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Abstract: The application of ultra-high strength concrete (UHSC) in concrete-filled steel tube (CFST) arches significantly
enhances the structural load-bearing capacities. However, to meet the pumping construction requirement and ensure a
composite effect between the steel tube and core concrete without debonding, core UHSC should simultaneously achieve
ultra-high compressive strength, high flowability, and low shrinkage or micro expansion characteristics. In this paper, the
preparation technology for such UHSC is systematically studied. The effects of coarse aggregate, steel fiber, expansion agent,
and shrinkage-reducing agent on the compressive strength, flowability, and autogenous shrinkage of UHSC are investigated.
The results indicate that UHSC with an appropriate amount of coarse aggregates (0~41.6% replacement ratio by mass)
or steel fibers (0~2% by volume) satisfied the target compressive strength and flowability, while the risk of debonding
still existed due to the shrinkage of the core UHSC. Optimal performance to prevent debonding was achieved through the
combined use of coarse aggregates (21.6%) with hybrid admixtures (10% expansion agent + 1~2% shrinkage reducing
agent). A mixed design approach for the core UHSC filled into the CFST arch is finally proposed.

Keywords: Ultra-high strength concrete; CFST arch; Coarse aggregate; Steel fiber; Expansion agent; Shrinkage-reducing

agent

1.Introduction

The application of ultra-high strength concrete
(UHSC) in concrete filled steel tube (CFST) arches
significantly enhances the structural load-bearing
capacities, demonstrating broad application prospects
in large span and ultra-large span CFST arch bridges,
as well as Melan arch bridges employing CFST arches
as embedded frameworks [1-3]. To meet the pumping
construction requirement and ensure composite
effect between steel tube and core concrete without
debonding, core UHSC should simultaneously achieve
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ultra-high compressive strength, high flowability, and
low shrinkage or micro expansion characteristics [4].
According to the Chinese reactive powder concrete
standard (GB/T 31387-2015 [5]), concrete with a cubic
compressive strength greater than or equal to 100 MPa
is categorized as UHSC. According to the Chinese
technical code for CFST arch bridges (GB/T 50923-
2013 [6] and JTG/T D65-06-2015 [7]), the minimum
slump flow of core UHSC tested using the standard
slump cone should be 500 mm. Additionally, the
critical autogenous shrinkage of UHSC should be less
than 100 pe to ensure the shrinkage-induced stress is
smaller than steel-concrete interfacial bond strength [8].

The preparation technology for core UHSC that
meets the requirements for compressive strength,
flowability, and autogenous shrinkage has not yet been
fully studied. To reduce the autogenous shrinkage of
UHSC, an approach is to add coarse aggregates in the
mix [9-12]. However, the interfacial transition zones
(ITZ) between coarse aggregate and paste matrix may
negatively impact the concrete compressive strength.
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Moreover, coarse aggregates harm the uniform
dispersion of steel fibers in the matrix, leading to fiber
clustering and a significant reduction in the flowability
of UHSC [11]. Steel fibers, characterized by high
tensile strength and elastic modulus, are widely utilized
in UHSC to enhance the mechanical properties and
mitigate the autogenous shrinkage [13-15]. However,
the addition of steel fibers leads to reduced flowability
of UHSC. In practical engineering, the commonly used
dosage of steel fibers is 2%~3% by volume to balance
these factors and cost [16]. Expansion agent (EA)
is commonly used to compensate for the autogenous
shrinkage of UHSC, but usually results in a reduction
in both compressive strength and flowability [17-18].
It is noted that UHSC is characterized by a low water-
to-binder ratio (w/b), resulting in insufficient water
for EA to achieve full expansion potential. Moreover,
UHSC may experience expansion rebound when EA
is used individually [19]. Therefore, the combined use
of EA and shrinkage-reducing agent (SRA) has been
investigated to achieve synergistic effects [20-21].

To prepare core UHSC equipped with ultra-high
compressive strength (fcu,100 = 100 MPa), high
flowability (slump flow > 500 mm), and low shrinkage
or micro expansion (autogenous shrinkage < 100 pe),
a systematical experiment program is carried out to
investigate the effects of coarse aggregate, steel fiber,
EA and SRA on the compressive strength, flowability
and autogenous shrinkage of UHSC. The research aims
to provide technical support for UHSC applications in
CFST arches.

2. Experimental program
2.1 Materials

The raw materials in this study included P-O 42.5
ordinary portland cement, silica fume (SiO, content >
90%, specific surface area:18.92 m?/g), fly ash (specific
surface area: 0.6 m’/g), quartz sand (particle size: 0.075
mm ~ 2.0 mm), granite coarse aggregate (particle
size: 4.75 mm ~ 9.5 mm), CX-8 polycarboxylate
superplasticizer (water reducing rate: 25%), HME®-
IT high performance expansion agent, SBT®-SRA
polyether-based shrinkage reducing agent, straight
steel fiber (length: 13 mm, diameter: 0.2 mm, tensile
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strength = 2200 MPa ), tap water.
2.2 Mix proportions

As shown in Table 1, the mix proportions in this
study were adjusted from the reference mixture
used in our previous studies [11,22], with the
original cementitious material content (1118 kg/m3),
superplasticizer content (21.5 kg/m’), and water-to-
binder ratio (0.16) being maintained. The aggregate
gradation (quartz sand and coarse aggregate) was
optimized using the Modified Andreasen and Andersen
(MAA) particle packing model [23], which yielded two
design mixtures: CAO (without coarse aggregate) and
CA31.6 (coarse aggregate replacement ratio of 31.6%).

The nomenclature of mixtures in this table indicates
the coarse aggregate replacement ratio (e.g., “CA31.6”
means the coarse aggregate replacement ratio is
31.6%), steel fiber volume content (e.g., “SF1” means
the steel fiber volume content is 1%), EA dosage
(e.g., “E8” means the EA dosage is 8%), and SRA
dosage (e.g., “R0.5” means the SRA dosage is 0.5%).
It is noted that coarse aggregate was incorporated
by equivalently replacing quartz sand, EA was
incorporated by equivalently replacing cementitious
materials [21,24], while SRA dosage was calculated as
a percentage of cementitious materials [21].

Furthermore, these mixtures were categorized
into five groups depending on the variables. Group
I examined the coarse aggregate replacement ratio
using five mixtures: the two MA A-optimized reference
mixtures CAO and CA31.6, and three additional
mixtures adjusted from CA31.6. Group II consisted of
four mix proportions with steel fiber volume content
as the variable, using CAO and CA21.6 from Group
I as reference control mixtures. Group III and Group
IV each consisted of three mix proportions with EA
dosage and SRA dosage as their respective variable,
and CA21.6 was used as the reference control mixture.
Group V consisted of four mix proportions, where EA
and SRA were used in combination.

2.3 Samples preparation

For each batch of UHSC, six cubes of 100 mm X
100 mm X 100 mm for compressive strength testing
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were cast in concrete molds, and two cylinders
of 100 mm x 515 mm for autogenous shrinkage
measurement were cast in polyvinyl chloride(PVC)
tubes (internal diameter: 100 mm, length: 515 mm).
All specimens were immediately covered with a
plastic sheet to prevent moisture loss. The UHSC
cubes were demolded 24 hours after casting and
subsequently cured under natural conditions (average
ambient temperature: 19.5 C at daytime and 11.3 C
at night) with continuous plastic film wrapping
until the test age (28 d). The UHSC cylinders were
moved to the laboratory without demolding. The
temperature in the laboratory was maintained at 20 +
2C.

2.4 Test methods

The compressive cubic strength of UHSC was tested
according to the Chinese reactive powder concrete
standard (GB/T 31387-2015 [6]). A 2000 kN universal
testing machine was employed, and the loading rate
was set as 1.2 MPa/s, see Fig. 1(a). At least three cubes
of 100 mm x 100 mm x 100 mm for each UHSC batch
were tested to further calculate the average strength.

Table 1 Mix proportions of UHSC (kg/m’)

The slump flow of UHSC was measured by using a
standard slump cone (top diameter: 100 mm, bottom
diameter: 200 mm, height: 300 mm) according to the
Chinese standard for test method of performance on
ordinary fresh concrete (GB/T 50080-2016 [25]),
see Fig.1(b). Fresh UHSC was cast in the cone by
three layers, and each layer was compacted with 25
strokes using a tamping rod. Afterwards, the cone
was lifted vertically within 3s ~ 6s to allow the paste
to flow freely without vibrating. The slump flow was
recorded as the average value of two perpendicular
measurements.

The autogenous shrinkage of UHSC was measured
per Chinese standard for test methods of long-term
performance and durability of ordinary concrete (GB/
T 50082-2009 [26]), as shown in Fig. 1(c). The PVC
tubes were placed in the vertical shrinkage frames
after casting. The final setting time was marked as a
start point for the autogenous shrinkage [27-29]. The
exposed surface of core UHSC was wrapped with
plastic film until final setting, followed by a uniform
paraffin wax coating to prevent moisture exchange. The
deformations of two specimens were tested for each
mixture to further calculate the average autogenous

Quartz sand

Silica Coarse aggregate

Steel

Group Mixtures Cement fume Fly ash (475~9.5 mm) 0.85~2.0  0.425~0.85 0.212~0.425 0.075~0.425 fiber EA SRA
mm mm mm mm
CAO0 860 129 129 0 339.0 229.4 197.2 240.4 0 0 0
CAll.6 860 129 129 116.7 384.6 168.5 148.2 187.9 0 0 0
1 CA21.6 860 129 129 217.3 341.1 149.5 131.5 166.6 0 0 0
CA31.6 860 129 129 317.4 297.8 130.5 114.8 145.5 0 0 0
CA41.6 860 129 129 418.6 254.1 111.3 97.9 124.1 0 0 0
CAOSF1 860 129 129 0 339.0 229.4 197.2 240.4 78.5 0 0
CAOSF2 860 129 129 0 339.0 229.4 197.2 240.4 157.0 0 0
" CA21.6SF1 860 129 129 2173 341.1 149.5 131.5 166.6 78.5 0 0
CA21.6SF2 860 129 129 2173 341.1 149.5 1315 166.6 157.0 0 0
CA21.6E6 808.4 121.3 121.3 217.3 341.1 149.5 131.5 166.6 0 67.1 0
I CA21.6E8 791.2 118.7 118.7 217.3 341.1 149.5 131.5 166.6 0 89.4 0
CA21.6E10 774.0 116.1 116.1 217.3 341.1 149.5 1315 166.6 0 111.8 0
CA21.6R0.5 860 129 129 2173 341.1 149.5 131.5 166.6 0 0 5.6
v CA21.6R1.0 860 129 129 2173 341.1 149.5 131.5 166.6 0 0 11.2
CA21.6R2.0 860 129 129 2173 341.1 149.5 1315 166.6 0 0 224
CA21.6E8R1.0 791.2 118.7 118.7 2173 341.1 149.5 1315 166.6 0 89.4 11.2
CA21.6E8R2.0 791.2 118.7 118.7 217.3 341.1 149.5 131.5 166.6 0 89.4 22.4
v CA21.6E10R1.0 774.0 116.1 116.1 217.3 341.1 149.5 131.5 166.6 0 111.8 11.2
CA21.6E10R2.0 774.0 116.1 116.1 217.3 341.1 149.5 131.5 166.6 0 111.8 22.4
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shrinkage.

Size: 100 mmx>100 mm x100 mm

Size: @100 mmx@200 mmx300 mm

(a)Compressive test (b)Flowability test

Size: @100 mmx515 mm

(c)Autogenous shrinkage test

Fig. 1 Performance test projects of UHSCResults and
discussion

3.1 Compressive strength

Fig.2(a) illustrates the effect of coarse aggregate
replacement ratio on the 28-day cubic compressive
strength (fcu,100) of UHSC. The test results
demonstrate that, in contrast to the coarse aggregate-
free mixture CAQO, the compressive strengths of
mixtures containing coarse aggregate exhibited a
non-monotonic dependence on coarse aggregate
replacement ratio. Specifically, CA11.6 and CA41.6
showed reductions of 1.7% and 5.3% respectively,
while CA21.6 and CA31.6 exhibited enhancements of
7.1% (peak) and 4.0% respectively. This implies that
UHSC containing coarse aggregates could achieve
comparable or even enhanced compressive strength
when the aggregate gradation is appropriately designed,
which aligns with Ref [11, 30, 31].

This finding can be explained by previous research

on the microstructure of UHSC containing coarse
aggregates. The compressive strength of concrete
depends on the paste matrix, aggregate, and the ITZ
between them. For UHSC, the ITZ between paste
matrix and coarse aggregate could be significantly
enhanced due to the formation of a large amount of
calcium silicate hydrate (C-S-H, a key pozzolanic
reaction product and major contributor to concrete
strength) [32,33], and the micro aggregate effect
of mineral admixtures [9,32-36], which eliminates
ITZ as the traditional weakest link in the concrete.
Additionally, the cracks may propagate directly through
the coarse aggregate due to the obviously enhanced
paste matrix and ITZ in UHSC, allowing the inherent
strength of coarse aggregate to be fully utilized [32].
Therefore, appropriate type and content of coarse
aggregates present a positive effect on the compressive
strength of UHSC [9].

ratio

(c)EA dosage

180

1501 asaw,  26%

Jew 00 (MPa)

(e)Combined dosage of EA and SRA

Fig. 2 Compressive strength of UHSC
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Fig.2(b) illustrates the cubic compressive strength
of UHSC incorporating various steel fiber volume
content (0%, 1% and 2%). Since the adjusted mixture
CAZ21.6 achieved higher compressive strength than
the MAA model-calculated mixture CA31.6, it was
selected as the reference mixture to investigate the
combined effect of coarse aggregates and steel fibers
on UHSC properties. For coarse aggregate-free UHSC,
the compressive strength was enhanced by 8.8% when
steel fiber volume content increased from 0% to 1%,
and exhibited a cumulative enhancement of 13.2%
when steel fiber volume content was increased to 2%.
In contrast, for UHSC containing coarse aggregates, the
addition of 1% steel fibers improved the compressive
strength by 2.8%, while the addition of 2% steel fibers
resulted in a 2.3% reduction in compressive strength.

This contrasting behavior can be explained by the
underlying mechanisms identified in previous studies.
The addition of steel fibers delays the formation
and propagation of cracks, thereby increasing the
compressive strength of UHSC [37,38]. However,
the inclusion of coarse aggregates decreases the fiber
dispersion coefficient and orientation coefficient,
which diminishes the crack-bridging efficiency of steel
fibers and consequently exerts a negative impact on the
compressive strength of UHSC [33,39,40]. It should be
noted that the coarse aggregates and steel fibers used in
this study are not matched since the maximum particle
size of the coarse aggregates (9.5 mm) exceeds 2/3 of
the fiber length (13 mm) [41]. Moreover, the degree
of mismatch increases with steel fiber volume content
[39]. As a result, the compressive strength of UHSC
containing coarse aggregates exhibited fluctuating
variations with increasing steel fiber volume content.

Fig. 2(c) illustrates the effect of EA dosage on
the compressive strength of UHSC. The test results
revealed that, in comparison to EA-free mixture
CA21.6, mixtures incorporating EA exhibited
strength reductions, with 4.3%, 1.8% and 19.9% at
EA dosages of 6%, 8%, and 10% respectively. This
finding is consistent with Ref [18,19,42-44]. Previous
studies have demonstrated that the incorporation
of EA exerts both beneficial and adverse effects on
the compressive strength of UHSC. On the positive
side, the expansion products of EA can effectively
mitigate the shrinkage of UHSC during the hardening

process, thereby minimizing micro-crack formation
[45]. Additionally, these expansion products refine the
microstructure of UHSC due to the filling effect [46-
50]. However, there are mainly five factors contributing
to the compressive loss of UHSC incorporating EA: (i)
the partial replacement of cement by EA reduces the
cement content [43,46,50] since the expansion products
of EA contribute less to the strength development as
compared to cement hydration products [18,44,51,52];
(ii) the water competition between EA and cement
impairs the hydration reaction [44,53]; (iii) the
expansion products cover the cement surface, forming
a layer of dense gel that blocks water entry and hinders
further cement hydration [54,55]; (iv) the internal
pressure generated when EA hydration products fill
pores may induce crack formation [21,46,50,56,57]; (V)
the quality of ITZ between the hardening cement paste
and the hydration products of EA tends to be decreased
[46,58]. Therefore, the compressive strength of UHSC
exhibited a non-monotonic decreasing trend with the
increase in EA dosage.

Fig. 2(d) illustrates the effect of SRA dosage on
the compressive strength of UHSC. The test results
showed that, compared with the SRA-free mixture
CA21.6, mixtures incorporating SRA exhibited
strength reductions of 3.2%, 10.5%, and 14.7% at
SRA dosages of 0.5%, 1.0%, and 2.0%, respectively.
This is consistent with previous studies [29,59-66].
The strength reduction is primarily attributed to the
decreased cement hydration degree and pozzolanic
reaction of mineral admixtures, as reflected by
increased porosity[29,66-68] and diminished ITZ
quality [58]. Specifically, the incorporation of SRA
increases the pH value of the pore solution, leading
to a decrease in alkali concentration and limiting the
dissolution of C3A, thereby reducing the formation
of hydration products [66]. Moreover, the adsorption
of SRA on the surface of raw materials and hydration
products decelerates the development of microstructure
to a great extent [63,65,66].

Fig. 2(e) compares the compressive strength of
UHSC with different combinations of EA and SRA.
The test results demonstrated that, at a fixed SRA
content, the compressive strength increased with EA
dosage. Specifically, when the SRA dosage was 1%,
the compressive strengths of CA21.6E8R1.0 (8%
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EA+1.0% SRA) and CA21.6E10R1.0 (10% EA+1.0%
SRA) were increased by 5.2% and 7.9% respectively, as
compared to the reference mixture CA21.6R1.0 (1.0%
SRA). When the SRA dosage was 2%, the compressive
strengths of CA21.6E8R2.0 (8% EA+2.0% SRA)
and CA21.6E10R2.0 (10% EA+2.0% SRA) were
increased by 3.3% and 7.0% respectively, as compared
to the reference mixture CA21.6R2.0 (2.0% SRA).
This indicates that the combined use of EA and SRA
can compensate for the negative effect of SRA on the
compressive strength of concrete. Similar conclusions
have been drawn in Ref [21,69-71].

It is noted that the black dashed lines in Fig. 2
represent the compressive strength threshold of core
UHSC (fcu,100 = 100MPa). It can be seen that all
mixtures listed in Table 1 satisfied the minimum
compressive strength requirement.

3.2 Flowability

Fig. 3(a) illustrates the slump flow of fresh UHSC
with varying coarse aggregate replacement ratios
(0~41.6%). The test results revealed that, despite the
identical w/b ratio and superplasticizer dosage, the
flowability of UHSC increased first and then decreased
as the coarse aggregate replacement ratio increased.
This phenomenon can be primarily attributed to the
fact that the specific surface area of coarse aggregate
is smaller than that of fine aggregate, leading to a
reduction in slurry required to coat the aggregates and
thus enhancing the flowability [72-74]. However, when
the coarse aggregate replacement ratio was increased
to 41.6%, the packing density tended to decrease.
Consequently, more slurry was consumed as a lubricant
between aggregates, and the interlocking effect between
the coarse aggregates hindered the flow of fresh UHSC
[75].

Fig. 3(b) illustrates the effect of steel fiber volume
content on the slump flow of UHSC. A general
flowability decrease was observed with increasing steel
fiber volume content, particularly for UHSC containing
coarse aggregates. For example, mixture CA21.6
exhibited a 13.1% higher slump flow than mixture
CAO when no steel fibers were added, while mixture
CA21.6SF2 exhibited an 8.5% lower slump flow than
mixture CAOSF2 when 2% steel fibers were added.
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Similar observations have been reported in Ref [76-77].
The flowability reduction of UHSC incorporating steel
fibers is mainly due to the friction and interlocking
between the fiber, paste, and aggregate [78-79]. The
incorporation of coarse aggregates leads to a more
severe interlocking effect of steel fibers, and thus fibers
entangle and form larger clumps or balls, resulting in
further reduction in flowability [76].

Fig. 3(c) shows the effect of EA dosage on the slump
flow of fresh UHSC. It is observed that as the EA
dosage increased from 0% to 6%, 8%, and 10%, the
slump flow of UHSC was reduced by 12.4%, 18.7%,
and 29.2%, respectively. This trend is consistent
with previous studies, i.e., the flowability of UHSC
decreases with increasing EA dosage [18,45,49,50].
This is mainly because EA consumes water to form a
water film, leading to water competition with cement
and thereby significantly reducing the available free
water in fresh UHSC [18,44,80]. Moreover, the specific
surface area of EA is larger than that of cement, which
needs more water to achieve saturation and form a
water film [81-83].

Fig. 3(d) presents the effect of SRA dosage on
the slump flow of fresh UHSC. The test results
demonstrated that the flowability of UHSC increased
with SRA dosage. Specifically, when the SRA dosage
was increased from 0% to 0.5%, 1.0%, and 2.0%, the
slump flow of UHSC was increased by 5.9%, 7.9%,
and 10.1%. Similar findings have been reported in Ref
[24,29,60]. This is mainly because the synergistic effect
between SRA and polycarboxylate superplasticizer
enhances the initial fluidity of paste [24,83]. Moreover,
the water contained in SRA increases the w/b of UHSC
[29,60,84].

Fig. 3(e) illustrates the slump flow of fresh UHSC
incorporating different combinations of EA and SRA.
The test results demonstrated that at a constant EA
dosage, the flowability of UHSC increased with SRA
dosage. Specifically, when the EA dosage was 8%, the
slump flow of CA21.6E8R1.0 (8% EA+1.0% SRA) and
CA21.6E8R2.0 (8% EA+2.0% SRA) were increased
by 10.7% and 17.9% respectively, as compared to the
reference mixture CA21.6E8 (8% EA). When the EA
dosage was 10%, the slump flow of CA21.6E10R1.0
(10% EA+1.0% SRA) and CA21.6E10R2.0 (10%
EA+2.0% SRA) were increased by 17.8% and 22.8%
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respectively, as compared to the reference mixture
CA21.6E10 (10% EA). This indicates that the
combined use of EA and SRA can compensate for the
negative effect of EA on the flowability of concrete.
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Fig. 3 Slump flow of UHSC

The black dashed lines in Fig. 3 represent the
threshold of slump flow for core UHSC (Slump flow
= 500 mm). Overall, each mixture listed in Table 1
satisfies the minimum slump flow requirement. It is
noted that the mixtures CA21.6SF2 (21.6% coarse
aggregates and 2% steel fibers) and CA21.6E10
(21.6% coarse aggregates and 10% EA) both exhibited
marginal flowability with slump flows of merely 562
mm and 535 mm, respectively. Therefore, further
increases in steel fiber volume content and EA dosage
would be impractical for maintaining adequate flow
performance when the coarse aggregate content is fixed
(21.6%).

3.3 Autogenous shrinkage

The autogenous shrinkage of UHSC mixtures
listed in Table 1 is illustrated in Fig. 4 with age as the
horizontal coordinate. Negative values in this figure
denote expansion behavior, and the black dashed lines
represent the threshold of autogenous shrinkage for core
UHSC (100 pe). Overall, the test results revealed that
the autogenous shrinkage process can be categorized
into three stages: early stage (0~7 d), intermediate
stage (7~28 d), and late stage (>28 d) [11]. At an early
age, the autogenous shrinkage develops rapidly due to
the high hydration rate and low elasticity modulus at
this stage [11,85,86], accounting for over 75% of the
total autogenous shrinkage. At the intermediate stage,
the development of autogenous shrinkage decelerates,
followed by stabilization at the late stage. Therefore,
the 90-day autogenous shrinkage serves as the criterion
for assessing compliance with the requirement of core
UHSC.

It can be seen in Fig. 4(a) that the incorporation of
11.6%, 21.6%, 31.6% and 41.6% coarse aggregates
decreased the 90-day autogenous shrinkage by 9.5%,
16.3%, 20.2% and 21.5% respectively. This mitigation
effect stems from the fact that the high-strength coarse
aggregates form an equivalent skeleton structure
acting as a fixed-volume component [75], leading
to enhancement in the volume stability and thereby
restraining the autogenous shrinkage of the surrounding
cement paste. Nevertheless, the autogenous shrinkage
values of mixtures incorporating 11.6%~41.6%
coarse aggregates remained substantial (487~541ue),
exceeding the target threshold (100 pe) and thereby
maintaining a potential interfacial debonding risk
between core UHSC and steel tube.

As shown in Fig. 4(b), the addition of steel fibers
is effective in restraining the autogenous shrinkage
of UHSC. Specifically, when the steel fiber volume
content increased from 0% to 1%, the 90-day
autogenous shrinkage values of UHSC were reduced
by 30.1% (without coarse aggregates) and 27.5% (with
coarse aggregates). However, when the steel fiber
volume content further increased from 1% to 2%,
the shrinkage-reducing effect of steel fibers became
less pronounced, with additional reductions of only
9.0% and 8.4% for UHSC without and with coarse
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aggregates, respectively. This is consistent with the
observations from Ref [15]. The restraining mechanism
is mainly because the high-stiffness steel fibers can
effectively resist the capillary tensions by preventing
the matrix movement [14-15]. Moreover, steel fibers
can decrease the presence of pores larger than 50
nm, which also contributes to reducing autogenous
shrinkage [87].

Additionally, at a fixed steel fiber volume content,
UHSC mixtures with coarse aggregates demonstrated
lower autogenous shrinkage values than their
counterparts without coarse aggregates. Specifically,
CAOSF1 exhibited a 9.1% higher autogenous shrinkage
than CA21.6SF1, while CAOSF2 exhibited a 7.5%
higher autogenous shrinkage than CA21.6SF2. This
phenomenon indicates a synergistic effect of coarse
aggregate and steel fiber in mitigating autogenous
shrinkage. Notably, UHSC mixtures reinforced with
steel fibers (Group II in Table 1) still exhibited a
considerably high autogenous shrinkage, with the
minimum autogenous shrinkage (445 pe) significantly
exceeding the autogenous shrinkage threshold of core
UHSC (100 pe).

As illustrated in Fig. 4(c), the autogenous
shrinkage of UHSC was significantly reduced by the
incorporation of EA. When the EA dosage increased
from 0% to 6%, 8%, and 10%, the 90-day autogenous
shrinkage values of UHSC were reduced by 42.2%,
63.0%, and 66.9%, respectively. Notably, although a
micro-expansion phenomenon at 1 d was observed for
UHSC with 10% EA (CA21.6E10), its 90 d autogenous
shrinkage still reached 185 pe, exceeding the target
threshold of 100 ue. The limited effectiveness of EA at
high dosage can be attributed to the low water-to-binder
ratio characteristic of UHSC, where early cement
hydration consumes a large amount of water, leaving
insufficient moisture for EA to react and form stable
hydrate products [19].

As shown in Fig. 4(d), the incorporation of SRA
can significantly reduce the autogenous shrinkage
of UHSC. Compared with mixture CA21.6, the
counterpart mixtures exhibited 90-day autogenous
shrinkage reductions of 22.4%, 38.8%, and 51.7% at
SRA dosages of 0.5%, 1.0%, and 2.0%, respectively.
This reduction is mainly due to the beneficial effect
of SRA on decreasing the surface tension of the pore

solution [63,67]. It should be pointed out that the
mixture with 2% SRA (CA21.6R2.0) still exhibited a
90-day autogenous shrinkage of 263 ne, exceeding the
target threshold of 100 me.

It can be concluded from Fig. 4(e) that the
combined use of EA and SRA has a synergistic
effect in preparing low-shrinkage or micro expansion
UHSC. Similar findings have been reported in Ref
[20,21,46,58]. Notably, mixtures CA21.6E10R1.0
(21.6% coarse aggregates, 10% EA, and 1.0% SRA)
and CA21.6E10R2.0 (21.6% coarse aggregates, 10%
EA, and 2.0% SRA) exhibited significantly reduced
autogenous shrinkage values of 83 ue and 32 pe
respectively, below the target threshold of 100 me.

To sum up, the optimized mixtures CA21.6E10R1.0
(21.6% coarse aggregates, 10% EA, and 1.0% SRA)
and CA21.6E10R2.0 (21.6% coarse aggregates, 10%
EA, and 2.0% SRA) could simultaneously fulfill all
criteria for the compressive strength, flowability, and
debonding resistance of core UHSC.
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Conclusions

In this study, the mix proportions of core UHSC
that are equipped with ultra-high compressive strength
(fcu,100 = 100 MPa), high flowability (slump flow
> 500 mm), and low shrinkage or micro expansion
(autogenous shrinkage < 100 ue) were investigated. The
following conclusions can be drawn:

Optimized CA incorporation (replacement ratios of
21.6% and 31.6%) effectively enhances the flowability
and compressive strength of UHSC, while it provides
limited autogenous shrinkage reduction and fails to
meet the low shrinkage requirement.

The addition of steel fibers reduces the flowability
of UHSC, especially for those with coarse aggregates.
While the compressive strength of UHSC without
coarse aggregates is monotonically enhanced by steel
fibers, the compressive strength of UHSC with coarse
aggregates exhibits an initial increase at 1% steel
fibers and followed by a reduction at 2% steel fibers.
Although steel fibers moderately reduce the autogenous
shrinkage of UHSC, the minimum achieved autogenous
shrinkage still exceeds the maximum requirement for
core UHSC.

The incorporation of EA reduces the flowability
and compressive strength of UHSC. Although the
mixture incorporating 10% EA exhibits a significant
autogenous shrinkage reduction (66.9%), it still fails to
meet the low shrinkage requirement. Further increase
in EA dosage would be impractical for maintaining
adequate flowability and compressive strength.

The addition of SRA enhances the flowability but
reduces the compressive strength of UHSC. Although
2% SRA achieves significant autogenous shrinkage
reduction (51.7%), the value still exceeds the target
threshold for low-shrinkage requirements.

Mixtures incorporating EA and SRA exhibit
a superior autogenous shrinkage reduction effect
compared to mixtures with only EA or SRA. Optimal
performance is achieved through the combined use
of coarse aggregates (21.6%) with hybrid admixtures
(10% EA + 1~2% SRA), producing UHSC that fulfills
all criteria for compressive strength, flowability, and
debonding resistance.
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