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Abstract: This paper proposed a new method of exposing fibers using expandable polyethylene (EPE)
foam to improve the interface performance. The flexural tensile behavior of the interface between
precast steam-cured and cast-in-place non-steam-cured ultra-high performance concrete (UHPC)
members was examined under four-point bending. The improvement effects of four non-destructive
interface treatments—e.g., coating with epoxy glue and coating with a cement-based interface agent—
were experimentally studied for comparison. The load-deflection curves of the specimens were
measured, and the flexural tensile behavior of the interfaces was analyzed, including the failure
mode, flexural tensile strength, ductility, fracture energy, and residual strength. The results indicate
that the flexural tensile strength of an interface without any treatment is low and that coating with
the cement epoxy glue or the cement-based interface agent has a limited effect on improving the
flexural tensile strength. As a result of the bridging effect, the exposed steel fibers can transfer the
tensile force across the interface. Therefore, exposing fibers using EPE foam can significantly improve
the bond behavior of an interface. This enhancement effect depends on the number of exposed steel
fibers and can be simulated based on the pullout load-slip relationship of the steel fiber embedded in
the UHPC matrix. The proposed numerical model can be used to predict the bond behavior of an
interface with the fiber-exposing treatment.

Keywords: UHPC; flexural tensile strength; steel fiber; interface

1. Introduction

Ultra-high performance concrete (UHPC) is a type of cementitious composite material
with high strength and durability [1-4]. The bridging effect of steel fibers randomly
dispersed within UHPC can confine the propagation of microcracks [5] and lead to high
tensile strength and ductility [5]. As a result, using UHPC can decrease the maintenance
costs and environmental footprint compared with conventional concrete structures [6].
Moreover, because of its high early-age strength, UHPC is increasingly attracting interest
with respect to accelerated bridge construction [7,8].

For example, the fourth Yingde Bridge is a simply supported girder bridge with
a span of 102 m. As shown in Figure 1, it was assembled in situ using precast steam-
cured UHPC members. UHPC wet joints connected the precast steam-cured members.
The bond behavior of the interface between the precast member and wet joint remains a
critical problem for bridge design and is affected by four mechanisms: adhesion, friction,
mechanical interlocking, and dowel action (when reinforcement is present) [9].
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Figure 1. Accelerated bridge construction using ultra-high performance concrete (UHPC) for the
fourth Yingde Bridge.

The bond behavior of an interface is usually studied under shear or tension condi-
tions. The shear strength of the interface is related to the ultimate limit state in the bridge
design and is usually determined via push-off [10,11], bi-surface shear [12,13], and slant
shear [14,15] tests. The shear behavior is affected by all four mechanisms [9]. Therefore,
the shear strength can be efficiently improved via surface preparations, such as sandblast-
ing [13,14,16], shear keys [17], grooving [12,18], drilled holes [11-13,18,19], expanded
meshes [4], and exposed aggregates [15,16].

In the structural concrete design, the tensile strength of an interface is related to the
serviceability limit state and is usually studied using direct tension [15], pull-off [15,20],
three- or four-point bending [10,19], and splitting [14] tests. The bond strength under
tension is primarily determined by adhesion [9]. Prado et al. did not find any surface
treatment that was capable of reaching the flexural tensile strength of a monolithic structure;
their best result was 4.25 MPa [9]. Moreover, surface treatments cannot easily improve
adhesion and cannot efficiently transmit tensile stress [9]. Compared with normal- or
high-strength concrete, the interface treatment for a precast steam-cured substrate UHPC
member is more complicated. First, there is no coarse aggregate in a UHPC mixture. As
a result, the interface is very compact, and no exposed coarse aggregate is present on
the surfaces, which plays an essential role in determining the tensile bond strength [9].
Second, no steel fibers are exposed at the interface as a result of the mold. Accordingly, the
bridging effect contributing to the high tensile strength of UHPC vanishes at the interface.
Third, the interface agent for normal-strength concrete has difficulty permeating into the
substrate UHPC because the UHPC matrix is extremely dense (this is discussed in the
following sections). Consequently, Semendary et al. found a very low tensile bond strength
between precast UHPC and cast-in-place UHPC in direct tension tests [21]. Due to the
compactness of the UHPC interface, the coarse aggregate can is not exposed in the precast
UHPC well, resulting in very low bond strength. The highest measured bond strength was
only 0.88 MPa for all surface preparations [21].
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This study focuses on the improvement method of flexural tensile behavior of the
interface between precast steam-cured and cast-in-place non-steam-cured UHPC members
under four-point bending. A new method of exposing fibers using expandable polyethy-
lene (EPE) foam to improve the interface performance was proposed. As a comparison,
two traditional interface methods are also tested: coating with epoxy glue and coating
with a cement-based concrete interface agent. The measured load-displacement curves
and the flexural tensile strength of each specimen are presented and discussed. The nu-
merical model is then proposed to simulate the bond behavior of an interface treated with
exposed fibers.

2. Experimental Design
2.1. Materials
2.1.1. Mixture, Curing Procedure, and Mechanical Properties of the UHPC

A UHPC premix was used in this test. The UHPC premix contained Portland cement,
silica fume, crushed quartz, and steel fibers. As shown in Table 1, the UHPC mixture
included a superplasticizer and a water reducer. The water to binder ratio was 0.18.

Table 1. Ultra-high performance concrete (UHPC) mixture (kg/m3).

Materials Mass
Portland cement 680
Fly ash 200
Silica fume 170

Crushed quartz 1150
Steel fibers 100
Water 156
Superplasticizer 180
Water reducer 14

Two types of steel fiber were used in the UHPC mixture: (i) straight and (ii) hooked
steel fibers. The geometry and parameters of the steel fibers are presented in Table 2. The
volume fractions of the straight and hooked steel fibers were 1.4 % and 0.6 %, respectively.

Table 2. Properties of the steel fibers used in the UHPC premix.

S H
2
< 2
g
Fiber shape Straight Hooked end
Length (mm) 13 13
Wire diameter (mm) 0.2 0.2
Aspect ratio 65 65
Tensile strength (MPa) 2600 2600
volume fractions 1.4% 0.6%

During construction, the precast member is cured using steam, whereas the wet joint
is not steam cured. Accordingly, steam-cured and non-steam-cured specimens were cast in
the mechanical property test.

The steam-cured and non-steam-cured UHPC specimens used the same mixture. A
solid blender was used to dry-mix the dry components for 5 min to achieve a uniform
mixture. The water, water reducer, and superplasticizer were premixed and then gradually
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added to the mixture and mixed for an additional 8 min. The molds were filled and
compacted on a vibration table. After casting, the specimens were immediately sealed
with plastic sheets and stored in a curing room at 20 £ 2 °C with a relative humidity of
95% until testing. After curing for the first 48 h, the non-steam-cured specimens were
demolded and stored in the same curing room with the plastic covers. Conversely, the
steam-cured specimens were heated to 90 °C at a rate of 15 °C/h after demolding and
were stored in the steam-curing equipment for an additional 48 h. After steam-curing, the
specimens were cooled to 20 °C at a rate of 15 °C/h and placed in the same curing room as
the non-steam-cured specimens.

Both the compressive strength and the flexural tensile strength of the UHPC were
tested. The compressive strength was tested using cylinder specimens with a diameter
of 100 mm and a height of 200 mm. The flexural tensile strength was tested with a
rectangular specimen with the size of 100 x 100 x 400 mm. For each group, three specimens
were tested to assess the statistical variation in the strengths. The results are presented
in Table 3.

Table 3. Compressive strength and tensile strength of non-steam-cured and steam-cured UHPC specimens.

Age Compressive Strength Flexural Tensile Strength
Curing Procedure fe fi
(Days) Mean Value CoV Mean Value CoV
Steam-cured 7 138.31 2.5% 30.68 4.2%
eamreure 28 143.45 3.1% 32.26 3.7%
Non-steam-cured 7 71.24 6.6% 10.35 7.2%
ofisleam-cure 28 118.89 4.8% 20.60 5.6%

2.1.2. Ordinary Concrete

The ordinary concrete with a strength grade of C60 is composed of cement, sand,
stone, fly ash, slag, and water-reducer. The mix is shown in Table 4. The water-cement
ratio of the material is 0.31. After standard curing for 28 days, the compressive strength is
74.6 MPa, and the elastic modulus is 34.5 GPa.

Table 4. Mixture of C60 (kg/m3).

Materials Mass
Cement 448
Sand 626
Stone 1022
Fly ash 56
Slag 56
Water 174.7
Water reducer 2

2.1.3. Epoxy Glue

Epoxy glue was used in this study. The mechanical properties of this epoxy glue are
shown in Table 5.

Table 5. Mechanical properties of the epoxy glue.

Mechanical Properties Value
Tensile strength 50.4 MPa
Tension elastic modulus 6.6 GPa

Elongation 2.60%
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2.1.4. Cement-Based Concrete Interface Agent

Cement-based concrete interface agents are primarily used to repair existing concrete
structures. An interface agent, which is painted on the old concrete surface, can strengthen
the adhesive property of the new-to-old concrete interface and can improve the cohesive
strength according to the adhesive model of microcosmic changes in new—old concrete. The
cement-based cement interface agent adopted in this test consists of 95% ordinary Portland
cement and 5% silica fume.

2.2. Interface Treatment

As shown in Figure 2, a total of five types of surfaces were prepared on the steam-cured
UHPC substrate (i.e., no treatment: NT, epoxy glue: EG, cement-based concrete interface
agent: IA, exposed fibers using EPE foam: EPE, and a combination of exposed fibers using
EPE foam and the interface agent: EPE-IA). The surface preparations are detailed below.

(d)

Figure 2. Surface preparation for the precast UHPC substrate: (a) no treatment (NT), (b) epoxy glue
(EG), (c) cement-based concrete interface agent (IA), (d) exposed fibers using expandable polyethylene
foam (EPE), and (e) a combination of exposed fibers using expandable polyethylene foam and the
interface agent (EPE-IA).

2.2.1. No Treatment: NT

In the control group, the surfaces of the precast UHPC specimens were not treated. As
shown in Figure 2a, the surfaces were very smooth without any exposed coarse aggregate
or fibers after steam curing.

2.2.2. Coating with Epoxy Glue: EG

In this group, the steam-cured precast members were connected using epoxy without
a UHPC wet joint. The epoxy glue was coated on the interface of one of the UHPC precast
members after 48 h of steam curing to provide the connection with the other precast
member. As shown in Figure 2b, the surface was similar to that without treatment. No
exposed coarse aggregate or fibers can be observed.
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2.2.3. Coating with the Cement-Based Concrete Interface Agent: 1A

In this group, the cement-based concrete interface agent was coated on the interface of
a UHPC precast member before the wet joint was cast. Figure 2c shows that no exposed
coarse aggregate or fibers were observed.

2.2.4. Exposing Fibers Using an EPE Foam: EPE

An EPE foam was used to expose the fibers at the interface of the precast UHPC
member. As shown in Figure 3, the EPE foam was attached to the internal surface of the
end mold of the precast members. As a result of the rich voids in the EPE foam, the fibers
were able to penetrate into the EPE foam. After steam curing, the EPE foam could then be
removed. Figure 2d shows that the surface is rougher and, more importantly, that many
exposed fibers are observed at the surface. Then, the UHPC wet joint was cast between the
two precast UHPC members.

Expandable Polyethylene (EPE)

L I\Vile]le]

Step1 Step2

—p| - Precast .| Cast-in-site | Precast

Non-stream Curing

Demolding
Step3
Precast member | -+ . - jCastin-site . Precast member
T e ;',C'!.OSUFE:, e

Interfaces
Step 1: Step 2: Step 3:
Attach the EPE foam to the After steam curing, Set the cast-in-stie mold
internal surface of the end mold remove the EPE foam and cast the concrete

Figure 3. Interfacical improvement technology between precast members and the cast-in-site closure.

2.2.5. Combination of Exposing Fibers and Coating with the Interface Agent: EPE-IA

This treatment was a combination of exposing fibers using the EPE foam and coating
the interface with the interface agent. In the precast process, the EPE foam was used to
expose the fibers at the interface of the precast UHPC members, as discussed above. Then,
the cement-based concrete interface agent was coated on the interface after 48 h of steam
curing and before the wet joint was cast. The surface, similar to that treated by just the EPE
method, is rough and has exposed fibers, as shown in Figure 2e.

2.3. Specimens

In accordance with the various interface treatment technologies, most of the precast
members were connected using a wet joint, except for the treatment using epoxy glue.
Therefore, the bond behavior of the former members was determined by the performance
of the interface between the steam-cured precast UHPC and the non-steam-cured cast-in-
place UHPC. In these cases, as shown in Figure 4, one precast member with dimensions of
100 x 100 x 200 mm was cast first and then cured using steam. Immediately before casting
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the wet joint, the UHPC substrate surfaces were cleaned with an air jet, prepared using the
corresponding interface treatment, and moistened with water to create saturated surface-
dry conditions. The wet joint had the same dimension as the precast member. Ultimately,
the tested specimen had a cross-section of 100 x 100 mm and a length of 400 mm.

For the interface treatment using epoxy glue, two precast members with the same
dimensions of 100 x 100 x 200 mm were cast and cured using steam. The epoxy glue was
coated on the interface of one of the UHPC precast members to provide the connection
with the other precast member.

A total of seven groups of specimens were tested in this experiment. Each group
included three specimens. As shown in Table 6, the interfaces of the specimens are labeled
UNT, UGL, or UIA to indicate that they were treated with nothing, epoxy glue, or the
interface agent, respectively. In addition, the influence of the EPE foam thickness was
tested. The interfaces of specimens labeled UEPE20, UEPE25, and UEPE30 had EPE foam
thicknesses of 20, 25, and 30 mm, respectively. Accordingly, the combined effect of EPE and
the interface agent was studied via the specimen labeled UEPE30A. The EPE thickness of
this specimen was 30 mm.

Steam curing Standard curing

—

g
~H

Interface agent

|

Glue

i

Interface agent

Fibers

EPE Foam

l
l

EPE Foam Interface agent

Interface agent

|

L

l

Figure 4. Interface treatments on the steamed-cured substrate.

Table 6. Detailed summary of specimens.

No Specimen Surface Treatment Width of EPE (mm)
1 UNT No -
2 UGL Epoxy glue -
3 UIA Interface agent -
4 UEPE20 Exposed fibers by EPE 20
5 UEPE25 Exposed fibers by EPE 25
6 UEPE30 Exposed fibers by EPE 30
7 UEPE30A Exposed fibers + Interface agent 30
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Digital image correlation (DIC) system

2.4. Loading Setup and Measurement Configuration

The flexural tensile properties of concrete materials are usually tested by the four-point
bending test [22,23]. As shown in Figure 5, all specimens were tested under four-point
bending conditions with a supporting span of 300 mm and a loading span of 100 mm. The
specimens were monotonically loaded using an electro-hydraulic servo universal testing
machine under displacement control at a rate of 0.1 mm/s until failure. One linear variable
displacement transducer (LVDT) was placed at the mid-span of the specimens to monitor
the mid-span deflection. Two LVDTs were placed on the supports of the specimens to
monitor the support deflection.

- Mm

DIC system

Figure 5. Loading setup and measurement configuration.

Digital image correlation (DIC) is a non-destructive testing technique capable of mea-
suring the full-field displacement and, consequently, the deformation and strain fields. As
shown in Figure 5, the three-dimensional DIC system was set up on a base and positioned
parallel to the front surface of the beam at a distance of approximately 300 mm. Two digital
single-lens reflex cameras were used to obtain images of the test specimens throughout
testing to enable three-dimensional measurements. An additional blue light was placed on
the base and directed toward the region of interest to eliminate the shadow effect as well
as maintain the white balance of the images throughout the loading process. To enhance
the measurement accuracy for the concrete members, a speckle pattern was applied on the
surfaces of the specimens prior to testing. The camera used in this test had a resolution of
4096 x 3000 px.

2.5. Mercury Intrusion Porosimetry Test

Mercury intrusion porosimetry (MIP) was used to determine the porosity and pore size
distribution of the steam-cured UHPC and to analyze the effect of the cement-based concrete
interface agent. MIP tests were conducted on an AutoPore IV 9500 with a maximum
pressure of 400 MPa to measure pores down to a radius of 5.9 nm. For each test, samples
were collected randomly from the specimens. Each sample had a weight of 4 g and was
shaped prior to measurement. The contact angle and the mercury surface tension used
were 130° and 485.0 dynes/cm?, respectively.
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3. Experimental Results
3.1. Failure Modes and Surface

All specimens had similar failure modes, in which only one crack occurred at the
bottom of the interface and then propagated to the top, as shown in Figure 6. Clearly, the
interface is the weakest surface of the specimens, and its behavior determines the flexural
tensile strength of the assembled member. Regarding the failure surface, several fibers
can be observed across the interfaces that were treated using the EPE foam to expose the
fibers (EPE and EPE-TA). For the NT, EG, and IA treatments, no fibers were observed across
the interface.

No treatment
(NT)

No fiber

Epoxy glue Interface agent Exposed fibers Exposed fibers +
(GL) (1A) (EPE) interface agent
(EPE-IA)

+ gl

Epoxy without Interface agent Interface agent
fiber without fiber with fiber

Figure 6. Failure modes and surfaces of the specimens.

3.2. Load-Deflection Relationship, Flexural Tensile Strength, and Ductility

Figure 7 shows the measured load-deflection relationships for each type of specimen.
The UNT (without any treatment) specimen failed earliest when the force was only approxi-
mately 1.75 kN. When coating the interface with epoxy glue or the interface agent, the peak
forces slightly increased, with values reaching 2.23 and 3.29 kN, respectively. Exposing
fibers using the EPE foam significantly increased the peak force. This effect was influenced
by the thickness of the EPE foam. The failure forces were 7.6, 10.6, and 12.0 kN with EPE
thicknesses of 20, 25, and 30 mm, respectively. For the UEPE30A specimen, the peak force
was further increased. The failure force was 14.4 kN, which was approximately equal to
the sum of the values of the UIA and UEPE30 specimens.

For the force-deflection curves of the UEPE specimens, before the UHPC interface
matrix is pulled apart, the force-deflection curve of the specimen is similar to that of the
UHPC specimen without interface. At this time, the concrete matrix and fiber are carrying
capacity together. With the increase in force, the UHPC interface is pulled apart, and the
stiffness of the specimen begins to decrease. However, with the increase in slip, the pullout
force provided by the hooked fiber increases. When the pullout force of the hooked fiber
reaches the maximum value, the load of the test piece also reaches the maximum value.
Subsequently, the pullout force provided by the fiber began to decline, and the force of the
specimens showed a downward trend.

The flexural tensile strength of each specimen can be calculated according to the peak
force. The average strength and the coefficient of variance (CoV) of each group of specimens
are listed in Table 7. It is clear that exposing fibers using the EPE foam effectively improves
the flexural bond strength. The maximum flexural tensile strength reached 8.66 MPa, which
is larger than that reported in Ref. [9] (4.25 MPa).
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Figure 7. Measured load-deflection curves.

Table 7. Flexural tensile strength of the specimens.

Strength (MPa)
Specimens

Mean CoV
UNT 1.06 2.80%
UGL 1.36 1.02%
UlA 1.97 1.39%
UEPE20 4.68 0.74%
UEPE25 6.48 0.53%
UEPE30 7.34 0.33%
UEPE30A 8.78 0.37%

The fiber-exposing treatment was also valuable with respect to improving flexural
ductility and residual strength. The bending behavior of the UNT specimens was shown to
be brittle failure, with the specimens failing immediately when the peak force was reached.
However, specimens with the fiber-exposing treatment exhibited post-cracking behavior,
as shown in Figure 7. The deformation ductility index D can be calculated as follows:

D="-% Q)

where J;, is the deflection corresponding to the peak force, and 4 is the ultimate deflection
when the specimen fails.

Figure 8 presents the ductility index of the UEPE20, UEPE25, UEPE30, and UEPE30A
specimens. The ductility index increased with increasing EPE foam thickness. For the
UEPE20, UEPE25, and UEPE30 specimens, the values of the ductility index ranged from
4.10 to 5.69. In conjunction with the interface agent, the ductility index reached 6.30. In
addition, the residual strength increased. As shown in Figure 8, the UEPE20, UEPE25, and
UEPE30 specimens had similar residual strengths with values of approximately 2 MPa.
Including the effect of the interface agent can increase the residual strength by 2.73 MPa.

Based on the pullout behavior of steel fibers in UHPC reported by Wille and Naa-
man [24], there is still a certain residual pullout force when the steel fiber is not pulled out
from the concrete matrix, which still provides flexural tensile strength. Compared to the
peak pullout force of the fiber, the residual pullout force is approximately 15% of the peak
pullout force. Therefore, the UEPE20, UEPE25, and UEPE30 specimens had similar residual
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strengths with values of approximately 2 MPa. In addition, the addition of the interface
agent enhanced the bond performance between the old and new concrete interfaces, mak-
ing the steel fiber slip less in the specimens with the interface agent compared to the rest of
the specimens. The residual pullout force of the steel fiber was improved, and the residual
strength reached 2.73 MPa after using the interface agent.

8

(00)

B Ductility index

| [ 1 Residual strength | ]

UEPE20 UEPE25 UEPE30 UEPE30A

Figure 8. Ductility index and residual strength of the specimens.

(0))
®»

Ductility index
N
N

\V)

N
Residual strength (MPa)

o

3.3. Fracture Energy

The fracture energy Gg is often used to represent the resistance of concrete subjected
to tension. It can best be determined via uniaxial tension tests. However, indirect tests,
such as three- or four-point bending tests on notched beams, can be used and are easier to
perform [25-27].

According to the test results, the fracture energy can be calculated as follows:

Gf = (Wo -+ mgéu) (2)

where W is the area under the load-deflection curve; m = mq + 2my; m; is the mass of the
beam between the supports; 1, is the mass of the loading frame not attached to the load
machine; g is the acceleration due to gravity; and A is the area of the cross-section of the
tested beam.

The test results for the fracture energy of the specimens are plotted in Figure 9. The
fracture energy of the specimens without any treatment was only 25.19 N/m. This value is
much lower than that of ordinary, normal concrete (100200 N/m: G¢ = 76 fcorﬁs [26]). The
figure shows that, when using a fiber-exposing treatment, the fracture energy significantly
increases as a result of the increase in the flexural strength as well as the extension of the
post-cracking component. The fracture energies of the UEPE30 and UEPE30A specimens
were 5404 and 6785 N/m, respectively.

The specimens without interface treatment lost their bearing capacity rapidly after
reaching the peak load, and the brittle characteristics were obvious. After the interface
treatment, the steel fiber can prevent the crack from expanding, and the fracture resistance
of the concrete is enhanced. With the increase in the number of steel fibers at the interface,
the descending section of the load-displacement curve of the specimen becomes more
gentle, and the fracture energy gradually increases. The increase in the fracture energy
makes the higher ability of the specimen to suppress crack propagation, and the specimen
turns into ductile failure. After the interface treatment, the load-displacement curve of the
specimen after the peak load decreases smoothly, and the post-peak load capacity is strong.
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Figure 9. Fracture energy of the specimens.

3.4. Discussion concerning the Effect of Exposed Fibers

Exposed fibers spanning the interface provide a bond between the precast and cast-
in-site UHPC surfaces as a result of the bridging effect. Obviously, the contribution of the
exposed fibers depends on their quantity and the exposed length, which may be affected
by the thickness of the foam.

A series of surfaces was produced using EPE foam with thicknesses ranging from
12 to 30 mm. The number of fibers spanning the interface was counted, and the ex-
posed length of the fibers beyond the interface was measured. Note that only fibers
whose exposed length was longer than 1 mm were considered. The results are shown
in Figure 10.

After being exposed by EPE foam, the fibers showed a random distribution. The fiber
perpendicular to the interface direction contributes significantly to the bending capacity of
the interface. Therefore, the length of the fiber perpendicular to the interface is statistically
analyzed. As shown in Figure 10a, the number of exposed fibers increased with increasing
foam thickness. When the thickness was less than 20 mm, the growth was very rapid;
then, it became stable. The exposed length of the fibers appears to be independent of the
thickness of the foam. The average exposed length of the fibers was approximately 5.5 mm,
slightly less than half of the full length (13 mm) of the fibers. These results are consistent
for the bond behavior tests on the specimens with the fiber-exposing treatment using EPE
foam (i.e., UEPE20, UEPE25, and UEPE30). For the UEPE30 specimens, the percentage of
fibers left on the interface was calculated as 0.19%, which is much lower than the UHPC
specimen without an interface. This leads to its tensile strength being much lower than
those of the UHPC materials used.

e 8
200 £
g <A
£ 150 g 6
hay G
2 k)
2 4
2100 f £
> on
& 5
o L
5 50° Ez
:
zZ 0 @ 0

12 15 20 25 30

Thickness of foam (mm)

12 15 20 25 30
Thickness of foam (mm)

(a) (b)

Figure 10. Statistics concerning the exposed fibers with increasing foam thickness: (a) Numbers of
exposed fibers; (b) Exposed length of fibers.
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3.5. Discussion concerning the Porosity of Steam-Cured UHPC and the Effect of the Interface Agent

The cement-based concrete interface agent consisted of ordinary Portland cement and
silica fume. The silica fume was composed of very small particles that can seep into the
substrate interface of normal-strength concrete to increase its adhesive strength. In this
experiment, the silica fume was tested using the Malvern sizer. The average particle size of
the silica fume was approximately 0.08 um.

The effect of the interface agent in the presented experiments was minimal. The
flexural tensile strength of the interface treated with the interface agent was only 1.97 MPa,
as shown in Table 7. This effect is weaker than that observed for normal-strength concrete.
This is related to the porosity of the steam-cured UHPC.

The porosity and pore size distribution of the steam-cured UHPC were measured via
the MIP test. For comparison, the porosity and pore size distribution of normal-strength
concrete with a compressive strength of 60 MPa (C60) were also measured. The results are
given in Table 8 and plotted in Figure 11.

The steam-cured UHPC had a denser pore structure than C60. The cumulative pore
volumes, which are related to the mercury volumes, of UHPC and C60 were 0.0171 and
0.0266 mL/g, respectively. As a result, the tested porosities of UHPC and C60 were 4.22%
and 6.42%, respectively. Moreover, as shown in Figure 11b, the main pore diameters of
UHPC ranged from 1 to 50 nm, whereas the main pore diameters of C60 were between
40 and 270 nm. In addition, a principal peak can be observed in the pore size distribution
curve in Figure 11b; this is the so-called critical pore size D.. The figure shows that the
critical pore sizes D. of UHPC and C60 were 12 and 114 nm, respectively.

Considering the average particle size of the silica fume (80 nm), this indicates that the
cement-based interface agent can seep into the normal-strength concrete interface but not
into the steam-cured UHPC interface. This appears to be the reason why the interface agent
provided only a very limited bond between the precast and cast-in-place UHPC members.

Table 8. Porosity, total intruded mercury volume, and critical pore size.

Mercury Volume

. .o
Specimen Porosity (%) (mL/g) D, (nm)
UHPC 422 0.0171 12

C60 6.42 0.0266 114
0.03 0.04 T . : :
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Figure 11. Distributions of the pore volume: (a) Cumulative pore volume curves; (b) Log differential

pore volume curves.

4. Numerical Model and Verification

The material constitutive models of the UHPC members are shown in Figure 12. For
compression, f. is 118.9 MPa; g is 3200 pe; €y, is 10,000 pe, and Young’s modulus is 40 GPa.
The Poisson’s ratio of the UHPC is 0.2.
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Figure 12. Numerical model of the tested specimens using ABAQUS [25].

Static analysis is used with nonlinearity. As shown in Figure 12, the interface was
simulated with a hard contract (for compression) and with nonlinear springs (for tension).
The connection between the two interfaces is made using the spring described above. For
grid type, the concrete was set as a C3D8R unit with a mesh size of 10 x 10 mm. The
constraint on the lower left end of the beam was set as a fixed hinge support, and the lower
right end constraint was set as a rolling hinge support.

As shown in Figure 12, the interface was simulated with a hard contract (for com-
pression) and with nonlinear springs (for tension). The fibers through the interface were
simulated as springs connecting the two interfaces. The interface is divided into 10 areas
according to height, and each area is equipped with 2 springs. The spring’s constitution
is obtained by converting the corresponding straight fiber and hooked fiber in this area.
The nonlinear properties of the springs were determined according to the bond between
the steel fibers and the UHPC matrix. Wille and Naaman reported the pullout behavior of
steel fibers in UHPC [24]. According to their test results for the straight fibers (S fibers) and
hooked fibers (H fibers), which were used in this paper, simplified models were proposed
and are plotted in Figure 12. For all specimens treated with EPE foam at the interface, the
fibers passing through the interface include straight fibers and hook fibers. The ratio of the
two is approximately the same as in UHPC materials. The properties of the springs can be
calculated according to these models, the numbers of the two types of steel fibers and the
exposed length of the fibers.

Using the proposed numerical model, the load-deflection curves of the tested speci-
mens can be calculated. Figure 13 illustrates a comparison between the test and simulation
results. The numerical model accurately predicts the bending behavior of the specimens,
including the initial stiffness, cracking point, and flexural tensile strength.

Table 9 shows a comparison between the test and calculation of flexural tensile
strengths. When the deflection is larger than 0.3 mm, the calculation cannot proceed
because of a convergence problem resulting from the strong nonlinearity of the problem.
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Figure 13. Comparison between the test and calculation load-deflection curves.

Table 9. Comparison between the test and calculation flexural tensile strengths.

Calculated Strength (MPa)

Specimens Tested Strength (MPa)

Numerical Error (%)
UEPE20 4.55 441 3.08%
UEPE25 6.35 5.96 6.14%
UEPE30 7.21 6.67 7.49%

As shown in Figure 5, the three-dimensional DIC system was set up on a base and
positioned parallel to the front surface of the beam at a distance of approximately 300 mm.
During the test, the DIC system was used to collect the loading point and fulcrum dis-
placement of the specimen and the strain distribution at each stage of the loading process.
Figure 14 shows the test and simulation stress distributions of the specimens at the initial
cracking point. Similar strain distributions for the specimens were observed. The maximum
tensile stress originates at the bottom of the interface as a result of the bridging effect of the
steel fibers.

Test results

by DIC

|

Simulated by rosed Model
(b) UEPE25

Simulated by Proposed Model -0.030
(c) UEPE30

Figure 14. Strain distribution of specimens at the initial cracking point.
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The good agreement between the tests and the simulations indicates both the effec-
tiveness of the model strategy and the fact that the flexural tensile behavior of the series of
UEPE specimens depends on the bond between the exposed steel fibers and the UHPC.

5. Conclusions

In this study, the bond behavior of the interface between precast steam-cured and
cast-in-place non-steam-cured UHPC members under four-point bending conditions was
studied. The effects of four types of interface treatments were investigated. The following
conclusions can be drawn.

1. Without any treatment, the flexural tensile strength of the interface is 1.06 MPa,
which is very low. Treating the interface with an ordinary interface treatment method, such
as coating with cement epoxy glue or a cement-based interface agent, has a limited effect
on improving the flexural tensile strength. The flexural tensile strength of the above is 1.36
and 1.97 MPa. Compared with the flexural tensile strength of UHPC, the strength of these
two treatments reached 6.6% and 9.5%, respectively.

2. Using an EPE foam, the steel fibers can be exposed across the interface in a non-
destructive way. This treatment can significantly improve the flexural tensile strength,
ductility, and residual strength of an interface. Compared with the traditional concrete
interface treatment method, the use of EPE foam on exposed fiber is easier to apply and
can better improve the flexural tensile strength of the UHPC interface. Compared with
the specimens treated with the interface agent, the flexural tensile strength of the UEPE20
specimens is 4.68 MPa, and the flexural tensile strength is increased by 137%. As the
thickness of the EPE foam increases, the bending and tensile strength gradually increases.
Compared with the 20-mm-thick foam sample, the flexural tensile strength of the UEPE25
specimens and the UEPE30 specimens increased by 34% and 56%, respectively.

3. Both the experimental and calculated results confirm that the number of exposed
steel fibers is a key factor affecting the improved performance of the interface. The enhance-
ment effect positively correlates with the amount of fibers through the interface. For the
specimens with an EPE foam thickness of less than 20 mm, a higher EPE foam thickness
is appropriate for the deformability and toughness on account of its positive effect on
the amount of fibers through the interface. However, when the foam thickness exceeds
25 mm, as the foam thickness increases, the number of fibers through the interface has
no significant change. In such a case, the addition of EPE foam thickness could cause the
weakening effect of flexural tensile strength. Further studies need to be performed while
exposing a larger number of steel fibers across the interface.

4. A numerical model was presented for predicting the stress and deflection curve.
The proposed numerical model can be used to simulate the flexural tensile strength of an
interface with fiber-exposing treatments. The research results prove that beams can achieve
both satisfied flexural behavior and operation convenience with the interfacial improvement
technology. It should also be pointed out that further study on the relationship between the
macroscopic mechanical response and microstructure evolution of UHPC with the interface
is needed to better understand the underlying failure mechanism.
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