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Abstract: Evaluation of the ultimate strength for the UHPFRC (ultra-high-performance fiber-reinforced
concrete) flexural members was conducted. In this study, an experimental program about UHPFRC
beams was conducted with the effect of fiber volume fraction, shear span to depth ratio, and
compressive strength of matrix as the main variables. Among them, it was found that fiber volume
fraction was the variable that had the greatest influence on the ultimate strength. The inclusion of 2%
volume fraction steel fiber increases the shear and flexural strength of UHPFRC beams significantly.
In particular, steel fiber inclusion changed the mode of failure of beams from diagonal shear failure
into flexural failure. For the classification of failure patterns, the ultimate flexural strength and shear
strength of UHPFRC members were evaluated using the current design code and UHPC guidelines.
Flexural ultimate strength was affected by the size and shape of the stress block and consideration
of the matrix’s tensile strength. For the accurate shear strength prediction of UHPFRC beams, the
tensile strength of the high strength matrix and the effect of steel fiber should be considered.

Keywords: ultra-high-performance fiber-reinforced concrete; flexure strength; shear strength; shear
reinforcement; design recommendations; strength evaluation

1. Introduction

Interest in the use of fiber-reinforced concrete to structural members has been steadily
increasing from the latter half of the 20th century [1]. Building code and commentary
published by the American Concrete Institute 318 committee (ACI318) [2], widely used
for the design of concrete structures, introduced steel fiber as the design alternatives
for minimum shear reinforcement the revision of the 2008 version of code. MC2010 [3]
widened the applicability of steel fiber reinforced concrete introducing the material models
of steel fiber-reinforced concrete. In the 1990s, Richard and Cheverezy [4] developed
reactive powder concrete (RPC) [4] with a compressive strength exceeding 200 MPa. In
France, the design recommendation for the use of steel fiber-reinforced concrete with
compressive strength exceeding 150 MPa was suggested [5]. This design recommendation
uses reactive powder concrete (RPC) as the matrix for compressive strength higher than
100 MPa. To guarantee the large tensile deformation limit, steel fiber should be included
in the matrix. Materials with these characteristics were named ultra-high-performance
fiber-reinforced concrete (UHPFRC) in these design recommendations. Most of the studies
on UHPFRC were about the mechanical properties of the materials, and the amount of
research on structural members was relatively small. Graybeal [6] conducted a study on
prestressed I-girders using Ductal. Yang et al. [7] conducted an experimental study on the
UHPFRC beams with a rectangular cross-section. The main variables were reinforcement
ratio and placing method. The dispersion and orientation of steel fibers in UHPFRC
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were significantly influenced by the placing method and significantly affected the flexural
behavior of the UHPFRC beams. UHPFRC beams showed a ductility ratio of 1.7 or higher,
even with a flexural reinforcement ratio of less than 1%. Yoo et al. [8] conducted a study on
the effect of types of steel fibers on the flexural behavior of the UHPFRC beams. UHPFRC
generally uses a water-cement ratio of 0.2 or less. This is because it has been shown that
high strength (especially above 100 MPa) could be made at a water—binder ratio of 0.2
or less in general. Usually, to guarantee the workability of UHPFRC, short and straight
steel fibers were used. However, for the development of advanced structural behavior of
UHPFRC members, Yoo et al. [8] used long and various-shaped steel fiber and reported the
increase of flexural strength and ductility. Most of the research about the flexural behavior
of UHPFRC beams was conducted based on the stress-strain behavior of UHPFRC under
compression and tension because design guidelines for UHPFRC recommend the use
of sectional analysis with a suggested stress-strain model for the prediction of flexural
strength of UHPFRC beams. Therefore, it was considered that the study on the material
characteristics was more frequently conducted than the study on the flexural behavior of
members. On the other hand, the study on shear strength was carried out by focusing on
the evaluation of the member strength rather than the contribution of the material to the
overall carrying capacity, and most of test specimens were I-shaped girder.

Graybeal [9] used UHPFRC up to 120-200 MPa of compressive strength, and short
straight steel fibers with a length of 12.7 mm were used. As a result of 4-point loading
tests of I-shaped girders, it was confirmed that the maximum strength was determined by
the pulling out of steel fibers across the shear and flexural cracks when shear and flexural
failure occurred, respectively. Voo et al. [10] studied the effect of shear span to depth ratio
and steel fiber content on shear strength through 8 I-shaped girder tests. The compressive
strength of concrete used was 120-140 MPa, relatively long steel fiber was used as 15 mm
and 25 mm. It is suggested that the plasticity theory can be applied to the calculation of the
shear strength by ensuring the deformation capacity after cracking due to the incorporation
of steel fiber, and the analysis results suggest that shear strength can be predicted with
high accuracy. Xia et al. [11] carried out an experiment on T-beams made with UHPFRC.
The compressive strength of concrete used was 124 MPa, 193 MPa, and high strength steel
was used as flexural reinforcements. In order to consider the high yield strength of high
strength steel, the shear reinforcing effect of steel fiber was extensively studied analytically.
Baby et al. [12] assumed that the orientation of the fiber would have a significant effect
on the performance of the UHPFRC, and fiber orientation would be different between
prisms for flexural test and real member. Prisms for the flexural test were taken from tested,
real members. Using the test results of members and prisms, orientation factors for real
structures were suggested.

It has been observed that the UHPFRC shows a large variation in mix proportion
and strength depending on the purpose of the study, and it is still difficult to develop
a general design method. The design recommendations limit the research scope used
to create the design recommendations to address this issue. Furthermore, there is a
large difference in the limitations of material strength. Considering that the material
characteristics are different, it is necessary to verify the design criteria through various
methods. In this study, the bending test of the UHPFRC beam was performed as part of
the general evaluation of the flexural and shear design recommendations provided by
the French design recommendation [5], which limits the strength range, and the Korean
design recommendation [13], which provides the standard mix proportion for UHPFRC.
The current structural concrete code provisions were evaluated by using test results.

2. Test Program
2.1. Variables

To evaluate the bending and shear strength of the UHPFRC member, the UHPFRC
beams reinforced with reinforcing bars were fabricated and tested. The main variables
were the shear span to depth ratio of the beams, the compressive strength of the matrix,
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and steel fiber and stirrups as shear reinforcement. The failure mode of reinforced concrete
beams was generally well known to be strongly influenced by the shear span to depth ratio.
Therefore, to investigate the various flexural behavior of UHPFRC beams, the shear span
to depth ratios were adjusted to 6.6, 3.4, and 2.0. The compressive strength of UHPFRC
beams was determined to be 100 and 200 MPa to investigate the effect of the matrix’s
compressive strength on the flexural behavior of UHPFRC beams. Evaluating the shear
strength increase and change of flexural behavior incorporating the shear reinforcement,
steel fiber, and both of them, it was decided to use volume fraction of 0 and 2% and the
existence of shear reinforcement variables. Because of predesign of the test specimens and
mix proportion, 2% of volume fraction can prevent abrupt failure under compression. All
tested beams had the same sectional shape. The beam width was 200 mm and the depth
of the beam was 350 mm. The same effective depth was used for all test specimens. The
reinforcement ratio was adjusted to 4.0% to make the shear failure possible and examine its
applicability according to the current design standards [2]. The details of the test specimens
are shown in Figure 1, which is composed of four types according to the shear span to
depth ratio and presence of stirrup.
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Figure 1. Details of test specimens (Unit: mm).

The main variables of this research are summarized in Table 1. In Table 1, U denoted
the ultra-high-strength matrix with a design compressive strength of 200 MPa’. H denoted
the high strength matrix with a design compressive strength of 100 MPa. The second
notation 0 or S denoted the existence of shear reinforcement. The third notation 0 or F
denoted the inclusion of steel fiber with a 2% volume fraction. The last notation denoted
the shear span-to-depth ratio of each test specimen.

The four-point bending test method was used for specimens with a shear span-to-
depth ratio higher than 3. Specimens with a shear span to depth ratio of 2.0 were tested by
using a 3-point bending test. An actuator with a capacity of 2000 kN was used. However,
all test specimens have shear strength lower than 1000 kN, ensuring the failure of test
specimens that have unexpected high strength because of the high tensile strength of
UHPFRC. The test setup is shown in Figure 2.
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Table 1. Variables of the test program.

Specimens a/d Concrete Transverse Steel Fiber
f! dy, TR s fyr Vi Ly Dy
(MPa) (mm) (mm) (MPa) (%) (mm)
U-S-F-6.6 6.6 217 150 422 2 13 0.2
9.5

U-0-0-34 3.4 198 - 0
U-S-0-3.4 198 150 0
U-0-F-3.4 217 - 2
U-S-F-34 217 150 2

13 0.2
H-0-F-34 117 - 2
H-S-F-3.4 117 150 2
U-0-0-2.0 2.0 198 - 0
U-0-F-2.0 217 - 2

13 0.2
H-0-F-2.0 117 - 2

a/d: effective depth-shear span ratio, f./: compressive strength of concrete, dj, rg: diameter of transverse reinforcements, s: spacing of
transverse reinforcement, fy : yield strength of transverse reinforcement, Vy: volume fraction of steel fiber, L;: length of steel fiber, and Dy:
diameter of steel fiber.
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Figure 2. Test setup and measurement plan.

Strain gauges were installed on the longitudinal reinforcement and shear reinforce-
ments to specify the member’s failure type. Strain gauges were installed on the concrete
surface within the shear span to determine the occurrence and propagation of diagonal
cracks. Moreover, the Linear variable differential transformers(LVDTs) was installed to
specify the amount of deformation in the diagonal direction within a specific section (be-
sides the loading point). The measurement plan is shown in Figure 2, along with the
loading plan of the specimen.

2.2. Materials

This research used the three different UHPFRC mix proportions. Ultra-high strength
matrix without steel fiber (200-0), ultra-high strength matrix reinforced with steel fiber (200-
F), and high strength matrix with steel fiber (100-F) were used. Mix proportions are shown
in Table 2. The water-binder ratio used for the preparation of UHPFRC was 0.17, and
silica fume and micro-silica were used to increase the packing density. High-range water
reduction agents were used to prevent the lowering of workability due to the incorporation
of a low water-binder ratio and steel fiber inclusion. Straight and short steel fiber with a
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length of 13 mm and a diameter of 0.2 mm, which minimized the workability deterioration,
was used. The reinforcing bars used in this study were D25, D13, and D10 specified in
KS B0802 [14]. D25 was used as the main flexural reinforcement, and D13 was used as
compression reinforcement. D10 was used as the shear reinforcement.

Table 2. Mix proportion for the matrix used for test specimens.

C w SF S Fi F SP
ID W/B (%)
Unit Weight (kg/m®)
200-0 0.17 830 176 207 912 246 147 1.08
200-F 0.17 830 176 207 912 246 0 1.08
100-F 0.25 809 222 80 1052 162 147 1

W/B: water-binder ratio, C: cement, W: water, SF: silica fume, S: fine aggregated (quartz sand), Fi:

filler(microsilica), F: steel fiber, SP: super plasticizer.

3. Test Results
3.1. Properties of Materials

To define the characteristics of the UHPFRC used, a cylinder specimen with a height
of 200 mm and a diameter of 100 mm was produced according to KS F 2405 [15], and the
compressive strength test was performed. For evaluation of tensile strength improvement,
which is the most important feature of UHPFRC, splitting tensile strength was carried
out according to KS F 2423 [16]. According to JCI’s test standard [17], the bending test
of the notched prism was carried out, and the inverse analysis using the test results
was performed to derive the tensile strength. The mechanical properties of concrete are
summarized in Table 3, and the stress-strain relationships measured from the bending test
are shown in Figure 3. The mechanical properties of reinforcing bars are summarized in
Table 4. The characteristics of each reinforcing bar were evaluated according to the tensile
test method of KS B 0802.

Table 3. Mechanical characteristics of concrete.

E 4
D V; (%) ¢ fe fov fi
(MPa)
200-0 0 45,283 198.21 6.31 -
200-F 2.0 49,865 216.52 11.96 15.48
100-F 2.0 38,451 109.46 9.98 7.84

Vy: Volume fraction of steel fiber, E: elastic modulus of ultra-high-performance concrete (UHPC), f.": compressive
strength of cylinder, f;,: splitting tensile strength of UHPC, f;: tensile strength of ultra-high-performance fiber-
reinforced concrete (UHPFRC) using notched specimens.

Table 4. Mechanical characteristics of steel reinforcement.

. . Tensile

ID Dl(?nn::;[ er Ylelc(l;g:)ngth Yield Strain Strength
(MPa)
D10 9.5 495.32 0.00260 614.87
D13 12.7 422.56 0.00245 526.23

D25 254 445.22 0.00261 554.87
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Figure 3. Material test results.

3.2. Moment-Rotation Relation and Crack Pattern

Figure 4 shows the relationship between the load-resisting capacity and its associated
deformation of the test specimen obtained through the experiment. Figure 5 showed the
final failure condition of the test specimens. Since the shear span to depth ratios of the
specimens differed, the load acting on the specimen was expressed by the moment, and
the rotation angle expressed the deformation capacity. The rotation angle of each specimen
was expressed by the value obtained by dividing the deflection occurring at the loading
point by the distance from the support to the loading point.

360
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g g
- [72)
§24o 7 200 §
5 200 — =
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Figure 4. Test results: Moment-rotation curve.
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Figure 5. Test results: Crack pattern of the test specimens (at failure).

The specimens were found to have flexural and shear failure modes depending on
the shear span to depth ratio and the existence of steel fiber and shear reinforcements.
U-5-F-6.6 was failed by crushing on the compression side, as shown in Figure 5a after
typical bending behavior. Furthermore, it was confirmed that even in the moment-rotation
angle relationship shown in Figure 4, a large deformation was experienced without losing
the load-bearing capacity after the maximum load manifestation.

For test specimens with shear span to depth ratio of 3.4, the mode of failure was
determined depending on the steel fiber inclusion. Two specimens, U-0-0-3.4 and U-5-0-
3.4, which used the 200-0 matrix, showed expanded diagonal shear crack and spalling



Appl. Sci. 2021, 11, 2951

8of 17

of web area, respectively, as shown in Figure 5b,c. As shown in Figure 5d, in the case of
ultra-high strength concrete specimens reinforced with steel fiber, diagonal shear cracks
were observed, but these cracks were not expanded, and the maximum load applied to
the specimen was observed with crushing of concrete at compression fiber of beam center.
Therefore, the failure pattern of this specimen was defined as flexural failure. Specimen
U-5-F-3.4 also showed a similar crack pattern with U-0-F-3.4, as shown in Figure 5e. The
test specimens using 100-F matrix without stirrups, H-0-F-3.4 failed with the expansion
of diagonal crack. On the other hand, H-S-F-3.4 was failed with crushing of compression
region at beam center. Therefore, it was confirmed that failure modes were changed by
shear failure and flexural failure due to the installation of the stirrup. It was confirmed
that the specimens with a shear span ratio of 2.0 were destroyed by the occurrence and
diffusion of diagonal cracks connected between the loading point and the supporting
point and the increase of the crack width. When the steel fiber was not reinforced, the
fracture occurred due to the diffusion of the cracks in the diagonal direction. It is judged
that the incorporation prevents the longitudinal destruction of the strut and causes an
increase in strength. Table 5 summarizes the strength with the first yield of tensile flexural
reinforcement and ultimate strength with corresponding rotational angle.

Table 5. Yield and ultimate strength of test specimens.

. 0 M Omax Mnax
Specimens (mm/mm) (kNm) (mm/mm) (kNm)
U-S-F-6.6 0.01272 319.3 0.01488 3317
U-0-0-3.4 . . 0.00975 114.0
U-S-0-34 - . 0.01233 245.6
U-0-F-3.4 0.01175 333.4 0.02036 355.2
U-S-F-3.4 0.01856 336.9 0.02353 3388
H-0-F-3.4 - - 0.01192 2465
H-S-F-3.4 0.01003 2445 0.01524 300.2
U-0-0-2.0 . . 0.00768 132.1
U-0-F-2.0 - . 0.01396 3183
H-0-F-2.0 0.00896 256.5 0.01196 2762

0y: member rotation at the yielding of the tensile rebar, My: applied moment at the yielding of the tensile rebar,
Omax: member rotation at maximum load, My;qy: applied moment at maximum load.

3.3. Strain Distribution and Failure Mode of Test Specimens

Figure 6 shows the tensile flexural reinforcement strain at the center of the beam with a
shear span to depth ratio of 3.4. All of the above-mentioned flexural failure type specimens
experienced yielding of the flexural reinforcement, and shear failure type specimens
showed the elimination of stress in the flexural reinforcement after experiencing maximum
strength. The test specimens with a shear span to depth ratio of 2.0 were a shear failure due
to the diagonal shear crack width expansion, as shown in Figure 5. However, as a result
of examining the flexural reinforcement strain, the flexural reinforcement of the specimen
H-0-F-2.0 was yielded, as shown in Figure 6.

The measurement results for the deformation state of the diagonal cracks shown in
Figure 7. When the cracks occurred by the naked eye, the diagonal cracks” occurrence time
was tracked. These results are summarized in Table 6.
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Figure 6. Tensile strain of longitudinal reinforcement (at center).
Table 6. Cracking strength of test specimens.
: chr Mfcr Odcr Mg,
Specimens (mm/mm) (kNm) (mm/mm) (kNm)
U-S-F-6.6 0.00116 41.6 0.00341 102.7
U-0-0-3.4 0.00029 15.1 0.00172 423
U-5-0-3.4 0.00061 19.0 0.00131 45.7
U-0-F-3.4 0.00121 425 0.00151 824
U-S-F-34 0.00103 49.1 0.00306 88.1
H-0-F-3.4 0.00082 23.2 0.00225 57.5
H-S-F-3.4 0.00082 24.1 0.00221 64.2
U-0-0-2.0 0.00054 18.7 0.00214 54.6
U-0-F-2.0 0.00125 442 0.00418 129.2
H-0-F-2.0 0.00071 27.7 0.00286 102.2

8¢, member rotation at the flexural cracking load, My,: applied moment at the flexural cracking load, 0,
member rotation at the diagonal cracking load, M,,,: applied moment at the diagonal cracking load.

CS stands for concrete strain, and the number on the back is used as a symbol to
distinguish the measurement location. LS means measurement through LVDTs, and the
number at the end is also used as a symbol to distinguish the measurement location.
In the case of LVDT, the deformation amount (mm) was expressed to confirm the crack
width’s expansion tendency after cracking, and the amount of deformation was determined
through the right vertical axis of each graph. Figure 7 shows the strain in the diagonal
direction of each specimen.

According to Figure 7a, which is the strain distribution of the specimen U-0-0-3.4, it
was found that all strain gauges had a smaller amount of strain than other specimens and
the tendency to return to the state before the loading after the maximum load experience
appeared. This phenomenon occurred because the strain gauge did not pass through the
crack surface. The diagonal section’s deformation amount was continuously increased
even after the maximum load manifestation could be classified as a shear failure. It was
also confirmed that the location where the deformation amount of LS5 rapidly increased
was similar to the time of the crack in the diagonal direction. Figure 7c also showed this
phenomenon as it is. However, in U-5-0-3.4, as reinforcement by shear reinforcement
was performed, the crack angle appeared close to 45 degrees, and it could be confirmed
that the strain of the corresponding gauge increased rapidly by passing through the CS6
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strain gauge. The two specimens reinforced with steel fibers showed that, unlike the
two specimens that were not reinforced with steel fibers, there was no sharp increase
in the diagonal strain or the amount of deformation, but gradually increased. When a
high-strength matrix was used, as shown in Figure 7e, it was confirmed that it belongs to
shear failure as the expansion of the cracks in the diagonal direction was clearly seen even
when reinforced with fibers. At this time, by reinforcing with shear reinforcement, it can be
confirmed that the failure pattern was changed to a flexural failure pattern.

Load (kips) Load (kips) Load (kips)
0 125 25 375 50 625 75 875 0 125 25 375 S50 625 75 875 0 125 25 375 50 625 75 875
4,000 — 777" 4,000 T T T T T 4,000 T ——
U-0-0-3.4 | U-0-F-3.4 d4 U-S-0-3.4 /§ { — 14
4 - - CcENal ¥ 9 - cenor Z . q -~ cenal X ]
- = CS-6 —25 - - CS-6 - = CS6 7
3,000 - - cs7 3,000 - - cs7 Lo 12 3,000 - - €7 g 12
= 0S8 1 = - (S8 {1 £ = S8 § 41 7
LSS d, E J LS5 J0 E LS5 J10 E
- 5 c 1“2 < 7
2 2,000~ T = =200 dg = 22,000 ds =
= 15 = s = =
g E 2 E E 1 £ & E . 1 £
) 1 8 & -6 g 7] -6 E
1,000 S 1,000 — 4 & 1,000 — 4 &
a 44 2 | T000< 1.z
4 4 4 L St 4
v wil
04 0 -2 0 S A 1 L >
i "“‘% 4
Sa— T T ' 0 LA p e E— —— U R a— T T ' 0
0 50 100 150 0 100 200 300 400 0 100 200 300
Load (kN) Load (kN) Load (kN)
(a) U-0-0-3.4 (b) U-0-F-3.4 (c) U-S-0-3.4
Load (kips) Load (kips) Load (kips)
0 125 25 375 50 625 75 875 0 125 25 375 50 625 75 875 0 125 25 375 50 625 75 875
4,000 T T T -~ 4,000 T T T T T 2 4,000 T T T T T 2
T T T T T 7 T T T T T T T T
U-S-F-3.4 3 — 14 H-0-F-3.4 H-S-F-3.4 1
4 - - CEN-0I J 4 - - CEN-0I < - - CEN-0I -1-18
- = CS6 N - - CS6 - = CS-6 T
3,000~ - - €87 "2 3,000 - - €87 3,000 - - Cs7 -1-16
- (S8 E ’é - (S8 ’g - (S8 T 'é‘
i LSS J0 E LSs £ ) LSS 7 145
o 41 4 < 3 o 124
= 2,000 dg = 22000 = = 2,000 4 =
= s = 1 = = -1-1 =
7 -6 § @& E 7 —-08 £
£ £ 4 £
1,000 - 4 £ 1,000 S 1,000 - S
5 5 —-065
-4 A a ] 2
T E —-04
N 4
0 \ o 0 0 = .02
Jresnty T T T T T "’5‘-:—0 f‘"ﬂ——l""'r—[—r—h— 0 T 0
0 100 200 300 400 0 100 200 300 400 0 100 200 300 400
Load (kN) Load (kN) Load (kN)
(d) U-S-F-3.4 (e) H-0-F-3.4 (f) H-S-F-3.4
. Load (kips) .
Load (kips) Load (kips)
0 125 25 375 50 625 75 8§75 qo00 125 25 375 50 625 75 875, 0 125 25 375 50 625 75 875
4,000 T T T T T T2 4 L B LN B B LIJOIF ;OI 2 4,000 T T- T2
& “Uebes H-0-F-2.0
4 U-0-0-2.0 J ~ = CEN-01 1 = CEN-01
== CEN-01 — - CS6 /' ] - CS6
3,000 < O- C56 5 3,000 — S FE P 3,000 — —- ST
i L = s |8 e, DR
] - CS-7-1 £ LS6 £ J LS6 E
LS6 =y . = g
o~ g © 3 1 2
= 2,000 — = 22,000+ - 2
£ 1 5 1 s -
Z £ = =
1,000 S 1,000 =4 S 1,000 S
2 |3 o
_/ —o0s5 2 Jos2 | 0582
nqﬁ/-::;:»w — . o . .
— T T 1T 1 1 0 — T 1 1 1
0 100 200 300 400 0 200 400 600 800 0 200 400 600 800
Load (kN) Load (kN) Load (kN)
(g) U-0-0-2.0 (h) U-0-F-2.0 (i) H-0-F-2.0

Figure 7. Measured strain in shear span (diagonal direction (45 degree)).

It was confirmed that U-0-0-2.0 appears similar to the strain distribution shown in U-
0-0-3.4. When steel fibers were mixed in the ultra-high-strength concrete, it was confirmed
that the increase in the strain rate of CS6 and CS7 was sequentially made. Afterward, it is
judged that the load was supported in the form of a truss through struts and ties through
the restoration of the deformation at both positions. On the other hand, in the case of
H-0-F-2.0, as shown in Figure 7i, the strain rate at a specific location increased rapidly, and
it is believed that the expansion of the diagonal crack was the main cause of failure.
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3.4. Diagonal Shear Cracking Strength

The flexural and diagonal crack strengths which are listed in Table 6 were determined
based on the measurement of the strain gauge attached to the longitudinal reinforcement
and diagonally installed LVDT and strain gauge at the predicted point of shear crack
initiation location, respectively.

According to Table 6, flexural cracking strength increased with the inclusion of steel
fiber. The increase in diagonal crack shear strength due to inclusion of steel fiber was
found to be 95%. As a result of comparing the characteristics of the materials, it was found
that the splitting tensile strength increased by 90% due to the inclusion of the steel fiber.
Therefore, as shown by the results of Sharma [18], the shear strength of UHPFRC may also
be affected by splitting tensile strength.

4. Evaluation of Test Specimens with UHPRC Design Recommendations
4.1. Flexural Strength Evaluation

To predict the safe and accurate flexural strength of UHPFRC members, the flexural
strength evaluation was conducted according to the current concrete structure design
standard and society standard [19]. This study evaluated the stress block-based strength by
ACI31[2]8 and ACI544[1]. Moreover, the flexural behavior evaluation applying the stress-
strain relationship proposed in the UHPFRC design recommendation and the flexural
behavior evaluation applying the stress-strain relationship proposed by the Korea Con-
crete Institute was performed, and a comparative evaluation of each strength estimation
method was performed. In Figure 8, the results are presented in two cases with different
compressive strengths.
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Figure 8. Flexural strength evaluation for test specimens.

The flexural strengths of the U-S-F-3.4 and H-S-F-3.4 specimens, based on the ACI
code provision [2], did not consider the concrete matrix’s tensile strength were 294.8 kKNm
and 286.0 kNm, respectively, and the difference was only 3%. The test specimens’ strength
evaluation results using the ACI stress block were up to 20% lower than the actual test
results, as shown in Figure 8. Therefore, it was considered that the tensile behavior of
the UHPFRC should be reflected properly when calculating the flexural strength. ACI544
committee recommended the flexural strength evaluation method by using compressive
and tensile stress blocks. [1] As shown in Figure 8, this model showed good agreement
with test results, the difference with test results only within 5%.

Recently, as UHPFRC has been used more widely, design recommendations using
the UHPFRC have been proposed. The flexural strength of the UHPFRC beam can be
determined by sectional analysis using the stress-strain relationship of UHPFRC under uni-
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axial compressive and tensile stresses. In this study, French and Korean recommendations
about UHPFRC member design were evaluated. The main difference between the two
recommendations was the limitation of material behavior. The French recommendation
(AFGC) [5] allow the strain hardening and softening. However, Korean recommendation
(KICT) [13] only suggests the strain hardening rule and specific mix proportion of UH-
PFRC. In addition, a review through the stress-strain curve proposed by the Korea Concrete
Institute was also conducted to examine the possibility of expanding the current structural
design standards.

In Table 7, stress-strain curves of two recommendations that can be used for the sec-
tional analysis of UHPFRC flexural member and KCI model suggested by Korea Concrete
Institute were summarized. To evaluate the applicability of these three models, a sectional
analysis was carried out with assumptions of (1) plane sections before bending remain
plane after bending, (2) perfect bond between concrete and reinforcement, and (3) if a
matrix not reinforced with steel fiber is used, the tensile strength can be ignored, and
the tensile strength should be considered when reinforced with steel fiber. The method
proposed by Park [20], which is used at high frequency in section analysis, was used except
for assuming the consideration of concrete tensile strength when steel fiber is used. Since
all specimens are reinforced with the same reinforcement ratio, the moment-rotation angle
relationship for the specimen with the 200-F matrix and the 100-F matrix with flexural
failure was derived. The characteristics of the materials used in the sectional analysis were
the average values of the material test results performed in this study.

Table 7. Stress-strain models for sectional analysis.

Recommendation Compression Tension Curve

wpmk + fctk,c/

€ = P
E€co = ka/Ecm wpeak le A}rfEc,eff f
= K, o — w19% ctkel . . . .
AFGC J;cd ! ’CfoC/k}é% €1,1% ot VerEeuft i D) =
cod cd/ Lem lf ) .
Eoud = [1 +14 (fctfm /fcm)]smd Eulim = i’ le= §h - fulK

Kglobal = 1.25, Kjpeat = 1.75 foia

0854 f [,
Ecr = %ﬁ'k
&y = %’f)k + %
KICT E. = 45GPa (pre-design) Elim = %g'k + ug’—e’;” — 08377, E 0004
Leg
hb@am

0.8 {1 —1/(1.05+ 6hbeam/lr:h)4

N
NN

fo=085f4[1- (1- g)"]
fc = 0-85fck,c (&c > €co)

4
KCI n=12+15(10k)" <20 -
eco = 0.002+ ({500 ) > 0.002
e = 0.0033 — ({ghatg ) < 0.0033

French recommendation (AFGC model) ff,: maximum mean post-cracking stress in tension[MPa], fo,: maximum mean stress in
compression (MPa), ac: coefficient that takes into account the long-term effects Ic: characteristic length (mm), wpe: crack opening
corresponding to the local peak or 0.3 mm if there is no peak (mm), 7.s: partial safety factor on fibers(=1.5), fs,i: the characteristic elastic
tensile strength (MPa), E..f: effective modulus of elasticity (MPa), wiy, = 0.01 H, H: height of the prism (mm), I;: fiber length (mm),
GrEc
7 ),
Gr: fracture energy (N/mm), fy: characteristic tensile strength (MPa), f..x: characteristic cracking strength (MPa), f.,4: design cracking
strength (MPa) (=¢. f.rx), (KCI model) f.: concrete stress, f: compressive strength of concrete, €.: concrete strain, eq,: strain at peak stress,
£c0: strain at ultimate state.

K: fiber orientation factor; Korean recommendation (KICT model) /i, : height of beam (mm), /j,: characteristic length (mm) (=
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Figure 8 shows the results of the moment-rotation angle relationship of the specimen
and the sectional analysis derived using material models suggested by AFGC, KICT, and
KCL. As a result of the analysis using the stress-strain relations, it was confirmed that the
initial stiffness is higher than the experimental results. However, the initial stiffness was
not considered in this study because the initial stiffness degradation may be caused by the
initial crack at the stirrup position, which is frequently encountered when an ultra-high-
strength matrix is used.

As shown in Table 8, KICT model overestimated the flexural strength of test specimen,
compared with AFGC model. This is because the limit of the tensile strain of the KICT
model is 200% larger than that of AFGC, and the tensile strength of the KICT model is 21%
larger than that of AFGC due to the strain hardening rule of the KICT stress-strain model.
In the case of ACI318 and KCI17, which are currently used as design standards, it was
found that the flexural strength of the specimen was conservatively evaluated. However,
the effect of steel fibers was not reflected. On the other hand, in the case of ACI544, which
partially reflected the effects of fibers, it was found that the prediction of the flexural
strength was relatively accurate, indicating that it was essential to consider the strength
contribution of the fibers when calculating the flexural strength.

Table 8. Flexural strength prediction.

Test AFGC KICT ACI318 ACI544 KCI17

Specimens Miest Marce Mypst Mkicr Miest Macizis Miest Macisas Myest Micny Myest
(kNm) (kNm) Marcc (kNm) Mygcr (kNm) Mycizis (kNm) Mycrsas (kNm) Mycny

U-S-F-6.6 331.7 362.8 0.99 378.9 0.88 294.8 1.14 325.6 1.02 272.5 1.22
U-0-0-3.4 114.0 311.1 0.37 306.5 0.37 294.8 1.06 294.8 0.35 272.5 0.42
U-5-0-3.4 245.6 311.1 0.79 306.5 0.80 294.8 1.06 294.8 0.75 272.5 0.90
U-0-F-3.4 355.2 362.8 1.06 378.9 0.94 294.8 1.14 325.6 1.09 272.5 1.30
U-S-F-3.4 338.8 362.8 1.01 378.9 0.89 294.8 1.14 325.6 1.04 272.5 1.24
H-0-F-3.4 246.5 301.2 0.82 311.0 0.79 286.0 1.05 293.8 0.84 256.9 0.96
H-S-F-3.4 300.2 301.2 1.00 311.0 0.97 286.0 1.05 293.8 1.02 256.9 1.17
U-0-0-2.0 132.1 311.1 0.42 306.5 0.43 294.8 1.06 294.8 0.41 272.5 0.48
U-0-F-2.0 318.3 362.8 0.95 378.9 0.84 294.8 1.14 325.6 0.98 272.5 117
H-0-F-2.0 276.2 301.2 0.92 311.0 0.89 286.0 1.05 293.8 0.94 256.9 1.08

Miest: Applied moment(test results), Margc: flexural strength calculated according to the AFGC recommendation, Mk cr: flexural
strength calculated according to the KICT recommendation, M4cjs1s: flexural strength calculated according to the ACI318 stress block,
M cisas: flexural strength calculated according to the ACI544 stress block, Mkcri7: flexural strength calculated according to the KCI17

stress-strain model.

4.2. Shear Strength Evaluation

Since the UHPFRC is far from the compressive strength limit of the shear strength
evaluation method of the current design standard, such as ACI [2], it needs to be evaluated
using test results. In this study, the shear strength models proposed by AFGC and KICT
were evaluated. For the applicability to current code provisions, ACI318 and ACI544 shear
force equations were evaluated. Table 9 summarized the shear strength models.

Both design recommendations for UHPFRC suggested that the shear strength of the
members could be calculated by the sum of the shear strength contributions of the concrete,
the shear strength contributions of the steel fibers, and the shear strength contributions
of the shear reinforcement. To evaluate the applicability of the two recommendations on
the evaluation of the shear strength contributions, the strength evaluation results by the
shear strength equation were compared with the experimental results. The shear strength
estimation method proposed by the two design recommendations was to consider the
principal stress direction and crack angle for calculating the shear strength contribution of
steel fiber. Because many design recommendations suggest the crack angle or compressive
strut angle of 45-degree, in this study, shear strength evaluation was based on the 45-degree
angle of crack or compressive strut. Table 10 shows the shear strength evaluation results of
each specimen.
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Table 9. Shear strength equations for the UHPC member design.

Recommendation Equations
Vrd = VRd,c + VRas + VRra,f
372 oep >0
VRae = 22 kf05byd, k =1+ { Ja ~ ,0ep = Nga/ Ac
AFGC YeTE T C 0.7% oep <0

_ Afv‘TRn,f 1 1 “Wiin B
Vias = g Oraf = iy aiy Jo'" o), Agy = bz

VRis = %nywd cotb, Vg pax = 2 X 1.14%bwszk/3/(cot9 + tan@)

Va= Vrpcd + Vfd + Vsa, Vrpcd =P (0-18\/ fcdbwd)/ Vfd = ¢b(fvd/ tanﬁ“)bwzr
KICT Fot = 2 i ), wy = max(w,, 03mm), B = 3 tan (25 ) — po,

Vsa = b wd Vwed = $o [0~84ffd/3 Sin(25u)bwd]

ACI318 Ve = (0.16)\\/@ + 17.6pwVMt—lf>bwd, Vg = Aefud
0.25
ACI544 0, = 3(%)

(AFGC model) Vgr4: shear capacity of UHPFRC members (N), Vr4.: shear capacity contributed by concrete (N), Vg, s: shear capacity
contributed by shear reinforcement (N), Vg, Iz shear capacity contributed by steel fiber (N), yg: safety coefficient(=1.5), f: characteristic
compressive strength, Ng;: applied normal force (N), A.: gross sectional area (mm?), Agy: area of shear reinforcements (mm?), z: internal
lever arm (mm), s: spacing of shear reinforcements (mm), f,,4: design yield strength of shear reinforcements, 0: strut inclination angle,
(KICT model) V;: design shear strength (N), V;,.4: design shear strength of a member which have no shear reinforcement (N), V;: design
shear strength provided by reinforcing fibers (N), V;;: design shear strength provided by shear reinforcements (N), ¢;,: member strength
reduction factor, f.;: design compressive strength of K-UHPC, b,,: web width, d: effective depth of member, f,,;: average design tensile
strength of K-UHPC normal to the diagonal crack (MPa), B,: inclination of diagonal crack, T: average design shear stress (MPa), 0z, oyu:
average compressive stress in the longitudinal direction and normal to the longitudinal direction, respectively (MPa), By: angle between a
diagonal crack and a line at 45 degree from the longitudinal axis of a member, z: the internal lever arm (mm), A,: area of steel reinforcement
fyoa: design yield strength of shear rebars (MPa), as: inclination of shear rebars, (ACI318 model) V;: contribution of concrete on shear
strength, f./: compressive strength of concrete, p,: longitudinal reinforement ratio, b,: width of web, d: effective depth of section, V;:
contribution of shear reinforcement on shear strength, A,: area of shear reinforcement, f;: yield strength of shear reinforcement, s: spacing
of shear reinforcement, (ACI544 model) v,,: shear stress of section, f;/: splitting tensile strength of concrete, a: shear span length.

Table 10. Shear strength prediction of all test specimens.

Test AFGC KICT ACI318 ACI544
Specimens Viest Varcc Vit Vkicr Viest. Vacrzis Viest Vacrsaa Viest
(kN) (kN) Varcc (kN) Viicr (kN) Vacs (kN) Vacisu
U-S-F-6.6 179.7 599.2 0.30 221.2 0.81 269.4 0.67 409.8 0.44
U-0-0-3.4 119.8 165.6 0.72 120.6 0.99 138.3 0.87 173.5 0.69
U-5-0-3.4 259.4 266.3 0.97 215.8 1.20 269.6 0.96 304.7 0.85
U-0-F-3.4 373.1 498.5 0.75 4714 0.79 144.0 2.59 328.8 1.13
U-S-F-3.4 355.9 599.2 0.59 566.5 0.63 275.3 1.29 460.1 0.77
H-0-F-3.4 258.9 270.9 0.96 247.5 1.05 105.9 2.44 274.4 0.94
H-S-F-3.4 315.3 371.7 0.85 342.6 0.92 237.2 1.33 363.7 0.87
U-0-0-2.0 2354 165.6 1.42 120.6 1.95 146.8 1.60 198.1 1.19
U-0-F-2.0 568.4 498.5 1.14 4714 1.21 152.5 3.73 506.7 1.12
H-0-F-2.0 493.2 270.9 1.82 247.5 1.99 114.4 4.31 444.6 1.11

Viest: Applied load(test results), Vargc: shear strength calculated according to the AFGC recommendation, Vi;cr: shear strength calculated
according to the KICT recommendation, Vac315: shear strength calculated according to the ACI318, V4cjs544: shear strength calculated
according to the ACI544 (suggestion of Sharma).

According to UHPFRC design recommendations, the shear strength of all the test
specimens with a shear span to depth ratio of 3.4 was overestimated, except for H-0-F-3.4.
The error was larger when the specimen was not reinforced with steel fiber and shear
reinforcement. On the other hand, H-0-F-3.4, which is reinforced with steel fiber and com-
paratively low compressive strength of the concrete matrix, was conservatively estimated
but had high accuracy. Therefore, it was confirmed that steel fiber should be reinforced to
the matrix to design the member according to UHPFRC design recommendations. As the
current design standards did not reflect steel fibers, it was confirmed that the specimens
reinforced with steel fibers had high water retention. When a high-strength matrix was
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used, excessively high strength was estimated. High precautions are required in the shear
design. Sharma'’s estimation equation provided by ACI544 did not reflect the phenomenon
of deterioration of the split tensile strength of the ultra-high-strength concrete matrix. Thus,
it was found that the evaluation was unsafe.

In order to evaluate the shear strength equations for the reinforcing effect of steel fiber,
test specimens with a shear span to depth ratio of 2.0 were examined. As shown in Table 10,
the predicted value was much smaller than the tested value. Especially, it is confirmed
that this tendency is more prominent when reinforced with steel fiber. This was the case
in both the AFGC and KICT design recommendations. This phenomenon was confirmed
as a phenomenon occurring because the angle was evaluated at 45 degrees in this study.
However, design recommendations consider the crack angle and principal stress angle as
the effect of the shear span to depth ratio. Therefore, the crack angle of each specimen was
measured to consider the effect of the crack angle. In U-0-0-2.0, which is not reinforced by
steel fiber, the crack angle close to 45 degrees was measured in the web center. The U-0-F-2.0
and H-0-F-2.0, which were reinforced with steel fiber, had crack angles of 38 degrees and
39 degrees at the center of the web. Figure 9 illustrated the calculated shear strength and
experimental results of the specimens with a shear span to depth ratio of 2.0. According to
Figure 9, AFGC showed high accuracy when applying the relationship between the crack
angle and the shear strength contribution of steel fiber.
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Figure 9. Shear strength - Crack Angle relation.

However, the KICT strength prediction model overestimated the strength of the
test specimen. This is probably due to the similarity of the 200-F matrix used in this
study with the materials used to establish the AFGC recommendations. On the other
hand, in the case of KICT, it was considered that the overestimation of the shear strength
occurred because the standard material of the KICT recommendation was strain hardening
material, especially under tensile stress. In the case of H-0-F-2.0, both AFGC and KICT
were underestimated. This was because both design recommendations made the shear
strength contribution of the concrete small to reflect the steel fiber’s reinforcing effect.
As long as the concrete used does not meet the design recommendation’s main material
strength, it is considered to have great conservatism. In the case of not reinforced with steel
fiber, both design recommendations tend to be underestimated, and it can be confirmed
that the same strength is estimated regardless of the change in crack angle. This is because
the design recommendations only consider the effect of crack angles when calculating
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the shear strength contributions of steel fibers. This was because it affected only the
support of the tensile strength at the shear crack surface and was not directly related
to the diagonal compressive strut’s strength. However, as shown in Table 10, the shear
strength of specimens not reinforced with steel fibers changes with the shear span ratio
change. Therefore, further research is needed to investigate the shear span to depth ratio of
rectangular section UHPFRC members.

5. Conclusions

For the safe design of UHPFRC, the influence of major design variables was experi-
mentally evaluated, and the applicability of two design recommendations was evaluated.
The conclusions are as follows.

1.  The ultra-high strength concrete without steel fiber showed a shear failure. However,
in specimens reinforced with steel fiber, the appearance and spread of diagonal cracks
were observed. However, shear failure caused by the widening of the diagonal
shear crack did not occur. It means that 2% volume fraction of steel fiber could
change the mode of failure of beams. Moreover, it was found that the diagonal shear
cracking strength could be increased by 95% when reinforced with 2% volume fiber
of steel fiber.

2. The comparison of shear strength of H-0-F-3.4 and U-0-F-3.4 was impossible because
the final failure mode of U-0-F-3.4 was a flexural failure. Therefore, as compres-
sive strength increased with 100 MPa, shear strength at least 40% increased. This
phenomenon was observed in the diagonal shear cracking strength.

3. When the steel fiber was included, the diagonal crack’s angle was lower than that
of the case where the steel fiber was not used. Therefore, it was considered that the
effective area of the steel fiber became larger, and the shear reinforcing effect of the
steel fiber became larger. The decrease of the shear span to depth ratio showed a
significant increase in the shear strength because the compressive strength of diagonal
compressive struts increases significantly. Dispersion of splitting cracking of diagonal
compressive strut delayed the failure and increased shear strength.

4. Asaresult of evaluating the UHPFRC design guideline’s applicability in France and
Korea, AFGC showed a conservative evaluation for both flexure and shear. KICT
underestimates flexure strength. However, it overestimated the shear strength. Both
design recommendations did not consider the increase in shear strength due to the
decrease of shear span to depth ratio unless the change in crack angle to shear strength
contribution of steel fiber was considered. Thus, each design recommendation had
a large conservatism at short shear span to depth ratio specimens. As a result of
examining the shear strength of U-0-F-2.0, AFGC showed high accuracy when re-
flecting crack angle and KICT underestimated shear strength. This is because, as
described above, the material used in this study was a strain-softening material, and
the enhancement rate of the tensile strength itself was lower than that of the material
used in the KICT.

5. When the design stress-strain relation of the design recommendation was followed,
the flexural behavior was presumed to have a significantly lower ductility ratio
than the actual flexural behavior. Therefore, a study on the ultimate strain in the
compression fiber proposed by the design recommendation in the flexural design
should be added. A study on the ductility ratio of the member should be added.

6. The two design recommendations for shear design consist of the sum of the shear
strength contributions of concrete, steel fiber, and shear reinforcement. Since the
contribution of concrete was not influenced by the present shear span to depth ratio,
an additional experiment should be carried out using the shear span to depth ratio
and the amount of steel fiber as a variable in the beam using UHPC, which is not
reinforced with steel fiber.

7. Model code which did not consider the inclusion effect of steel fiber underestimated
flexural and shear strength of UHPFRC. However, model code overestimated the
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shear strength of the test specimens without steel fiber. Therefore, it should be
carefully used for the design of UHPFRC.
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