0.68-500 G/S-1.17-500

Figure 1(c)

Hydraulic jack
Steel plate

Load cell
Distribution beam

1 ] 1

LVDT/L L '

Figure 2
Zone 2 Zone 1l Zone 2
K L/3 R L/3 X L/3 X
! ! Gage length ! !

[

! Y

Non-uniform cracks Uniform cracks

Diagram M due to P

M=PL/6

Diagram V due to P

V=P/2

Figure 3



Figure 4




1000

800

600

Load (kN)

400

200

Figure 5(a)

Figure 5(b)

Figure 5(c)
1 1 1000
800
= 600
=
e}
o
S 400
—&— G-0.68-250
—e— (G-0.68-500 200
—¥— G-1.17-250
~—4— G-1.17-500
| L | L | L 0
20 40 60 80 100

Deflection (mm)

Figure 6

—#4—§-1.17-500
n 1 n

—&— 5-0.68-250
—e— S-0.68-500
—#—S§-1.17-250

Deflection (mm)

80 100



Load (kN)

900

1000
—&— G-0.68-250 —&— S-0.68-250
| —e— G-0.68-500 —e— 5-0.68-500
—¥— G-1.17-250 —¥—S-1.17-250
750 |4 6-1.17-500 $-1.17-500
600 -
Z
S
500 5 )
© REERRRER
o SEEEREEE
-
300
250 [¢
M L L 0 L L L
0 5000 10000 15000 20000 25000 0 2000 4000 6000 8000
Strain (ue) Strain (ue)
Figure 7
Load |
{3
P2 e
52 :
&) &)
Pl X
ol
s
Deflection
Figure 8(a)
Load A
P1/P2/Pu f------
% Seha
" X DK » '
Dy Du Deflection

Figure 8(b)



Max. crack width (mm) Equivalent bending stress (MPa)

Number of cracks

50 60
—B— G-0.68-250 - —©— G-1.17-250
 —l— G-0.68-500 F | —@—G-1.17-500
- /A- 5-0.68-250 = $-1.17-250
40 - - M- S-0.68-500 o 50 $-1.17-500
o
=
é T 25.5%
30 - S 40 -
E\. i 11.2% é
AncammmmmmrmmmoT Atosu g o
20 | T30F
=
>
(o
L
10 L L L L L L 20 | | | | |
100 200 300 400 500 600 700 100 200 300 400 500 600 700
Specimen size (h, mm) Specimen size (h, mm)
Figure 9
24 24
—5—G-0.68-250 ] ] —©—G-1.17-250 \ .
| —l— G-0.68-500 i @ﬁ M ' | -@— G-1.17-500 /)
- /A~ $:0.68-250 Lr[ 1—‘ . $-1.17-250 /TNt
18 |- M- $-0.68-500 E 18 $-1.17-500
= 95.1%
T 131.3% s T
S
12} St
4
A T 293.7% &
-, S
o
6 & 6
f”” 2
A
O 1 n 1 n 1 n 1 n 1 O 1 1 1 1 1
100 200 300 400 500 600 700 100 200 300 400 500 600 700
Specimen size (h, mm) Specimen size (h, mm)
Figure 10(a)
40 40
0,
a0l A t 20.0% wl
PPtle 4
SR &
YN\ s |
20 - S0t o— —@ | 5%
£ | <
o]
E |
10 | —5— G-0.68-250 Z 10} | —©— G-1.17-250
\ N —— G-0.68-500 ] —@— G-1.17-500
» \_rﬂlmmmmp!_‘ - /A- 5-0.68-250 » J—WMMMN $-1.17-250
- A - 5-0.68-500 $-1.17-500
0 n 1 n 1 n 1 n 1 n 1 n 0 n 1 n 1 n 1 n 1 n 1 n
100 200 300 400 500 600 700 100 200 300 400 500 600 700

Specimen size (h, mm)

Specimen size (h, mm)

Figure 10(b)



80 80
—B— G-0.68-250 —©— G-1.17-250
~ | =il G-0.68-500 ~ | “@—G-1.17-500
g - /A- $-0.68-250 | E $-1.17-250
E 60| - A- 5-0.68-500 T 100% S0k $-1.17-500 .
g 2 1 90.5%
= Z
g g
) L (%] L
X~ 40 .-A T 54.8% X 40
Q Q
(] ]
] .- S
2 A S
® 20 - ® 20 -
g g
< <
0 1 1 1 n 1 1 0 1 1 1 1 1
100 200 300 400 500 600 700 100 200 300 400 500 600 700
Specimen size (h, mm) Specimen size (h, mm)
Figure 10(c)
300 350
—— G-0.68-250
o —l- G-0.68-500 o
£ 20 - /A $-0.68-250 £ 300
$ - A- 5-0.68-500 s T 57.7%
= 200 =250
] A
@ B\. <5}
S50 | 1 6.1% S 200
(=] (=]
3 ______-AT26.7% 2
* 100 - A" S 150 +
5 5 —©—G-1.17-250
= = —@— G-1.17-500
© 50 © 100 - $-1.17-250
L o .
$-1.17-500
O 1 n 1 n 1 n 1 n 1 50 1 1 1 1 1
100 200 300 400 500 600 700 100 200 300 400 500 600 700
Specimen size (h, mm) Specimen size (h, mm)
Figure 11
50 50
—=— G-0.68-250 —=— 5-0.68-250
< | —®—G-0.68-500 < —e— 5-0.68-500
O | —=%—G-1.17-250 % —¥—$-1.17-250
=40 G-1.17-500 £40 1 $-1.17-500
8 8
8 g
= 5
» 30 - 30
=g g
5 S
= 3
820+ 820
-
5 5
< ©
S0 Z 10 1
>
3 ey
T w ¥
0 } | | L | L | 0 i\ | L | L | L |
0.000 0.006 0.012 0.018 0.024 0.030 0.000 0.007 0.014 0.021 0.028 0.035

Normalized deflection (/L)

Figure 12

Normalized deflection (&/L)



25 25
S S
20t o0
c c
= S
2 B | 21.3%
5 24.9% =
315+ l ? S 95)
3 .- T 40.0% =
N SRl s
.E ““’_’ .E
€10l A —5— G-0.68-250 €0l 6~ G-1.17-250
S —— G-0.68-500 S —@— G-1.17-500
- /A- 5-0.68-250 $-1.17-250
- A\- 5-0.68-500 S$-1.17-500
05 1 1 1 1 1 n 05 1 n 1 1 n 1 n 1 n
100 200 300 400 500 600 700 100 200 300 400 500 600 700
Specimen size (h, mm) Specimen size (h, mm)
Figure 13
15 2.0
| —B—G-0.68-250 | —©—5-0.68-250
—l- G-0.68-500 —@— 5-0.68-500
14 F - - G-1.17-250 18+ $-1.17-250 .
| - A- G-1.17-500 S-1.17-500 taz.2%
>13r >16r
= B
> >
Q12+ Q14}
1.1+ 1.2+ &
1.0 I R I R I I I 1.0 I R L I R I R I
100 200 300 400 500 600 700 100 200 300 400 500 600 700
Specimen size (h, mm) Specimen size (h, mm)
Figure 14
Table 1. Mix design of UHPC
Silica sand Silica Super- Steel
Cement Water
Coarse Medium Fine fume  plasticizer fibers
1.00 0.20 0.80 0.20 0.30 0.02 0.23 2%
Where: Steel fiber is the volume dose.
Table 2. Mechanical properties of UHPC
E.(GPa) f.,(MPa) fC (MPa) f.(MPa) f,(MPa)
45.6 139.7 114.5 102.2 6.4




Where E,_ = elastic modulus of UHPC, f =

cubic compressive strength of UHPC, f = prismatic

compressive strength of UHPC, f, = cylindrical compressive strength of UHPC, f, =tensile strength of

UHPC.

Table 3. Properties of steel fibers

d; (mm)

L; (mm)

Aspect ratio (L /d; ) Density ( g/cm3 )

f, (MPa)

E (GPa)

0.22

13

59.1

7.8

2000

200

Where d, =diameter of fiber, L, =length of fiber, f, =tensile strength of fiber, and E, =elastic

modulus of fiber.

Table 4. Main parameters of UHPC beams

Section L bx h Rebar Tensile P Bent shear
Specimen | /mm
form /mm  /mm?® type rebar 1% stirrup
G-0.68-250  rectangle 2300 1800 150x250  GFRP 2C12 0.68 Co6@70
G-0.68-500  rectangle 4600 3600 300x500  GFRP 2C25 0.68 C12@70
G-1.17-250  rectangle 2300 1800 150x250  GFRP 2C16 117 Ce@70
G-1.17-500  rectangle 4600 3600 300x500  GFRP  2C20+2C25 1.17 Cl12@70
S-0.68-250  rectangle 2300 1800 150x250  HRB400 2C12 0.68 Co6@70
S-0.68-500  rectangle 4600 3600 300x500 HRB400 2C25 0.68 C12@70
S-1.17-250  rectangle 2300 1800 150x250 HRB400 2C16 1.17  Cé@70
S-1.17-500  rectangle 4600 3600 300x500 HRB400 2C20+2C25 1.17 Cl2@70

Where | = length of beam, L =span length of beam, b = width of beam, h = height of beam and p =

ratio of longitudinal reinforcement.



Table 5. Properties of steel and GFRP bars

Types dimm)  A(mm?) E(GPa) f,(MPa) f,(MPa)

12 113.09 44.2 - 927.7
16 201.06 46.0 - 606.8

GFRP rebar
20 314.16 46.2 - 595.3
25 480.87 43.5 — 778.2
12 113.09 200 4523 603.4

HRB400 16 201.06 200 441.7 598.1

steel rebar 20 314.16 200 429.7 602.3
25 490.87 200 406.4 598.2

Where d =diameter of rebar, A= area of rebar, E = elastic modulus of rebar, f, = yield strength of steel
rebar, and f, = ultimate strength of rebar.

Table 6. Summary of experimental results for UHPC beams with GFRP rebars and HRB400 steel

reinforcements.

Specimen P (kN) M, (kN-m) oy, a(mm) K (MPa-m“?) Failure mode
G-0.68-250  154.0 46.20 29.57 237.5 168.46 Tensile failure
G-0.68-500  546.8 328.08 26.25 441.7 158.13 Tensile failure
G-1.17-250  181.0 54.30 34.75 231.8 179.31 Tensile failure
G-1.17-500  908.6 545.16 43.61 450.1 282.83 Tensile failure
S-0.68-250 116.4 34.92 22.35 221.5 96.30 Balanced-reinforced failure

S-0.68-500 495.8 297.48 23.80 423.3 122.00 Balanced-reinforced failure




S-1.17-250

S-1.17-500

767.8

53.46

460.68

34.21

36.85

162.62

238.37

Balanced-reinforced failure

Balanced-reinforced failure

Where B, =the peak load, M, = the ultimate moment, O, =the equivalent bending stress for ultimate moment,

u, = ductility index, a= critical crack extension length, K. =the fracture toughness.

Table 7. The number of cracks, average crack spacing and max. crack width of the UHPC beams

Cracks within zone 1

Cracks within

Zone 1 cracks

Specimen  Number Length of Crack spacing  Max. crack zones 1 and 2 as percentage

of cracks zone 1 (mm)  (mm) width (mm) Number of cracks of total® (%)
G-0.68-250 19 600 31.58 6.4 29 65.5
G-0.68-500 19 1200 63.16 14.8 30 63.3
G-1.17-250 20 600 30.00 8.2 34 58.8
G-1.17-500 21 1200 57.14 16 36 58.3
S-0.68-250 24 600 25.00 2.54 38 63.2
S-0.68-500 31 1200 38.71 10 43 72.1
S-1.17-250 25 600 24.00 3.71 39 64.1
S-1.17-500 26 1200 46.15 13.4 46 56.5

where ? Calculated by taking the average number of cracks in zone 1 and dividing by the average of

the total number of cracks in zone 1 and 2.

Table 8. Calculation results of equivalent bending stress, normalized deflection, and ductility at



ultimate bearing capacity.

Specimen o(mm) 01L(%) o, (MPa) Yz,
G-0.68-250 36.126 2.007 29.57 1.198
G-0.68-500 54.300 1.508 26.25 1.222
G-1.17-250 38.617 2.145 34.75 1.176
G-1.17-500 60.800 1.689 43.61 1.181
S-0.68-250 18.977 1.054 22.35 1.201
S-0.68-500 51.600 1.433 23.80 1.768
S-1.17-250 26.524 1.474 34.21 1.189
S-1.17-500 55.400 1.539 36.85 1.378

Where 0 = the deflction, &/ L = the normalized deflection, O = the equivalent bending stress, and x4 = the

ductility at ultimate bearing capacity.



