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Abstract- This study presents the response of pretensioned members using 180 MPa ultra-high-performance concrete
(UHPC) under quasi-static and low-velocity impact loads. Each prestressed concrete (PSC) member was fabricated to a
size of 150 × 150 × 1200 mm and pretensioned to a single strand of 12.7 mm or 15.2 mm diameter. The prestressing force
was 90% of the yield strength of the strand and the eccentricity of the strand is 1 to 3 times the diameter of the strand
from the member’s bottom. The strain was measured by attaching strain gauges to the surface of the concrete specimens
and the transfer length was calculated by the 95% average maximum strain (AMS) method. The three-point loading test
was performed by applying static and impact loads to a clear span of 1000 mm. The low-velocity impact load was applied
by dropping 150 kg and 270 kg of weights along the height of 1.8 m and 1.5 m, respectively. Static and impact loads were
also tested for members retrofitted with carbon fiber reinforced polymer (CFRP) sheets. The static flexural strength of
CFRP reinforced members were improved by about 20% compared to that of plain members, and the CFRP debonding
tendency was increased. The UHPC flexural members may exhibit a somewhat brittle failure at the final stage depending
on the reinforcements, so if brittle failure of the member, such as under impact loading, is expected, an appropriate
alternative such as external reinforceing is required.
Keywords – Ultra-high-performance Concrete (UHPC), Pretensioned beam, Transfer length, Flexural test, Low-velocity
impact loads, Carbon fiber reinforced polymer (CFRP)

I. INTRODUCTION
Fiber reinforcing is one of the most effective ways to improve the weakness of concrete [1-3]. Conventional fiber
reinforced concrete was developed in the 1960s and has been developed into various high-performance fiber
reinforced cement composites (HPFRCC). The ultra-high-performance concrete (UHPC) is a new material that is
different from conventional concrete and features very high compressive strength and improved tensile strength [46]. When UHPC is applied to the PSC member, it is possible to maximize its performance, for example, by not using
reinforcing bars. However, since the manufacturing process is difficult, it is appropriate to manufacture by the
precasting method, and therefore, the pretension technique is essential. Today's structures require high resistance to
impact, blast, earthquakes and extreme fires. In response to high strain rates, many researchers are paying attention
to fiber reinforced polymers (FRP) for structural reinforcement [7-9]. Therefore, in this study, the transfer length
was measured to evaluate the response of the 180 MPa UHPC pretensioned member, and the three-point loading
flexural tests were performed under quasi-static and low-speed impact loads.
II. FABRICATION OF UHPC PRETENSIONED BEAMS
2.1 UHPC Mixture
Table 1 shows the typical mix proportions of 180 MPa UHPC [4, 6, 10, 11]. The water-binder ratio (W/B) was 0.2,
and the binder (cement, silica fume), silica sand, filler, liquid type super plasticizer, and 2% volume fraction of micro
steel fiber was used. Cement was ordinary Portland cement, and reactive powder was silica fume. The fine aggregate
used was Australian silica sand less than 0.5 mm. The filler had an average particle size of 2 μm and a SiO2 content of
98% or more. As the super plasticizer, a polycarboxylate high-performance water reducing agent was used. The micro
steel fiber used had a tensile strength of 2,500 MPa, a diameter of 0.2 mm, and a length of 13 mm.
Table -1 Mix proportions of UHPC (by weight ratio)
W/B Cement Silica fume Silica sand Filler Super plasticizer
0.2
1.0
0.25
1.1
0.3
0.016
*
Volume fraction of fiber

Steel fiber
2%*

2.2 Set up for Transfer Length Measurement
The experimental variables for measuring the basic transfer length of UHPC are the diameter and location of the
strand. The 7-wired strands were 12.7 mm in diameter (13 Series) and 15.2 mm in diameter (15 Series), and the clear
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concrete cover was one to three times the strand diameter from the bottom of the specimen. Pretensioned members are
fabricated in sizes of 150  150  1200 mm. In the experimental conditions, five specimens were made for each
parameter and two batches were placed separately in the variable depending on the diameter of the strands. The strand
was tensioned to 90% (1370 MPa) of the yield strength of the strand with a mono hydraulic jack and the then UHPC
was placed. After placing, UHPC was cured in air for 24 hours and then steam cured at about 90°C for 72 hours. The
compressive and flexural strengths of the two batches of UHPC are summarized in Table 2. The first batch shows a
higher compressive strength than the UHPC in the second batch but a lower flexural strength. For the measurement of
stress transfer length, 23 surface strain gauges per specimen were attached and deformation before and after strand
cutting was measured. The strand was cut using a grinder to check the characteristics of the cut end (live end) and the
dead end due to flame cutting. Figure 1 shows the experimental procedures for measuring the stress transfer length.
Table -2 Strength characteristics of UHPC
Batch
Compressive strength (MPa) Flexural strength (MPa)
13 Series 192.6
15.9
15 Series 178.7
32.0

(a) Preparing the molds
Figure 1.

(b) Tensioning of strands
Test procedures of transfer length

(c) UHPC placing
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(e) Detensioning
Figure 2.

(f) Measuement of strain
Test procedures of transfer length (continued)

2.3 Results of Transfer Length Measurement
Based on the measured raw data, the transfer length was estimated by using the 95% AMS (average maximum strain)
method. The results of the stress transfer length test are shown in Table 3 and Figure 2 [10-12]. In the 12.7 mm
strand‟s test, the difference between the live end and the dead end indicates that the live end has a longer transfer
length. There was no significant difference in transfer length depending on the cover depth of the live end. However,
at the dead end, the transfer length increases significantly as the cover increases, the result is from the limitation of the
measuring points. That is, it is considered that a small difference in deformation is reflected in the deformation length
value in the region where deformation suddenly changes. The experimental results of the stress transfer length of the
15.2 mm strand show that the difference between the live end and the dead end is greater for the live end transfer
length, but there was no change in the transfer length depending on the depth of the cover. The difference in length of
stress transfer according to the diameter of the strand is compared to the measured length of the actual end with small
deviations. The transfer length of the 12.7 mm strand is about 240 mm and the transfer length of the 15.2 mm strand
is about 355 mm. Thus, the stress transfer length of the 15.2 mm strand is greater than the stress transfer length of the
12.7 mm strand, and the stress transfer length increases as the strand diameter increases. However, in the present
design code, the transfer length is estimated by the stress and diameter of the strand, so applying it to UHPC‟s cases is
very conservative and the new criteria should be established.

(a) 12.7 mm strand

(b) 15.2 mm strand
Figure 2.

Transfer length of UHPC

Table -3 Transfer length measurement results
Diameter of strand
Thickness of clear cover
Specimen
(mm)
(mm)
13-1d
12.7
13-2d
12.7
25.4
13-3d
38.1
15-1d
15.2
15.2
15-2d
30.4
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Cut end Dead end
237
54
235
165
250
242
380
265
311
265
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15-3d

45.6

375

246

III. FLEXURAL RESPONE OF BEAMS
3.1 Flexural Test Programs
Flexural tests were performed on the static and impact loads using specimens with for transfer length measurement.
The three-point loading flexural test was carried out for a 1000 mm clear span, and the quasi-static load was applied at
the center of the member by a hydraulic jack. Figure 3 shows the setup of the low-velocity impact loading test. The
load was applied at the center of the beam by dropping the weights of 150 kg and 270 kg along the height of 1.8 m
and 1.5 m, respectively [12, 13]. For some specimens, a carbon fiber reinforced polymer (CFRP) was attached to the
bottom of the specimen as shown in Figure 4, three-ply 130  900 mm high strength carbon fiber sheet was attached
with epoxy and the mechanical properties of the CFRP material are summarized in Table 4. The flexural test was
carried out after 14 days of CFRP curing.
H Beam Guide

150, 270kg
Weight

UHPC PSC
Beam

Support

Figure 3.
Table -4 Mechanical properties of CFRP
Tensile strength
CFRP
(MPa)
High strength carbon fiber 4,900
Epoxy resin
90

Figure 4.

Test set up for low-velocity impact load

Elastic modulus
(GPa)
230
3.0

Ultimate strain
(%)
2.1
8.0

Thickness
(mm)
0.111
-

Schematic draw of loading and CFRP strengthening (Unit: mm)

3.2 Results of Quasi-Static Test
Table 5 shows the flexural test results for plain (non-retrofitted) specimens. All specimens showed a flexural failure
mode with many cracks in the middle. Compared to the 13 Series (12.7 mm diameter strand), the 15 Series (15.2
mm diameter strand) has larger crack widths and spacing and the 1d cover depth series has lower strength than the
2d cover depth series. Even if the strand‟s eccentricity is at its maximum in the 1d series, the shallow concrete cover
will not induce sufficient prestress. Therefore, for UHPC members, the concrete clear cover must be twice the
diameter of the strand to ensure reinforcement by prestressing forces. In the 13 Series, many hair cracks occurred in
the middle 300 mm area and large cracks occurred at the center, causing the test specimen to break. One of the
characteristics of UHPC is that it does not increase the width of many cracks along the span, but one or two large
cracks occur near the point at which the bending moment or shear force becomes maximum and is failed. In the 15
Series, these failure patterns are more pronounced and the brittleness may increase. Also, when using deformed
rebars on UHPC, cracking can occur during initial manufacturing stages due to the large autogenous shrinkage and
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restraining effects [14]. Therefore, considering the crack growth pattern of the UHPC flexural members, full
prestress is preferable for PSC members.
Table -5 Flexural test results of the non-retrofitted specimens
Specimen
13-1d 13-2d 13-3d 15-1d 15-2d
Cracking load (kN)
69.88
68.11
62.87
84.08
71.92
Maximum load (kN) 131.23 133.47 119.58 131.63 147.95

15-3d
57.55
132.47

Table -6 Flexural test results of the CFRP reinforced specimens
Specimen
13-2d 13-3d 15-1d 15-2d
Cracking load (kN)
72.96
71.60
80.64
80.20
Debonding load (kN)
98.57
96.09
92.57
97.89
Maximum load (kN)
164.56 167.72 146.07 153.32
Deflection at max. load (mm) 5.2
5.8
4.0
5.1
Table 6 and Figure 5 show the flexural test results of specimens reinforced with CFRP. The specimens reinforced
with three sheets of carbon fiber exhibited an increased maximum load of 32% and 7.3% respectively in the 13 and 15
Series. In the design calculations, the maximum load of the 15 Series is expected to increase by 24%. However, the
CFRP reinforcing is not effective due to the long transfer length and large reinforcement, and the flexural strength of
the 15 Series is considered to have increased little. The CFRP reinforced specimens showed smaller cracks than the
non-retrofitted specimens. In the case of the 13 Series, flexural cracks occurred over 400 mm at the center, and the
crack spacing was smaller. On the other hand, in the 15 Series, large cracks in the center part of the test specimen
were rapidly propagated and broken, rather than many flexural cracks.

Figure 5.
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175
150

Load (kN)

125
100
75
13-2d
13-3d
15-1d
15-2d

50
25
0
0

Figure 6.

10
Displacement (mm)

15

20

Load-deflection relationships of CFRP retrofitted specimens under static load

Figure 7.

Figure 8.

5

Crack development of CFRP retrofitted specimens under static load

Crack development of non-retrofitted specimens under impact load (1.62 kNs)
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3.3 Results of Low-Velocity Impact Test
Three sets of flexural tests were carried out in the low speed impact test: 1) when 1.62 kNs was loaded on plain
specimen; 2) when 1.62 kNs was applied to CFRP reinforcement specimen; 3) when the CFRP reinforced specimen
and 0.90 kNs impact load of was applied. For unreinforced specimens, 270 kg weight was dropped along a 1.5 m
height, with an impact of 1.62 kNs. For CFRP reinforced specimens, impact loads of 1.62 kNs and 0.90 kNs (150
kg weight and 1.8 m height) were applied. Figures 8 through 10 show cracks and failure patterns in the impact test.
In the figures, the number after „Blw‟ indicates the number of blows in the final drop phase, „C‟ and „D‟ indicate the
cut end and dead end, respectively.

Figure 9.

Crack development of non-retrofitted specimens under impact load (1.62 kNs)

All non-retrofitted specimens were failed with large cracks at the first impact load of 1.62kNs impulse. Because of
the large deformation at the first impact load, only a small crack was added at the second blow. In the static test,
cracks in the 13 Series were concentrated in the middle area; However, in the impact test, the cracks spread along the
span of the specimen as shown in Figure 8. Also, the non-retrofitted 13 Series‟ strands were broken due to high
impulse. In the 15 Series, irregular large cracks did not occur in the center, but in the first blow, diagonal cracks
occurred and some cracks appeared in the transfer length region. This is also due to the large amount of reinforcement
by prestressing and steel fiber, and the 15 Series is more brittle than the 13 Series.
Figure 9 shows the failure pattern of a CFRP reinforced pretensioned member under an impulse of 1.62 kN⋅s with a
weight of 270 kg and a drop height of 1.5 m. The CFRP of all the specimens was debonded at the first blow. As the
flexural strength increased with the CFRP reinforcing, the failure of the specimen appeared to be flexural failure.
Therefore, in the 13 Series, the flexural resistance increased twice by CFRP, resulting in flexural cracks concentrated
in the middle area. Also, all cracks were within the transfer length. Due to the large cracks passing through the entire
section, the strand of the 13 Series specimen was broken. Under static loads, the strength of the CFRP reinforced 15
Series has increased slightly more than the strength of non-retrofitted members. However, under impact load, the
failure pattern has changed somewhat. The 15-1d specimen showed a tapered shape of the main crack. The CFRP
reinforced 15-3d was broken due to a main crack at the center and is similar to that of the non-retrofitted 13 Series.
However, some cracks also occurred in the transfer length region.
Since the impact load of 270 kg weight is considerably larger than the resistance of the test specimen, the specimen
was damaged by a single impact. For this reason, a lower impulse impact was applied, and a weight of 150 kg was
dropped at a fall height of 1.8 m, and an impact force of 0.9 kNs was applied. As shown in Figure 10, more thin
cracks were generated than large flexural cracks while the impact load of 0.9 kNs was repeatedly applied. Cracks
also appeared at the upper section due to the negative moment. Repeated impact caused crushing of the concrete on
the top surface. The 13 Series exhibited flexural failure with many cracks, and a major crack occurred in the second
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blow. Also, all 15 Series showed a lot of thin cracks. However, the 15-1d and 15-2d specimens were broken by
diagonal large cracks that did not occur at the center of the bottom fiber. In the case of the 15-3d specimen, a major
crack occurred during the fourth blow and the damage was considerably complicated. That is, in the case of the 15-3d
specimen, diagonal shear cracking occurred in the transfer length region, which was not observed in the first strike but
occurred in the fourth strike.
In the impact loading test of reinforced concrete beams using normal strength concrete, cracks appear diagonally to
the bottom of the section starting from the impact area of the impactor, usually called „cone‟ failure. In the static
bending test, the compressive strut starts from the area below the load and is formed near the support, but under
impact load, shear fracture occurs at the area directly under the impact load, which is a phenomenon occurring in the
process of dissipating impact energy. Because of its excellent load-resisting properties, UHPC disperses fine cracks in
large areas initially in large amounts of steel fiber. However, since there is no interlocking effect of aggregate and
resistance only by the adhesion performance of the steel fiber, it causes a small number of large cracks at the large
load and is failed. That is, when the UHPC member exceeds a certain performance range, a crack that greatly affects
the serviceability is generated [15], and a brittle failure pattern may be seen depending on the amount and shape of the
reinforcement. Therefore, if the brittle fracture of the UHPC member is expected, such as under impact load, an
adequate supplement such as external reinforcement is necessary.

Figure 10.

Crack development of non-retrofitted specimens under impact load (0.90 kNs)

IV. CONCLUSION
In order to observe the behavior of the pretensioned members with 180 MPa UHPC, the transfer length test and
flexural test was carried out under the quasi-static and low-velocity impact loads. The following is an outline of the
concluding remarks for this experimental study.
1) The transfer length was measured by prestressing force into UHPC member by the strand of 12.7 mm and 15.2 mm
diameter. Comparing the measured lengths of the live ends, the stress transfer length according to the diameter of the
strand was about 240 mm in the 12.7 mm strand, and about 355 mm in the strand of 15.2 mm. The calculation of the
transfer length of the current design criterion is very conservative for application to UHPC, and a new equation must
be established to calculate the stress transfer length of UHPC.
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2) All specimens showed a flexural failure mode with many cracks under quasi-static load. Compared to the 13 Series,
the 15 Series showed larger crack widths and spacing, and large amounts of reinforcement could cause brittle failure.
For pretensioned UHPC members, the concrete clear cover should be twice or more the strand diameter.
3) All non-retrofitted specimens were damaged by large cracks at the initial impact of 1.62 kNs. Also, the strands of
non-retrofitted 13 Series were broken due to high impact. In addition, irregular large cracks occur in the 15 Series,
and some cracks appear in the transfer length area. In the 13 Series, more flexural cracks were found in the middle
region under low-velocity impact load as the flexural reinforcement increased due to the CFRP. In the 15 Series
reinforced with the CFRP, it was failed due to diagonal main cracks or central main cracks.
4) For the lower impulse impact load with 0.90 kN⋅s, as the blow increases, additional thin cracks were occurred due
to negative moments and shear force. But almost additional cracks appear after the second blow. If the UHPC
member exceeds a certain resistance range, it may show a somewhat brittle fracture depending on the amount and the
arrangement of reinforcement. Therefore, if the brittle fracture of the UHPC member is expected, an appropriate
alternative such as external reinforcing is necessary.
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