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available at the end of the article alleviate the impact on the traffics, a fast-hardening retarding high-early-strength
concrete (FRHQ) for the connections is in need. In this study, low-alkalinity
sulphoaluminate cement (LASC) concrete was modified to gain these characteristics.
Based on FRHC concrete, four slab specimens including a monolithic concrete slab
and three joint FRHC slabs were cast to investigate their flexural behaviors. With
proper splicing details in joint connections, the joint FRHC specimens behaved
approximately similar to the monolithic specimen. Combing the laboratory tests and
engineering practice, the newly developed FRHC mixture succeeded in fast-
hardening, retarding and high-early strength and the joint connections filled with
FRHC have a good flexural performance.
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1 Introduction

Guanghe expressway was built in 2012, linking Guangzhou city and Heyuan city in
Guangdong Province, China. Nowadays, the west extension of Guanghui expressway
was under construction and about to link to Guanghe expressway at Chungang bridge.
It was predicted that the traffic volume was going to grow heavily, the existing Chun-
gang bridge wolud be finally unable to meet the increasing demand and become con-
gested, especially in rushing hours. In such a situation, bridge widening was
recommended. A usual method of widening the bridge is to construct a new deck by
the side of the existing one with a joint connection filled by cast-in-place concrete,
shown in Fig. 1.
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The newly built bridge The joint connection

The existing bridge

Fig. 1 Prototype of longitudinal joints between the newly built bdrige and exisiting one

In practice, the existing slabs are required to maintain traffics and subject to the traf-
fic vibrations during the joints construction. However, the negative influence of traffic
vibrations on the joint connections has been confirmed by some researches. Before the
initial set, continuous traffic vibrations will cause some extent of bleeding to cement
mortar or concrete mixtures (Zhang et al. 2019). If the traffic vibrations occur during
the setting period, it will probably damage or obstruct the connection of the solid skel-
eton (Chen et al. 2009) in the PVA-ECC. The traffic vibrations will accelerate the trans-
portation of free water toward the anhydrous cement particles which would increase
the degree of hydration, affecting the flexural properties of joint connections as a con-
sequence. To alleviate the impact of the traffic vibrations, the joint connections are
usually completed at night or during periods of low traffic volumes. In the majority of
situations, the scenario for widening projects provides a window of about 8 h of total
construction time for the joint connections. This time includes new concrete place-
ment, finishing, and required strength development. Due to the short time available for
the widening operations, it is very important to minimize the time required for con-
crete placement and strength development. Therefore, FRHC is in need.

LASC produced by adding gypsum and limestone into the sulphoaluminate cement
clinker has many superior characteristics, such as high early strength, fast setting, low
alkalinity, high frost and permeation resistance. Therefore, LASC obtains increasing at-
tention (Juenger et al. 2011; Gartner 2004; Popescu et al. 2003). Due to the characteris-
tic of fast hardening and high early strength, LASC is selected to develop the FRHC to
apply in the widening bridge projects (Ye et al. 2010; Gastaldini et al. 2010; Glasser and
Zhang 2001). Compared to the ordinary Portland concrete (OPC), LASC is regarded as
environmental-friendly cementitious materials because during the process of manufac-
turing LASC produces lower CO2 emissions (Juenger et al. 2011), and has lower energy
requirement. Moreover, LASC can be manufactured by using many industrial bypro-
duct such as fly ash, blast furnace slag, phosphogypsum and scrubber sludge (Gartner
2004; Popescu et al. 2003). However, LASC has too short setting time and the LASC
concrete always sets at 30 ~ 40 min, which is not appropriate to concrete construction
procedure. The concrete used for filling joint connection should set during 90 ~ 120
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min, because the long enough setting time can help to keep the plasticity of fresh con-
crete, so as to facilitate the pouring, improve construction efficiency and ensure the
construction quality. The flowing property and setting time of LASC must be modified
to success the characteristic of retarding, or will seriously hinder the popularization
and application of the LASC.

1.1 Literature review

The Sulphoaluminate cement (SAC) has been used in China for over 40 years (Juenger
et al. 2011). Nowadays, it is receiving increasing attention due to its lower CO2 emis-
sions than the ordinary Portland cement (OPC) and its characteristics of fast setting
and high early strength.

With the improved requirements in engineering cases, there are higher demands in
early strength of SAC. In general, SAC’s early strength is always focused at the 12 ~ 24
h. However, to meet the accelerated construction’s needs, the 6-h strength was put for-
ward. The fast-hardening sulphoaluminate cement (FHSC) is the kind of cement that
the concrete with can succeed the target strength within 6 hours (Guo et al. 2018;
Kwon et al. 2018). To prepare FHSC, it was reported that the early strength agent has
little influence on improving the strength at 6 hours. For instance, Wang (2018) and
Aggoun (2008) added Na,SO, and triethanolamine into the SAC respectively, however,
the strength was improved at 1 and 3 days respectively, failed to meet the requirements
of FHSC. Considering the significant progress in “nano-concrete”, and the success ap-
plication of nano-calcium and nano-silica in reactive powder concrete, Yushi Liu
(2020) added nano-material, Graphene oxide, into the SAC. The results showed that,
adding Graphene oxide into the SAC could reach the target strength at 6 hour which
was 30 MPa, while the concrete without Graphene oxide was 20 MPa.

Although SAC shows high performance, it is still expensive to produce SAC due to
limited raw materials, i.e. aluminum and sulfur sources (Schneider et al. 2011). Adding
gupsum and limestone in SAC can decrease the cost, and this new kind cement is
known as low alkalinity sulphoaluminate cement (LASC). It is reported that limestone
powder can fill in the pores of cementitious materials thus reducing the porosity of
cement-based materials (Matschei et al. 2007). It is reported that adding limestone into
SAC to prepare LASC can improve the strength (Kenai et al. 2004), permeability
(Sakellariou 2003), carbonation resistance and corrosion resistance of reinforced bars
(Theodossis 2000; Batis 2002). Hargis (2014) demonstrated that the calcite in LASC
with limestone can react with monosulphoaluminate to produce monocarboaluminate
and ettringite. Limestone powder can promote early age hear evolution of LASC. The
addition of limestone powder can improve the early strength of LASC paste and also
improve the strength at later stages (28 days). Ma (2019) explore the effects of lime-
stone powder on the long-term performance of LASC, the hydration process and
microstructure development of LASC incorporated with limestone powder are investi-
gated at the ages from 1 day to 1 year.

Fast-hardening retarding high-early-strength concrete (FRHC) is a new kind of con-
crete, which was designed to meet the needs of accelerated construction and repair
construction. To success in high-early-strength, FRHC has the characteristic of fast
hardening and high early strength. The concrete with LASC sets within 40 min, which
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is too short to meet the constructions’ needs. Therefore, FRHC needs to contain plasti-
city during the pouring, shipping and placing, which means target setting time is about
90 ~ 120 min.

Many researchers have studied the effect of inorganic admixture on the set retard
behavior of the concrete. Shenlai Guo’s research indicate that the retarder had bet-
ter retarding performance with sodium silicate (Guo et al. 2019). Fly ash (FA) has
also been used as set retarder in many engineering cases. With high replacement,
the FA prolongs the setting time with great retardation (Celik 1995; Naik and
Singh 1997; Naik and Ramme 1990). However, at replacement of 70% or higher,
the FA was observed to cause rapid setting (Naik and Singh 1997). As for silica
fume (SF), its effect on retarding was also seem to be contradicted. Several re-
searches reported that the SF can prolong the setting time and the retardation in-
crease with replacement level (Khedr and Abou Zeid 1994; Alhosani et al. 1997;
Alshamsi et al. 1993), while some researchers claimed that the effect was negligible
(Wedding et al. 1984) and the retardation effect was associated with the superplas-
ticizer used in the concrete (Editor 1995). Some researchers also indicated that by
suitable calcium sulfate, the calcium sulphoaluminate cement concrete has a good
performance of retarding and strength development (Xu et al. 2014; Martin et al.
2015). Borax, at 25°C, can be precipitated with Ca2+ of cement grains to adsorb
onto the surface of the cement, thereby a calcium-based borate layer is formed,
which is responsible for its retarding effect (Ma et al. 2017; Sun et al. 2011; Cham-
penois et al. 2013; Champenois et al. 2015; Zajac et al. 2016). Unfortunately, effects
of retarders such as borax on calcium sulphoaluminate cement concrete hydration
at high temperature have been not observed.

Superplasricizers (SPs) are indispensable component in the production of con-
crete and exhibit good dispersing ability for the cement particles. The addition of
SPs to concrete can significantly improve the fluidity properties of concrete. Con-
crete materials of high strength and high durability can be achieved at a low
water-binder (W/B) ratio by using SPs (Collepardi and Valente 2006). Nowadays,
the conventional SPs used in concrete include modified lignosulphonate (MLS) SP,
sulfonated naphthaleneformaldehyde (SNF) SP, sulfonated melamine-formaldehyde
(SMF) SP, and sulfonated acetone-formaldehyde (SAF) SP (Sakai et al. 2006). In
the 1980s, a new generation of polycarboxylate-based (PCA) polymers was devel-
oped as SP in Japan. And the Naphthalane superplasticizer has been widely used in
China for its high water-reducing rate, cheap price and stable synthesizing technol-
ogy. However, there are few researches on comparing the Polycarboxylic SP and
naphthalene SP in preparing LASC concrete.

The precast deck systems is more and more applied in engineering cases, so as
to accelerate the construction and rehabilitation of bridge deck (Berger 1983). Dur-
ing the construction, the precast decks are lifted and assembled, the predefined
gaps between precast decks are left to be cast in place as joint connections. The
quality of the joints is essential to the safety of the bridge structures, therefore,
many researches have been conducted to study the mechanical properties of the
joint connection. The strength and stiffness of the loop-bars joints were investi-
gated by static and fatigue loading (Ryu et al. 2007). The mechanical properties of
U-bars and headed bars joints were compared and it was reported that the U-bars
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joint having higher capacity and suitable to accelerated construction (Lewis 2009).
Taking contacted lapping U-bar joints as reference, the longitudinal joints rein-
forced by lapped headed bar and lapped welded wire were investigated, and the
lapped headed bar was recommended (Ryu et al. 2007; Li et al. 2010).

1.2 Research significance

As mentioned above, FRHC has characteristics of fast hardening, retarding and high
early strength. But the research on the FRHC still remains at the preliminary stage. At
present, the researchers at home or abroad have mainly succeeded fast-hardening and
high-early-strength by adding compound admixture into the ordinary Portland concre-
te(OPC), while relative research on the concrete with LASC is still in lack. The initial
setting and final setting time of the concrete with LASC are vital to its workability and
applicability, but there are few researches on it. Also, the researches on the flexural be-
havior of joint connections filled by FRHC is insufficient.

In this paper, the researchers focused on developing a new kind concrete with
characteristics of fast hardening, set retarding, and high early strength, known as
FRHC, and the flexural behavior of joint connections filled with it in laboratory. In
part I, the effect of admixture types and dosage on the behavior of LASC has been
investigated, and the chemical mechanism has been discussed. According to the
test results, a new FRHC with LASC has been developed. In part II, based on the
test results of part I, a newly developed FRHC was used to fill the joint connec-
tions between two precast concrete slabs. A total of four specimen were tested for
their flexural behavior.

2 Research on FRHC

To meet the needs of the rapid construction without the traffic interruption, a new
kind FRHC with LASC was developed. The newly developed concrete achieved of min-
imizing the impact of the traffic vibrations on constructing longitudinal joint between
the existing bridge and the newly built one.

2.1 Material and parameters

During the development of the FRHC, the fast-hardening sulphoaluminate cement
(FHSC) was introduced to compare with LASC. The effects of several admixtures i.e.,
borax, aluminum sulfate, superplasticizers (Polycarboxylic superplasticizer and naph-
thalene superplasticizer) and steel fibers were also investigated. Table 1 exhibits ten
concrete mixtures.

To determine the mechanical properties of the concrete, the tests were conducted
following the rules listed in the Standard for Test Method of Concrete Physical and
Mechanical Properties(GB/T 50081-2019) (2019). For each concrete mixture, three
standard cubic specimens were cast and tested for measuring the compressive strength
at 6h, 10h, 12 h, 1day, 3d, 7d, and 28d; and three standard cylinder specimens were
cast and tested for measuring the splitting strength, Young’s modulus and poisson’s ra-
tio of 28d. The test results obtained from the average value of three specimen in each
mixture were shown in Table 2. The experiments were carried out during the winter in
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subtropical regions, the temperature and relative humidity were also recorded in Table
2.

2.2 Experimental results and discussions
2.2.1 Effect of borax
It is quite a short time for concrete with FHSC concrete to reach its initial setting,
resulting in concrete losing plasticity during early period, which is unfavorable for
concrete mixing, shipping and casting. It is necessary to extend the setting time.
Adding the borax can prolong the initial setting time. From the results of the sev-
enth concrete mixture shown in Table 2, it is noted that the specimens could not
set within 12 h. It is because the borax would generate a calcium borate coat cov-
ering the surface of the sulphoaluminate cement clinker, thus inhibiting the hydra-
tion. The coating thickness of calcium borate varies with the borax content, which
is hard to control. The compressive strength reached 36.7 MPa after one-day cur-
ing, and was up to 59.8 MPa with 28-day curing. And the splitting tensile strength
was 6.02 MPa.

Because of the long setting time, more than 12 h as aforementioned, adding borax to
retard set is not applicable for the construction of connecting the existing bridge with
the newly built one.

2.2.2 Effect of aluminum sulfate

The third to sixth mixtures took into account the effect of aluminum sulfate on mech-
anical properties, by adjusting the content of aluminum sulfate in the range of 2.75 ~
6.05 kg/m3. As illustrated in Fig. 2a, the compressive strength of concrete with LASC
increased quickly to about double to five times by 12 h, but the development rate slo-
wed obviously after 1 day. The mixture with 2.75 kg/m3 aluminum sulfate experienced
about five times compressive strength growth at 12 h, compared with that of 6 h. But as
a whole, the concrete with a higher content (4.95-6.05 kg/m3) of aluminum sulfate per-
formed a higher compressive strength at 6 h. However, after 1 day, it was the concrete
with a lower content (2.75-3.85 kg/m3) of aluminum sulfate that performed a higher
compressive strength than that of higher content.

Adding the aluminum sulfate could improve the flowing property of concrete,
shorten the induction period of the hydration reaction, and accelerate the hydration,
which would enhance the concrete strength at the early age. Higher content of
aluminum sulfate could lead to over-rapid hydration reaction, resulting in generating
the overlarge ettringite crystals in some area, which fails to evenly distribute in the ce-
ment paste, thus inhibiting the strength enhancement. As can be seen from the Table
2, for mixture 3 to mixture 6, splitting tensile strength could be enhanced by reducing
the content of aluminum sulfate. Also considering the cost of aluminum sulfate, the
mixture with lower content was preferred.

2.2.3 Effect of superplasticizer

The eighth and ninth mixtures took into account the effect of polycarboxylic SPs
and naphthalene SPs on the LASC concrete, and the mixtures details were listed in
Table 1. The influence on early strength caused by polycarboxylic SPs and
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naphthalene SPs were compared and analyzed. As shown in Fig. 2b, concrete with
polycarboxylic SPs behaved a weaker compressive strength than that of naphthalene
SPs during 6 ~12h. Afterwards, compressive strength of concrete with polycar-
boxulic SPs significantly soared up to 59.3 MPa during 12-24h and up to 73.4
MPa at 28 days, exceeding the value with naphthalene SPs. In terms of the con-
crete with naphthalene SPs, the compressive strength kept steadily climb.

During the process of LASC’s hydration, the molecule of SPs adsorbs on the cement
particle surface produce a large electrostatic repulsive force between the cement parti-
cles resulting in dispersion ability for the cement particles. The functional groups i.e.,
-COOH, -S0O3, react with Ca2+ and generate calcium and enriched the protective
layer covering the cement particle, reducing the rate of hydration process. Compared
with the concrete with naphthalene SPs, the concrete with polycarboxylic SPs formed a
more stable protective coat and reached a slower hydration rate. And the concrete with
polycarboxylic SPs has more homogeneous distribution and tiny size of hydration prod-
ucts, resulting dramatically increment of compressive strength. Therefore, the polycar-
boxylic SPs was recommended.

2.2.4 Effect of steel fiber

As cracking is fatal flaw in concrete, which could lead to reduction of the mechanical
properties and provide channels for the intrusion of harmful substances in the outside
world, it is necessary to restrain concrete cracking and enhance its durability. Utilizing
steel fiber is a possible method. The randomly-distributing steel fibers in concrete
could inhibit the development of micro cracks in concrete, so as to improve the tensile
strength and ductility of concrete.

According to Table 2, the compressive strength of mixture 10 with steel fibers
could reach up to 23.4MPa at 6h, and 42.6 MPa at 10h. As shown in Fig. 2c,
compared with mixture 3 without steel fibers, the enhancement of compressive
strength was not remarkable at the early stage, whereas it became significant after
1day. In terms of splitting tensile strength, specimens with steel fibers reached an
increment of 38.1%, resulting from the bond strength between fibers and the
matrix. Because of deforming between fibers and concrete matrix were inconsistent
when transferring load, which produced axial shear stress and tensile stress around
the fibers. Then, the bond between fibers and the matrix was broken, and the fi-
bers were pulled out at failure. Therefore, using steel fibers to prepare FRHC is

recommended.

3 Research on the flexural behavior of joints connection with FRHC with
LASC

To investigate the flexural behavior of the joint connections of the new and old con-
crete slabs, four slab specimens consisting of one monolithic slab and three joint slabs
were fabricated. The monolithic slab is 1500 mm in length, 180 mm in thickness and
500 mm in width. For each joint slab, it is consisted of two precast slabs and a joint
connection. The precast slabs are 500 mm in length, 180 mm in thickness and 500 mm
in width. As for the joint connection, its width is 500 mm. The details of the specimens
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were shown in Fig. 3. The parameters of this test were the reinforcement details of the

joint zone.

3.1 Material

C60 concrete and newly-developed FRHC were applied during the fabrication pro-
cedure. C60 concrete, mainly consisted of P.O 52.5 cement, water, fine aggregate
and additives was used to cast the precast slab specimens, and the mixtures is
shown in Table 3. To select an appropriate concrete mixture to prepare the FRHC,
the compressive strength of 6 h and 28 day and the fluidity was considered. Shown
in Fig. 4, it was obvious that the Mixture 1 and Mixture 2 had high strength at 6
hour. However, the FRHC required a high fluidity, and the Mixture 2 had the
higher fluidity than Mixture 1 did. Therefore, the new FRHC mixture was based
on mixture 2 and used to cast the joint connections between two precast slab
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Table 3 Mix proportion of concrete

Concrete Water- Water  Portland LASC Sand Rock Fly ash Mineral Super Aluminum Maximum

cement (kg/m®) cement (kg/m? (kg/m®) (kg/m®) (kg/m?®) powder plasticizer Sulfate diameter of
ratio (kg/m3) (kg/m3) (kg/mz) (kg/m3) the aggregate
(mm)
60 032 160 395 - 595 1105 55 50 10 - 25
FRHC 037 176 - 475 630 1165 - 7.125 6.05 15

specimens, and its mixture is also shown in Table 3. The C60 concrete was com-
mercial concrete obtained from the market, and the FRHC concrete was produced
by 350L self-falling concrete mixer in laboratory. The properties of each kind of
concrete mixture are listed in Table 4.

There are two types of steel bars used in slabs specimens, which are HRB 335 with
16 mm and 12 mm in diameter. The steel bars were subjected to tensile test and the
properties are listed in Table 5.

3.2 Experimental program

3.2.1 Fabrication procedure

The monolithic slab specimen and the precast slab specimens were cast by one time-
pouring with C60 concrete. After the precast specimens reaching the specific strength,
all interfaces between precast slabs and joint connections were roughened by a bush
hammer for exposing the aggregates and were cured for 28 days, then the joint connec-
tions between the precast slabs specimens were cast with FRHC. The demolding pro-
cedure was carried out 2 days after pouring concrete, and the specimens were coated
and cured for 28 days as recommended by the specifications. The fabrication proce-
dures are shown in Fig. 5.

3.2.2 Reinforcement details

Specimen M1 is a monolithic specimen without joint connection. There are two layers of
rebars having the same reinforcing details in specimen M1. Usually, the traffic direction
was defined as longitudinal direction and the transverse direction is perpendicular to the
traffic direction. But in this experiment, the traffic direction is defined as transverse direc-
tion, while the longitudinal direction is perpendicular to the traffic direction. At the top
layer of the reinforcement, 5 straight bars with a diameter of 16 mm along the longitu-
dinal direction were arranged as longitudinal bars. They were 75 mm in spacing and 1450
mm in long. And 15 straight bars with diameter of 16 mm along the transverse direction
were arranged as transverse bars. They were 100 mm in spacing and 450 mm in long. As
for the vertical ties, there were 27 straight bars with a diameter of 12 mm arranged and
their longitudinal spacing and transverse spacing were of 200 and 100 mm respectively.
The drawing of the M 1 is shown in Fig. 3b.

For the joint specimens, the reinforcement details in the precast slabs were almost
similar to M1. There are also two layers of rebars in the two precast parts. Five straight
bars with a diameter of 16 mm along the longitudinal direction were arranged as longi-
tudinal bars and they were 75 mm in spacing. And 5 straight bars with diameter of 12
mm along the transverse direction were arranged as transverse bars and they were 100
mm in spacing. As for the vertical ties, 9 straight bars with a diameter of 12 mm were
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Fig. 4 Fabricating the specimens (a) preparation; (b) slabs fabrication; (c) demolding; (d) casting
monolithic joint

arranged and their longitudinal spacing and transverse spacing are of 200 and 100 mm
respectively.

For specimen JF1, 5 circumstantial bars were embedded with diameter of 16 mm, lo-
cated in the center of the joint zone along longitudinal direction spacing 75 mm. The cir-
cumstantial bars were bent at their center of both sides down 180 degrees, with internal
bending diameter of 120 mm, and tied with the longitudinal bars protruding from the pre-
cast sections, with a lapping length of 360 mm. For specimen JF2, the longitudinal bars ex-
tended from the precast slabs were tied together with lapping length of 480 mm. In the
joint zone of specimen JF 3, five bars having standard hooks at both ends with diameter of
16 mm, transverse spacing of 75 mm were tied with longitudinal bars with lapping length
of 400 mm, which is shown in Fig. 3e. According to ACI 318-11, the standard hooks are
90-degree hook, which were designed as 90-degree bend plus 6 d (d means the diameter
of the bar) extension at free end of the bar, the diameter of bend was measured on the in-
side of the bar, other than for stirrups and ties, shall not be less than the values of six
times of rebars diameter. The drawings of the hook is shown in Fig. 3f. In the joint con-
nection, there were 8 lacer-bars, four of them were located in the top layer and the other
were located in the bottom layer. Besides, 6 vertical bars were arranged in the joint zone,
and the location and specific details were shown in Fig. 3c.

3.2.3 Test set up and instrumentation
The test specimen was placed in a simply supported condition with the span of 500 mm.
The loading was arranged for four-point bending condition. A manual hydraulic actuator
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Table 4 Summary of test results

Specimen C60 concrete LASC Ve, Vg d,
f(MPa) ¢/  f(MPa) Ex10°  f(MPa) f  fiMPa) E(x10®  (KN) (KN} (mm)
¢ MPa) ¢ MPa)
(MPa) (MPa)
M1 6461 6307 578 3387 - - - - 554 2523 1435
JF1 6461 6307 578 3387 6708 6349 586 3334 355 1602 4534
JF2 6461 6307 578 3387 6708 6349 586 3334 508 2482 8838
JF3 6461 6307 578 3387 6708 6349 58 3334 342 1776 3348

Notation: f.: cubic compressive strength; f'c: cylinder compressive strength; f;: split cylinder cracking strength; E: modulus
of elasticity; V,,: cracking load; V,: ultimate load; d,: the maximum displacement of the loading point

having 50 t capacity was fixed on a reaction frame. The reaction frame was anchored to
the ground. The vertical load was controlled through load cells between the actuator and
specimen. Deflections were measured with linear variable differential transformers
(LVDTs) located at midspan, load points, and two supports, and were transferred through
DH3816N numerical collector. Three strain gauges were implemented at the middle of
the monolithic joint at three layers. The detailed layout is shown in Fig. 6. The specimen
was tested with the increment 5 kN, the load was maintained for 3 minutes at each incre-
ment to mark cracks, measure width of cracks and take photos.

3.3 Results and discussions

3.3.1 Failure mode

All specimens experienced almost the same failure process. The initial cracks occurred at
the central zone of the monolithic specimen M1, and at the interface between new and
old concrete of the joint specimens. As the loads increased, several slightly cracks initiated
between the top surface of loading point and the supports, and the existing cracks wid-
ened. With the propagation of the cracks along the longitudinal direction and transverse
direction, the master cracks were formed. When the failure happened, it was observed
that the compressive zone at the supports of M 1 was crushed, the master cracks at inter-
faces of JF 2 ran through the interface. It is worth mentioning that, JF 2’s cracks develop-
ment at the joint was slower than the other connection specimens. As for specimens JF 1
and JF 3, they almost shared the same failure mode with JF 2, while their cracks in the
joint connection did not distribute as evenly as JF 2’s did. The failure phenomenon of the
slab specimens are shown in Fig. 7.

3.3.2 Cracking loads and ultimate loads
Table 4 lists cracking loads, ultimate loads and ratio p (the ratio of cracking load to ul-
timate load) of each specimen. It was noticed that all the specimens have the almost

Table 5 Property of the steel

Diameter Section area Yield strength Ultimate strength  Modulus of elasticity x10°
(mm) (mm?) (MPa) (MPa) (MPa)
b12 12 1131 4190 5359 200

b6 16 201.0 446.5 5955 200
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the same ratio p, which almost equaled to 20%, indicating the negligible contribution of
splicing rebars details to the cracking behavior. The specimen M 1 and JF 2 have the
similar ultimate load of 250 kN, which is larger 55% than specimen JF 1 and JF 3’s, in-
dicating that the rebars splicing details has significant influence on the flexural capacity
of the specimens. Considering the test results, the splicing details of JF 2 behaved better
and would be recommended.

3.3.3 Load-deflection response

The deflection of two loading points were obtained and compared, which is shown in
Fig. 8. The loads of different deflections, the ultimate load and the ultimate deflection
for each specimen are summarized in Table 6.

It can be seen from Fig. 8 that the M1 and JF2 curves can be divided in four stages
which are elastic stage, elastic-plastic stage, yielding stage and failure stage. In elastic
stage, the specimens did not crack, the curves developed linearly with the stress incre-
ment until the first cracks occurred. The deflection developed slower and did not ex-
perience the stiffness loss. In elastic-plastic stage, the concrete at the tensile zone began
to crack, the structure began to defect and specimen experienced the stiffness loss.
With the load increasing, the cracks developed longer and wider, the curves exhibited
nonlinear characteristic and the tensile stress at the tensile was carried only by rebars.
In yielding stage, the curves reached plateau, the rebars were yielded, the deflection in-
creased very fast, which means the specimen experienced great stiffness loss and was
about to fail. In failure stage, the deflection increased very quickly while the load de-
creased very fast. The specimen was damaged, local concrete was compressed to crush
and load capacity decreased.

From Fig. 8 it can be seen that specimens M 1 and JF 2 exhibited the almost same
procedure to damage. But the curves of specimen JF1 and JF 3 were not perfectly
matched with the four stages procedure. JF land JF 3’s curves do not have the plateau

segment, meaning that JF1 and JF 3 did not experience the yielding stage, the concrete
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at the connection cracked severely prior to the transverse bars yielding, the anchorage
between rebars and concrete was invalid, resulted in the failure of the specimen. From
the Fig. 8, in elastic stage, the slope of specimen M 1’s curve is the lowest, indicating
that the specimens with joints have the higher flexural stiffness. It can be concluded
that, under four-point bending condition, specimen JF 2 behaved more like monolithic

specimen than other joint specimens.

3.3.4 Deformation and strain characteristics

The deflections distributed along the slab at different vertical loads are illustrated
in Fig. 9. The deflection profiles of joint specimens are not as uniform and sym-
metric as those of monolithic slab. As load increased, the vertical displacement of
each point also increased gradually. Compared to monolithic slab M 1, the stiffness
of the joint specimens were weaker. The strain distributed in midspan cross sec-
tions of specimens subjected to different load are depicted in Fig. 10. As the loads
of specimens M 1, JF 1 and JF 2 were less than 60 kN, the specimen JF 3 was less
than 50 kN, the relationship between strain and height of concrete was linear. The
behavior of the specimens followed the plane-section assumption, and the strain
value of each point corresponding to each specimen under the same loading condi-
tion was equivalent. The relationship of strain and heights of concrete became
nonlinear as the load increased over 60 kN. At the same time, the number of

cracks developed, the width of the cracks expanded.

4 Practical and application of FRHC with LASC

Based on the preliminary test results in the laboratory and the practical construction
environment of Guang-Hui Expressway, the FRHC with LASC was adopted to fill the
longitudinal joint connections between existing decks and newly-built one in west ex-
tension Construction of Guanghui Expressway. The field application was shown in
Fig. 11. Through measurement, the maximum deflection of the newly built bridge
under the influence of traffic loads was 0.432 mm. The field construction was con-
ducted at night during its minimal traffic flow, while the existing bridge remained open
to traffic normally. The slump of the applying concrete mixture was 100 mm, showing
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Table 6 Load and load ratio for the deflection T mm, 2mm and 3 mm

Specimen Load (kN) P, fy

L-1 L-2 L-3
M1 46.7 782 1189 2523 14.350
JF1 69.1 107.8 1437 160.2 4535
JF2 69.9 1220 166.7 2463 8.000
JF3 820 1321 170.2 1776 3628

Notation: L-1, L-2 and L-3 represent the load responding to the deflection of T mm 2 mm and 3 mm respectively; P,
represents the ultimate load; f, represent the ultimate deflection

a good working performance during the construction. Its compressive strength reached
15.9 MPa at 6 h, and 44.8 MPa at 12 h that met the bridge standard. After an overnight
curing, the longitudinal joint was able to come into service with good mechanical per-
formance, and no cracks appeared.

5 Conclusion

A new FRHC with LASC was developed for the construction of longitudinal joint
between the existing bridge and the newly built one, to meet the needs of rapid con-
struction without traffic interruption. By adding aluminum sulfate, Polycarboxylic SP,
and steel fibers, FRHC with LASC could avoid the influence of traffic vibrations owing
to its characteristic of fast hardening, retarding and high early strength. To investigate
the flexural behavior of the joint filled with newly developed concrete, four slab
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specimens were cast and tested to study the flexural behavior. The main conclusions
can be drawn as following.

1. In this study, 0.6% of borax was added as retarder to prolong the setting time of
the concrete. However, the concrete with 0.6% of borax could set at 12 h which
failed to meet the construction requirement. To study the retarding behavior of
borax, more researches should be conducted.

2. The concrete with a higher content of aluminum sulfate performed a higher
compressive strength at 6 h, but was exceeded by that with lower content after 1
day. Higher content of aluminum sulfate would cause a rapid hydration and results
in high-early strength, but produce overlarge ettringite crystal which were unevenly
distributed. Because of the unevenly distribution of ettringite crystal in the cement
paste, the strength enhancement was inhibited.

3. Compared with the concrete with naphthalene SP, the concrete with
polycarboxylic SP showed a dramatically increment of compressive strength during
6-12 h. Concrete with steel fibers reached an increment of 38.1% on splitting
tensile strength, resulting from the bond strength between fibers and the matrix.

4. For all joint specimens, The cracking load of joint specimens are about 20% of the
ultimate load, which is almost similar with the monolithic specimen, and the
rebars splicing details has little influence on it. The first crack was always occurred
at the interface between the joint connection and the precast slabs.
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(a) (b

Fig. 11 Field application of FRHC. a Building the connection, b the connection
A

5. The load-deflection curves of M 1 and JF 2 specimens can be divided into four
stages, i.e., elastic stage, elastic-plastic stage, yielding stage and failure stage. The
flexural stiffness of the joint specimens is dependent on the splicing details. In this
research, it can be drawn that the JF 2’s splicing details behaved better, which be-
haved almost similar to monolithic specimen. Compared with JF 1 and JF 3, the
flexural behavior of specimen JF 2 are more consistent with the monolithic slab
specimen M 1, exhibiting higher capacity and ductility, therefore, the rebars spli-
cing details of specimen JF 2 is applicable and workable.

6. Casting the joint connection with proper rebars detail and newly developed FRHC,
the joint slab exhibits similar mechanical properties to monolithic slab.
Considering the performance of FRHC in Guanghui expressway widening
construction, the newly developed FRHC has the potentiality to apply in practical
engineering.
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