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Abstract: As concrete damage occurs frequently in the transition zone of bridge expansion joints, 
this paper discussed ultra-high-performance concrete (UHPC) based on composite cementitious 
materials system for the repair of the bridge expansion joint transition zone. The performance of 
UHPC based on composite cementitious materials system was studied by combining the macro-
scopic properties and microstructure of the material with the hydration mechanism of the cementi-
tious material. The influence of sulphate aluminum cement (SAC) on composite cementitious mate-
rials system was studied. The experimental results showed that the appropriate amount of SAC can 
effectively reduce the setting time in the composite cementitious materials system. While SAC 
caused the strength to decrease, it has little effect on the mechanical properties of the composite 
cementitious materials system. When the ratio of SAC is 0.1 in the composite cementitious materials 
system, the setting time is shortened with maintaining the dense micro-structure observed by the 
SEM images. It can achieve fast hardening and have good early mechanical performance while re-
taining excellent long-term properties. Therefore, the addition of SAC can effectively make it possi-
ble to apply the excellent performance of UHPC for the repair of highway and bridge. 

Keywords: composite cementitious material; repair material of highway and bridge;  
sulphate aluminum cement; ultra-high-performance concrete 

 

1. Introduction 
 Bridge expansion joints have a significant impact on the service life of the highway 
bridge since it is the connecting part. Due to the poor use environment of the bridge ex-
pansion joints, it is also one of the most vulnerable parts of highway bridge. Frequent 
maintenance of bridge expansion joints not only seriously affects traffic and significantly 
increases the maintenance cost of highway bridge, but also causes environmental prob-
lems such as waste of resources. The investigation and statistical analysis of the damage 
to bridge expansion joints show that the common damage to bridge expansion joints 
mostly occurs in the transition zone. Therefore, the development of new repair materials 
for the transition zone of bridge expansion joints is of great practical significance and ur-
gency. 

Many scholars have carried out relevant research on new repair materials for the 
transition zone of bridge expansion joints. Some research reported that the fatigue perfor-
mance of epoxy resin concrete was better than cement-based materials [1]. The research 
of Chen et al. [1] reported an epoxy resin concrete that selected the type NPEL128 (E51) 
epoxy as the binder of the repair material for the transition zone of bridge expansion joints 
for rapid repair. Bisphenol A E-44 epoxy resin and phenolic amine T-31 curing agent are 
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suitable for preparing high-performance epoxy resin concrete [2]. A steel fiber epoxy con-
crete obtained from modifying ordinary Portland cement (OPC) by E44 epoxy resin, eth-
ylene diamine and dibutyl phthalate could complete the repair of bridge expansion joints 
[3]. The research is carried out from the perspective of polymers. A new polyurethane 
elastic concrete has good tensile property and compression resilience for the seamless ex-
pansion joint [4]. Some research reported that CRM concrete could significantly reduce 
the time of bridge expansion joints maintenance [5,6]. Numerical simulation showed that 
CRM concrete modified by polypropylene fibers and styrene-butadiene latex could meet 
the application requirements of transition zone of bridge expansion joints, but its practical 
application had not been really carried out [7]. Similarly, engineering cementitious com-
posite (ECC) is also full of potential as the repair material in highway and bridge. ECC 
modified by emulsified asphalt (EA) can effectively reduce the impact of vehicle load since 
extending the service life of bridge expansion joint structure [8]. Double-layer concrete 
formed with ECC modified by polyvinyl alcohol fiber, mixed with a large amount of fly 
ash (FA), and steel fiber concrete showed good flexural and tensile properties, durability 
[9]. Here is the difference that the double-layer concrete formed by ultra-high toughness 
concrete (UTC) and traditional repaired concrete materials needs to make physical modi-
fication on the interface of traditional repaired concrete first, inserting shear keys and 
spraying concrete interface binder when necessary [10]. However, the above research has 
not yet formed systematic research. What it has in common is complicated preparation 
and long curing time, so it is difficult to form a large-scale application. 

Some research showed that different types of cement mixing were practical for better 
performance of cement-based material. SAC and OPC modified by polymer have ma-
turely applied for expansion joints repair in Gansu Province, China [11,12]. Sulphate alu-
minum cement (SAC) not only has low carbon dioxide emissions and energy consumption 
in the production process, but also has the advantages of high early strength, rapid 
strength development, corrosion resistance [13]. Many scholars expect to investigate com-
posite cement system combining with sulphate aluminum cement. Due to the mutual pro-
motion of hydration between SAC and Portland cement (PC), close mixing ratio of SAC 
and PC would have an adverse effect on the strength of composite cement paste [14]. Ce-
ment asphalt emulsion mixture (CAEM) based on OPC-SAC composite cement system 
could effectively improve its wear resistance and relative dynamic elastic modulus [15]. 
Ultra-light foam thermal insulation material based on ordinary Portland cement modified 
by sulphoaluminate cement has more stability and high early compressive strength, but 
the compressive strength in 28 days is limited [16]. High utilization solid-waste auto-
claved aerated concrete (HUS-AAC) with SAC could effectively improve the stability of 
HUS-AAC blank and shorten the pre-curing time [17]. The iron tailing powder (ITP) could 
improve the compactness of the microstructure of cement paste [18]. ITP and SAC have 
been demonstrated the potential of replacing PC in UHPC production [19–21]. The above 
research shows that the composite cement system is practical, with easy preparation and 
short curing time. There are no comprehensive investigations of UHPC based on compo-
site cementitious materials system for the transition zone of bridge expansion joints. 

Some research attempted to explore the possibility of UHPC in the repair for the tran-
sition zone of bridge expansion joints. The service performance of expansion joints could 
be satisfied by UHPC mixed hybrid fiber used in repair [22]. The application of UHPC 
could well solve the concrete disease problem in the transition zone of bridge expansion 
joints [23]. UHPC has been applied in bridge expansion joints in some countries [24]. Ul-
tra-high-performance concrete (UHPC) is regarded as a kind of high strength, high tough-
ness and excellent durability of new cement-based materials [25,26]. UHPC for the appli-
cation of highway bridge become the research focus [27,28]. Compared with the steel pile, 
UHPC pile can increase the axial bearing performance by nearly 86% and reduce the total 
number of piles for bridge foundation [29]. The prefabricated bridge deck connection ap-
plied UHPC basically eliminated connection failure and greatly improved the flexural and 
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deformation resistance of bridge deck [30]. UHPC can repair and renovate steel bridges 
with severe end corrosion [31,32]. UHPC can repair corroded steel beam plates and restore 
the original bearing capacity of girder structure [33,34]. The research on fiber reinforced 
polymer (FRP) truss-UHPC hybrid bridge showed that the design can bear static road 
load and meet the design requirements of road load [35]. The effectiveness of the UHPC 
repaired overlay improving the fatigue life of orthotropic steel bridge panels was demon-
strated by the equivalent standard axle cycles according to the Miner’s linear accumula-
tive damage rule [36]. The wet joints of prefabricated bridge panels with UHPC applied 
to found that the application of UHPC could greatly enhance its cracking resistance [37]. 
It can be found from the above research that UHPC has great application potential in 
highway bridges repair. 

UHPC has the advantages of high strength, hig toughness, good wear resistance, 
good dynamic strength [38] good impermeability and durability, but it is used to meet the 
demand of fast hardening and early strength by thermal curing. This will significantly 
increase energy consumption and construction costs [39]. If there is a fire during thermal 
curing, UHPC can be more vulnerable to explosive spalling under fire condition [40]. OPC 
and PC are generally used as the main cement materials in UHPC. Portland cement has 
the advantage of low cost and stable performance [41]. The above research shows that 
UHPC has an excellent performance level but it needs thermal curing to meet the demand 
of fast hardening. Combined with the research of the composite cement system, UHPC 
maybe meet the repair requirements of the bridge expansion joint transition zone based 
on the composite cementitious materials system. The assumption of UHPC based on com-
posite cement system maybe create a new repair material. 

Therefore, UHPC based on PC-SAC composite cementitious materials system was 
studied in order to meet the requirements of repair in the transition zone of bridge expan-
sion joints. The reference design mix ratio of UHPC was determined based on particle 
densely-packing theory. The effects of SAC on its work performance, mechanical proper-
ties, shrinkage and hydration of UHPC were studied. A new fast hardening UHPC repair 
material was proposed based on the composite cementitious materials system. 

2. Experimental Program 
2.1. Materials 

The raw material used in the study is Portland type II cement 52.5 (PC), 42.5 fast hard 
sulphoaluminate cement (SAC), silica fume (SF), fly ash (FA), water (W), quartz sand (QS), 
superplasticizer (SP), fine copper coated steel fiber (F). In the paper, PC, SAC, SF and FA 
are used as cementitious materials, their chemical composition is shown in Table 1. The 
particle size distribution of cementitious materials is shown in Figure 1. 

Table 1. Chemical composition of cementitious materials (wt.%). 

Material SiO2 Al2O3 Fe2O3 CaO MgO SO3 Loss 

PC 1 27.94 6.85 2.53 53.65 6.85 / 3.02 

SAC 2 7.64 26.63 4.28 45.88 0.84 4.97 4.08 

SF 3 98.74 0.64 0.05 0.13 0.43 / 6.02 

FA 4 62.66 21.73 4.45 4.98 1.47 / 1.11 

Note: 1 Portland type II cement 52.5; 2 Fast hard sulphoaluminate cement 42.5; 3 Silica fume; 4 Fly 
ash. 
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(a) (b) 

Figure 1. Particle size distribution of cementitious material: (a) Size distribution, (b) Frequency dis-
tribution. 

PC has a density of 3.112 g/cm3 and specific surface area of 1186 m2/kg. SAC has a 
density of 2.9 g/cm3 and specific surface area of 2717.33 m2/kg. SP has a solid content of 
35%, water-reduction rate as high as 35%. F has a length of 13 mm, diameter of 0.22 mm, 
without fracture. QS has a particle size of 0.125~0.850 mm, using 0.425~0.850 
mm:0.180~0.425 mm:0.125~0.180 mm = 3:4:2. 

2.2. Preparation of Geopolymer Recycled-Aggregate Pervious Concrete 
2.2.1. Mixture Proportions 

UHPC based on PC-SAC composite cementitious materials system is proposed to 
meet the requirements of repair in the transition zone of bridge expansion joints. It is im-
portant to investigate the influence of PC-SAC composite cementitious materials system 
on UHPC. So, there is an experiment designed to explore the effects of SAC on the work-
ing performance, mechanical properties, shrinkage and hydration products of UHPC 
based on PC-SAC composite cementitious materials system recorded in Table 2. Group 
A1 reference composition ratio is determined based on particle densely-packing theory 
through preliminary exploratory research. 

Group A1 is the reference group. Group A6 is used as the control group. In groups 
A2~A5, SAC is taken as a single variable. The range of SAC is controlled to be 0.05~0.3 
[16,17,42,43]. The experiment program is shown in Figure 2. 

Table 2. Mix proportions of UHPC. 

Specimen W/B Ratio PC SAC SF FA F QS SP 

A1 

0.18 

1.00 / 

0.23 0.24 0.16 1.32 0.05 

A2 0.95 0.05 

A3 0.90 0.10 

A4 0.80 0.20 

A5 0.70 0.30 

A6 / 1.00 
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Figure 2. The experiment program. 

2.2.2. Specimen Preparation 
Firstly, PC, SAC, SF, QS and FA were dry-mixed slowly for 2 min to make dry-mixed 

cement-material mixture. SP and W were evenly added twice. Mixing slowly was added 
for 3 min for the first time and 3 min for the second time. Then, F was added for 5 min to 
mix fast for the preparation of UHPC as shown in Figure 3. Finally, UHPC was loaded 
into the molds with the dimension of 40 mm × 40 mm × 160 mm with film covered. It was 
placed in the standard curing chamber with a temperature of (20 ± 2) °C and relative hu-
midity (≥95%) for 24 h to the specified age and demolded after 24 h. As shown in Figure 
4, then it was placed in the standard curing chamber for curing until 28 days. 

 
Figure 3. The preparation of UHPC. 
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Figure 4. UHPC in the standard curing chamber. 

2.2.3. Testing Methods 
(1) Working performance and mechanical properties 

Setting time test and slump flow test is used to evaluate the working performance of 
UHPC based on EN 480-2 [44] and EN 1015-3 [45]. 40 mm × 40 mm × 160 mm samples is 
adopted to measure the compressive strength and flexural strength based on EN 12390-3 
[46] and EN 196-1 [47]. The compressive strength is given by the Equation (1) [46] as fol-
lows: 

𝑓 = 𝐹𝐴  (1)

where fc is the compressive strength (MPa), F is the maximum load at failure (N), Ac is the 
cross-sectional area of the specimen on which the compressive force acts (mm2). 

The flexural strength is given by the Equation (2) [47] as follows: 

𝑅 = 1.5 × 𝐹 × 𝑙𝑏  (2)

where Rf is the flexural strength (MPa), Ff is the maximum load at failure (N), l is the spac-
ing between supporting shafts (mm), b is the length of the square section of the prism 
(mm). 

(2) Shrinkage and hydration temperature 
40 mm × 40 mm × 160 mm samples is adopted to measure the shrinkage based on DN 

52450-A [48]. 

The shrinkage rate is given by the Equation (3) [48] as follows: 

𝜀 = 𝐿 − 𝐿140  (3)

where εat is the shrinkage in t days, Lo is the length of the samples demolded after 1 day 
(mm), Lt is the length of the samples in t days (mm). 

In the hydration temperature test, EXVXE EX3016 multi-channel temperature instru-
ment (EXVXE, Shenzhen, China) is used to measure the hydration temperature. UHPC 
was put in two layers in 100 mm × 100 mm × 100 mm molds, load it to half of the mold, 
put the temperature sensing plate, and continue to load the UHPC. The molds with UHPC 
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and the temperature sensor were placed in the insulation box. The computer was con-
nected with the temperature instrument for temperature measurement and data recording 
as shown in Figure 5. 

 
Figure 5. The EXVXE EX3016 multi-channel temperature instrument. 

(3) Mineralogical compositions and microstructure 
The mineralogical compositions of specimens were monitored by X-ray diffraction 

(XRD) with a D/Max-RB diffractometer (Rigaku, Tokyo, Japan). SEM analysis was carried 
out to get a better understanding of the microstructure of UHPC mortar specimens. At the 
specified age, specimens for SEM investigations were obtained near the specimen smooth 
surface. After sampling, specimens were immersed in alcohol to prevent hydration. When 
starting the test, specimens were coated with a thin layer of platinum before observation, 
and the microstructure was investigated by a SU8010 scanning electron microscope (Hi-
tachi, Tokyo, Japan). 

3. Results 
3.1. Working Performance 

Group A1, groups A3~A4 and group A6 were tested, respectively, and the results are 
shown in Figure 6. The slump flow is the highest when the proportion of SAC is 0.2 in PC-
SAC composite cement system. Moreover, its setting time also is the shortest. 

 
Figure 6. Working performance of UHPC based on composite cementitious material. 
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The specific surface area of SAC is bigger than that of PC and the fineness of SAC is 
obviously smaller than that of PC. Furthermore, SAC can better fill the void in PC parti-
cles, so that the water between PC particles can get release. Therefore, compared with 
UHPC in PC cement system, UHPC in PC-SAC composite cement system has more free 
water. Moreover, the surface of SAC can absorb more SP to reduce the surface energy of 
the paste [49]. The molecular main chain of SP molecules adsorbed on cement make ce-
ment particles charged, thus forming electrostatic repulsion. Its molecular branched 
chains can interact with the branched chains on the surface of particles in the paste to 
disperse the particles in the paste. SAC particles which can better fill the void in PC par-
ticles can better play the dispersing role of SP. Compared with UHPC in SAC cement sys-
tem, its fluidity is much better than UHPC in PC cement system due to the physical char-
acteristics of SAC. In conclusion, SAC can play a certain role in improving the working 
performance in PC-SAC composite cement system. 

In UHPC in PC-SAC composite cement system, the small amount of SAC in the sys-
tem is equivalent to adding a new mineral component: anhydrous calcium sulphoalumi-
nate (𝐶 𝐴 𝑆̅). 𝐶 𝐴 𝑆̅ can directly hydrate to form ettringite (𝐴𝐹𝑡) and aluminum glue 
(Al O · 3H O (𝐴𝐻 )) [50]. The hydration of 𝐶 𝐴 𝑆̅ is given by the Equations (4) and (5) 
[50] as follows: 𝐶 𝐴 𝑆̅ + 2𝐶𝑆̅𝐻 + 34𝐻 = 𝐴𝐹𝑡 + 2𝐴𝐻  (4) 

when CaSO4·2H2O (𝐶𝑆̅𝐻 ) is enough. 𝐶 𝐴 𝑆̅ + 18𝐻 = 𝐴𝐹𝑚 + 2𝐴𝐻  (5)

when 𝐶𝑆̅𝐻  is not enough. 

With a large proportion of PC, it just forms an environment of high alkalinity to pro-
mote decomposition of 𝐴𝐻  in order to accelerate the hydration of 𝐶 𝐴 𝑆̅, thus shorten-
ing the setting time [42]. This may be due to the fact that the alkalinity of SAC is lower 
than that of PC. With the addition of SAC, part of PC is replaced. So, the alkalinity of 
cement components is reduced, thus reducing the alkalinity of the overall cementitious 
material. In addition, the hydration of 𝐶 𝐴 𝑆̅ produces 𝐴𝐻  that is strong acid. It can con-
sume part of calcium hydroxide (𝐶𝐻), thus reducing the alkalinity of the slurry [43]. It can 
better accelerate the hydration of tricalcium silicate (𝐶 𝑆) in PC to a certain extent, thus 
shortening the setting time. So, when adding a small amount of SAC, SAC and PC can 
promote its hydration process mutually, thus greatly shortening the setting time. 

3.2. Mechanical Performance 
The mechanical properties of group A1, groups A3~A4 and group A6 were tested, as 

shown in Figure 7. The standard deviation of the results is in acceptable range. The com-
pressive strength of each group is increased with age, but the development space of the 
compressive strength of group A1 is much larger than that of groups A3~A4 and group 
A6. The long-term flexural strength of each group is decreased except for reference group 
A1 and group A3. 
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Figure 7. Mechanical performance of UHPC based on composite cementitious material. 

With the increase in the ratio of SAC in PC-SAC composite cement system, the hard-
ening time is obviously shortened. The early mechanical properties of group A4 are excel-
lent. The early mechanical properties of group A3 develop rapidly. Moreover, the me-
chanical properties of group A3 are more advantageous than those of group A4 in 3 days 
and 7 days. 

Compared with group A4, SAC in group A3 accounts for a relatively small propor-
tion in the PC-SAC composite cement system. SAC is equivalent to be in the environment 
with high alkalinity, so the early hydration process of group A3 is faster. In the PC-SAC 
composite cement system, 𝐶 𝐴 𝑆̅ and 𝐶 𝑆 mutually promote hydration. It produces 𝐴𝐹𝑡 
to form the skeleton and produces 𝐴𝐻  and C-S-H gel to fill with the skeleton, so that 
early strength is quickly formed. 

The compressive strength of group A1, groups A3~A4 and group A6 all developed 
stably after the mechanical properties were formed in 3 d, but the flexural strength de-
creased first and then increased. The hydration of 𝐶 𝑆 is always faster than the hydration 
of 𝐶 𝑆 in the all-hydration system. This may be C-S-H gel formed by 𝐶 𝑆 in early hydra-
tion rapidly. It wrapped dicalcium silicate (𝐶 𝑆) to a certain extent. However, with the 
hydration process, 𝐶 𝑆 also gradually produces the hydration reaction in the PC-SAC 
composite cement system. The C-S-H gel initially produced may form micro interface 
structural defects in the interface transition zone between cement and QS in the PC-SAC 
composite cement system. As a result, its flexural strength decreases [49]. With the devel-
opment of the hydration process, the C-S-H gel produced from 𝐶 𝑆 will also gradually 
strengthen the micro interface bond and enhance the micro interface structure, resulting 
in the increase in the flexural strength in the PC-SAC composite cement system. 

With the decrease in 𝐶𝑆̅𝐻 , the monosulfur calcium sulphoaluminate hydrate (𝐴𝐹𝑚) 
gradually increased, leading to the decrease in strength [50]. The increasing proportion of 
SAC in PC-SAC composite cement system led to the increase in 𝐴𝐹𝑡 in the system. It 
gradually forms the microstructure defects in PC-SAC composite cement system to a cer-
tain extent, which may lead to the decrease in the flexural strength. However, the com-
pressive strength of groups A3~A4 and group A6 did not decrease. This may be the vol-
canic ash reaction of SF and FA and the particles of SF and FA fully filled in PC-SAC 
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composite cement system. It formed a relatively dense structure. Compared with group 
A1, groups A3~A4 are only slightly inferior. It can be inferred that the appropriate amount 
of SAC will not have a serious impact on PC-SAC composite cement system. Groups 
A3~A4 still have excellent mechanical properties, even though the long-term flexural 
strength decreases. The mechanical properties of UHPC in PC-SAC composite cement sys-
tem are not much different from those of UHPC in PC cement system. 

The indoor and outdoor mechanical properties of group A1, groups A3~A4 and 
group A6 were compared and analyzed, as shown in Figure 8. The compressive strength 
indoors and outdoors were increased with age, but the compressive strength indoor is 
significantly greater than the compressive strength outdoor. The flexural strength is not 
decreased outdoors and retains the steady development. 

  
(a) (b) 

Figure 8. Comparison of indoor and outdoor mechanical properties of UHPC based on composite 
cementitious material: (a) Compressive strength, (b) Flexural strength. 

In order to simulate the actual construction environment, the demolded specimens 
of group A1, groups A3~A4 and group A6 were placed outdoors and only covered with 
film as shown in Figure 9. As shown in Figure 10, the outdoor temperature was generally 
lower than 20 °C. The relative humidity was generally lower than 95%. The average rela-
tive humidity was 77.86%, the maximum relative humidity could reach 97.43%, the mini-
mum relative humidity was 50.52%. Outdoor temperature difference could be up to 15 °C 
in 11 days. The highest temperature was 23 °C and the lowest temperature was 8 °C in 11 
days. The temperature and relative humidity outdoors are changed greatly randomly. It 
can simulate the influence of actual construction environment on mechanical properties 
of UHPC based on composite cementitious materials system to a certain extent. 
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Figure 9. The demoulded specimens coverd with film outdoor. 

 
Figure 10. The temperature and relative humidity indoor and outdoor: Tindoor is the temperature of 
the standard curing chamber, RHindoor is the relative humidity of the standard curing chamber. 

Compared with indoor curing, the temperature outdoors is lower and unstable. It is 
not conducive to the development of hydration process in the cement system. However, 
the hydration process may be limited in the system so that the hydration rate is restrained. 
AFt  and AFm  are relatively reduced. There is no long-term strength decrease phe-

nomenon outdoor. The addition of proper amount of SAC in PC-SAC composite cement 
system may be beneficial to the uniform distribution of hydration products and the for-
mation of a good interface transition zone structure in PC-SAC composite cement system. 
The flexural strength of group A3 outdoor is improved compared with that of group A1 
outdoor. The flexural strength of group A3 outdoor is even higher than that of group A3 
indoor and group A1 indoor in 28 days. 

3.3. Mineralogical Compositions and Microstructure 
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As shown in Figure 11, by observing the crystal phase C-S-H, 𝐶 𝑆, 𝐶 𝑆, C-A-H and 
in XRD patterns, the influence of SAC on PC-SAC composite cement system was ana-
lyzed. It can be found that with the increase in the proportion of SAC in PC-SAC compo-
site cement system, the diffraction peak of 𝐶 𝑆 gradually is weakened, and the diffraction 
peak of 𝐶𝑆̅ and 𝐴𝐹𝑡 gradually is enhanced. Moreover, 𝐶𝑆̅𝐻  even appeared in group 
A4. This is indicated that SAC can effectively promote the hydration process and produce 
C-S-H gel in PC-SAC composite cement system. With the proportion of SAC in PC-SAC 
composite cement system increasing, the hydration heating rate is increased. Addition-
ally, the production and later decomposition of 𝐴𝐹𝑡 is promoted so that C-A-H gel, 𝐶𝑆̅𝐻 , 𝐶𝑆̅ and other products are produced. 

 
Figure 11. XRD patterns of UHPC based on composite cementitious material: 1-C-S-H, 2-C2S, 3-C3S, 
4-AFt, 5-𝐶𝑆̅, 6-C-A-H, 7-CH, 8-𝐶𝑆̅𝐻 . 

By observing SEM images in Figures 12 and 13, it can be found that C-S-H gel and C-
A-H gel in group A1, groups A3~A4 and group A6 are wrapped and filled by FA and SF 
particles in layers of blocks. It is indicated the filling effect of FA and SF particles. In com-
parison, group A1, groups A3~A4 and group A6 all show relatively dense microstructure. 
It is the guarantee of the mechanical properties. In SEM image of group A3, obvious voids 
were found. It may be microstructure defects due to rapid hydration and one of the rea-
sons for long-term strength decreased. In SEM image of group A4, it can be found that 𝐶 𝑆 is wrapped by part of C-S-H gel. It is verified that C-S-H gel produced by 𝐶 𝑆 in early 
hydration of PC-SAC composite cement system would wrap part of 𝐶 𝑆. It is verified that 
the hydration of 𝐶 𝑆 is always faster than the hydration of 𝐶 𝑆 in the all-hydration sys-
tem again. 



Coatings 2022, 12, 1219 13 of 19 
 

 

  
(a) (b) 

Figure 12. SEM images of UHPC based on composite cementitious material: (a) A1, (b) A3. 

  
(a) (b) 

Figure 13. SEM images of UHPC based on composite cementitious material: (a) A4, (b) A6. 

As shown in Figure 14, it can be found that the diffraction peak of 𝐶 𝑆 is weakened 
in group A1 outdoor. The diffraction peak of C-S-H gel, C-A-H gel and 𝐶 𝑆 is enhanced 
in group A1 outdoor. Moreover, 𝐴𝐹𝑡 even disappeared in group A1 outdoor. This is ver-
ified that the above analysis of the mechanical performance of UHPC indoors and out-
doors. Since the temperature outdoors was sometimes higher than 20 °C in curing time of 
UHPC. The decomposition of 𝐴𝐹𝑡 is promoted so that more C-A-H gel and other prod-
ucts are produced due to the unstable temperature outdoor. 
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Figure 14. XRD patterns of UHPC based on composite cementitious material indoor and outdoor: 
1-C-S-H, 2-C2S, 3-C3S, 4-AFt, 5-𝐶𝑆̅, 6-C-A-H, 7-CH, 8-𝐶𝑆̅𝐻 . 

By observing SEM images in Figure 15, it can be found that more C-S-H gel and C-A-
H gel with little FA and SF particles in group A1 outdoor. In comparison, group A1 indoor 
has relatively denser microstructure. It can be found some cracks in SEM image of group 
A1 outdoor. It may be caused by the decomposition of 𝐴𝐹𝑡. So, the mechanical perfor-
mance of group A1 outdoor is worse than that of group A1 indoor. In SEM images of 
group A1 indoor and outdoor, it can be further verified above analysis of UHPC indoors 
and outdoors. 

 
Figure 15. SEM images of UHPC based on composite cementitious material indoor and outdoor. 

3.4. Shrinkage and Hydration Temperature 
As shown in Figure 16, relevant tests were conducted for the expansion rates of group 

A1 and groups A2~A3. The shrinkage rate of group A2~A3 is significantly lower than that 
of group A1. The shrinkage rate of groups A2~A3 remains stable after 28 days. It is earlier 
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than that of group A1. Group A2 is in inflation in 3 days. The shrinkage rate of group A2 
is slightly higher than that of group A3 after 28 days. 

 
Figure 16. Shrinkage of UHPC based on composite cementitious material. 

Compared with UHPC in PC cement system, SAC can obviously enhance the shrink-
age resistance of UHPC. Since UHPC adopts the particle densely-packing theory to de-
sign, it has a dense structure with good shrinkage resistance [51]. Compared with UHPC 
in PC cement system, in the early hydration of UHPC in PC-SAC composite cement sys-
tem, SAC and PC can promote each other to make hydrate reaction so that it can produce 
more AFt . SAC accounted for 0.05 in PC-SAC composite cement system in group A2. 
AFt  is produced fastest in the early stage of UHPC in PC-SAC composite cement system 

so that its shrinkage rate is in negative growth with inflation. With the development of 
the hydration process in PC-SAC composite cement system, the change in the long-term 
shrinkage rate is mainly the self-shrinkage effect of UHPC [52]. Therefore, the trend of 
long-term shrinkage rate is consistent with group A1. In group A3 is with the ratio of SAC 
in PC-SAC composite cement system of 0.10. Its rate of early hydration reaction of UHPC 
in PC-SAC composite cement system is significantly lower than that in group A2. Further-
more, group A3 was with no inflation. Compared with group A1, its shrinkage rate is 
lower but with the positive trend of growth. With the development of the hydration pro-
cess in PC-SAC composite cement system, 𝐴𝐹𝑡 produced fills in the pores and provides 
a certain shrinkage resistance. Since the proportion of SAC of group A3 is larger than that 
of group A2 with more 𝐴𝐹𝑡 produced in group A3. Moreover, the shrinkage rate of group 
A3 is also significantly lower than that of group A2 and group A1. 

As shown in Figure 17, the hydration temperature of group A2 is about 9 h earlier 
than that of group A1. Additionally, the temperature peak of group A2 is significantly 
lower than that of group A1. The trend and variation rate of hydration temperature tend 
to be close in group A1 and group A2. In the late hydration temperature change, the hy-
dration temperature change rate of group A1 is faster than that of group A2. The variation 
rate of hydration temperature tends to be the same in group A1 and group A2 at about 44 
h. 
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Figure 17. Hydration temperature of UHPC based on composite cementitious material. 

This further verifies the hydration interaction between SAC and PC in PC-SAC com-
posite cement system. PC-SAC composite cement system reacts violently in the early 
stage. The addition of SAC leads to the rapid production of hydration products such as 𝐴𝐹𝑡 and C-S-H gel and so on. It provides a foundation for the early mechanical properties 
of UHPC in PC-SAC composite cement system and increases its shrinkage resistance. 

4. Conclusions 
In this study, a combination of laboratory experiments and the micro analysis was 

used to better understand UHPC based on composite cementitious material. The follow-
ing conclusions were obtained as follows. 

(1) In UHPC based on composite cementitious materials system, SAC can contribute to 
improving the working performance, PC and SAC can promote their hydration pro-
cess mutually, so as to greatly shorten the setting time. In the PC-SAC composite 
cementing material system, the effect of shortening the setting time with the ratio of 
SAC of 0.1 is far better with the ratio of SAC of 0.2; 

(2) When the ratio of SAC is between 0.1 and 0.2 in PC-SAC composite cement material 
system, its flexural strength has a certain degree of decrease with excellent mechani-
cal properties still remaining. UHPC based on composite cementitious materials sys-
tem has potential to apply in repair of highway and bridge. Depending on the actual 
requirements of the different application, the ratio of SAC can be varied in the PC-
SAC composite cement material system; 

(3) The micro analysis of UHPC based on composite cementitious materials system can 
further prove that SAC plays a role in promoting the hydration of the system. The 
relatively dense microstructure assures the mechanical properties of UHPC based on 
composite cementitious materials system. However, more SAC is not better for the 
properties of UHPC based on composite cementitious materials system. The experi-
mental results showed that UHPC based on composite cementitious materials system 
would have better properties when the ratio of SAC is 0.1~0.2; 

(4) UHPC will provide excellent mechanical performance indoors. However, the flexural 
strength of UHPC is not decreased outdoors. The rate of hydration is faster in UHPC 
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outdoor so that more C-S-H gel produced will wrap 𝐶 𝑆 in some extent. The decom-
position of AFt  is promoted so that more C-A-H gel and other products are pro-
duced due to the unstable temperature outdoors. Moreover, C-A-H gel will also wrap 𝐶 𝑆 in some extent. So, there was more C-S-H gel, C-A-H gel, 𝐶 𝑆 in UHPC outdoor. 
The hydration of UHPC was not complete outdoors. The outdoor performance of 
UHPC will be optimized by the proper ratio of SAC in PC-SAC composite cement 
system; 

(5) The macroscopic properties and micro analysis of UHPC based on composite ce-
mentitious materials system could verify the influence of SAC on PC-SAC composite 
cement system and the influence of curing conditions on UHPC. It can also be the 
basic method on the analysis of the composite cementitious materials system. In the 
research, there are no comprehensive investigations of the UHPC based on composite 
cementitious materials system in the numerical simulation method. In the future, the 
research of UHPC based on composite cementitious materials system can be investi-
gated in the numerical simulation method so that the research can be improved and 
universal in the research of UHPC for repair of highway and bridge. 
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