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Abstract: In the precast building structure, the joint is the key part that affects the mechanical
performance of the assembly structure. By selecting coarse and fine fraction aggregate; adding
high quality mineral admixture, expansive agent, and water-reducing agent; and optimizing the
mixture ratio design, precast members joint concrete (PMJC) with self-compacting performance,
micro-shrinkage, good volume stability, and strength matching with precast concrete is developed. In
this study, the PMJC with a water-binder ratio, fly ash, ultra-fine silicon powder, sand rate, expansive
agent, and water-reducing agent of 0.38, 30%, 3%, 47.7%, 8%, and 0.7%, respectively, showed a good
workability which could meet the conditions of on-site construction. In addition, the strength matched
the precast members, and the PMJC had certain ductility and stability, small early contraction, and
met the requirements of the joint material.

Keywords: prefabricated member joint concrete; working performance; mechanical property;
autogenous shrinkage

1. Introduction

With the rapid growth of the economy and continuous improvement of urbanization,
the current development environment of the construction industry in China has undergone
profound changes. The buildings in China are mainly cast-in-place, the form is single, and
there are not many building products to choose. The construction speed, quality, and usage
function of the products are seriously affected [1–3].

Prefabricated building is a building product completed by prefabricating part or all of
the components of the building in the factory [4,5]. Then, the components are transported
to the construction site and assembled through reliable connection. Lu et al. noted that
compared with traditional buildings, prefabrication reduces waste by 15.38% [6]. In the
assembly integral structure, the joint is the key part that affects the mechanical performance
of the structure. The connection between the assembly component nodes can be divided
into the dry connection and wet connection [7]. Although the wet connection is the
most important connection mode of the assembly structure at present [8], there are many
shortcomings in this connection mode. To a large extent, the wet connection depends on the
work and mechanical properties of the precast member joint concrete [9]. The research and
development of joint concrete, which has vibration-free tamping, good flowability [10,11],
good crack resistance after hardening, and good adaptability to strength and deformation
performance with precast concrete members, will be of great significance to ensure the
quality of assembled construction engineering [12–14].

Researchers have found that the addition of mineral admixtures in ordinary concrete
can change the rheological properties, strength, hydration heat, and shrinkage of concrete,
which has promising applications. However, the effect of a single admixture is often limited,
and different mineral admixtures often have different effects.
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Numerous studies have shown that the use of mineral admixtures such as fly ash and
blast furnace slag can increase the flow of concrete without increasing the cost [15]. The ad-
dition of these mineral admixtures can reduce the amount of high-efficiency water-reducing
agents to maintain a similar slump flow to concrete made with cement only. Fly ash im-
proves the rheological properties of concrete, reduces the possibility of cracking [16,17],
reduces the hydration heat, and improves the durability of concrete [18–20]. Kim [21] and
Miura [22] found that replacing cement with 30% fly ash significantly improved the rheolog-
ical properties, and excellent compatibility and flowability could be obtained. Pandey [23]
studied the relationship between fly ash admixture and compressive strength, and found
that as the fly ash increased, the porosity and average pore size increased, and the compres-
sive strength decreased. Silica fume has higher reactivity than fly ash due to its finer particle
size than fly ash but requires more water for its higher specific surface area, resulting in
a lower flowability. To further improve the performance of concrete, researchers have
found that the synergistic effect between fly ash and silica fume results in a ternary mixture
(cement, fly ash, silica fume), which exhibits excellent properties [24–27]. Kwan [28] found
that ternary mixtures had higher packing densities than binary mixtures, with the highest
packing density reaching 0.752. With the increase of packing density, the minimum voids
ratio and matrix water requirement decreased. Radlinski [29] found a synergistic effect
(higher compressive strength, resistance to chloride ion penetration, lower initial water
absorption) after 7 days for the ternary mixture with 20% fly ash and 5% silica fume, and
noted that this synergistic effect was due to chemical (increased hydration products) and
physical (smaller initial particle spacing) effects.

Due to the large amount of cementitious materials, PMJC will produce relatively
large shrinkage. Reducing the shrinkage of concrete is also an important topic of concrete
engineering. The addition of mineral admixtures such as fly ash and slag can reduce
the shrinkage of concrete. Some researchers have found that the shrinkage of concrete
decreased with the increase of the amount of mineral admixture [30,31], while others have
found contradicting results [32]. For example, Li et al. [32] found that the drying shrinkage
rate of high-performance concrete increased with the increase of fly ash content in the first
28 days and pointed out that the optimal content of fly ash was 20%. Yoo et al. [30] studied
the shrinkage of cement/fly ash/silica fume ternary mixed system and found that with the
increase of fly ash, the shrinkage value decreased. In addition, with the increase of silica
fume, the shrinkage value increased. They also proposed that the addition of expansive
agent can effectively reduce the shrinkage of concrete, and 10% expansion agent can reduce
the autogenous shrinkage of 68%.

At present, there is less information about the practical application of ternary hybrid
system in the joint concrete of precast members, and the safe and economic treatment of
joints in precast members is a very practical topic. To promote the application of ternary
hybrid system in joint concrete, it is necessary to study the mechanical properties of ternary
hybrid concrete. In this experiment, the working performance, and the mechanical and
shrinkage properties of ternary hybrid concrete with different mix ratios were studied, and
an optimal mix ratio was proposed.

2. Experimental Program
2.1. The Mix Proportion Technology of Joint Concrete

In this experiment, water-reducing agent, expansive agent, fly ash and ultra-fine
silica powder were mixed together. By adding polycarboxylic acid superplasticizer, the
amount of water can be reduced, and the strength of concrete can be improved. Moreover,
polycarboxylic acid superplasticizer can wrap the surface of cement particles and reduce
the friction resistance between cement particles, thus improving the flowability of concrete
mixtures. The joint concrete of prefabricated members adopts lower water-binder ratio and
more cementitious material dosage, so it will lead to a shrinkage in the concrete, which
will induce cracks in concrete structure. By changing the proportion of coarse and fine
aggregate, adopting the technology of admixture, the friction between the particles of
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concrete mixture and the early shrinkage of concrete can be reduced, and the fluidity of
concrete mixture can be improved.

In the case of realizing the self-weight and vibration-free concrete forming, the amount
of cementitious materials should be reduced. At the same time, attention should be paid to
the optimization of raw materials and aggregate grading, as well as the reduction of the
amount of cementitious materials, while optimizing the mix design.

The principle to determine the sand rate is to ensure the concrete mixture has good
cohesion and flowability. When a reasonable sand ratio is used, the concrete mixture
can obtain greater flowability and maintain good cohesion and water retention when the
amount of water and cement is fixed.

In the mix proportion design of the joint concrete of prefabricated members, the pro-
portion of coarse aggregate should be strictly controlled, the gradation of coarse aggregate
and the mobility and filling property of concrete mixture should be improved, and the
problems of segregation and bleeding of concrete should be solved. The maximum particle
size of coarse aggregate should not exceed 20 mm.

To restrain the early shrinkage of the concrete mixture, the self-compactness of concrete
was improved to prevent the shrinkage crack after the hardening of concrete. The crack
resistance of the concrete mixture was increased, and the cohesion of concrete and the
appearance quality of concrete mixture were improved by adding an expansive agent.
Using high-quality mineral admixtures such as fly ash and ultra-fine silicon powder, the
yield stress of concrete mixture can reach the allowable range. At the same time, the
workability of concrete can be enhanced, the homogeneity and the resistance ability of cthe
oncrete mixture can be improved, and the friction between coarse and fine aggregates can
be reduced.

According to the design method of concrete mix proportion in Chapter 5 of “Technical
Specification for the Application of self-compacting concrete” (JGJ/T283/2012), the mix
proportion design of the joint concrete of prefabricated members was carried out to deter-
mine the volume fraction of sand, water-binder ratio, and proportion of mineral admixture
in the concrete mixture.

2.2. Materials

The raw material of concrete in this experiment is P.O 42.5 ordinary Portland cement.
Well-graded natural gravel was used as the coarse aggregate with the size of 5–20 mm.
River sand with good gradation was used as the fine aggregate. As shown in Table 1. the
fineness modulus of river sand was 2.69. The grade I fly ash was produced by Henan
Sitong Chemical Construction, and the physical indexes are shown in Table 2. UEA concrete
expansive agent was used. Ultra-fine silicon fume is a type of quasi-spherical solid ultra-
fine powder which comprises natural quartz stone. The solid content and water reduction
rate of polycarboxylic acid superplasticizer were 20% and 25%, respectively.

Table 1. Screening results of sand.

Sieve Size (mm) Sieve Calculated
Separately (g)

The Percent of Sieve
Calculated

Separately (%)

The Sum of Percent
of Sieve Calculated

Separately (%)

2.5 27 5.4 5.4
1.25 69.5 13.9 19.3
0.63 208 41.6 60.9
0.315 127 25.4 86.3
0.16 52.5 10.5 96.8

0 12 2.4 99.2
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Table 2. Physical indexes of fly ash.

Item Fineness (%) Domestic
Demand (%)

Vector of
Combustion (%)

Sulfur
Trioxide (%)

Density
(g/cm3)

Water
Content (%)

Alkali
Content (%)

Normalcy ≤12.0 ≤95 ≤5.0 ≤3.0 — ≤1.0 —
Detection 9.6 93 4.8 2.0 2.1 0.5 1.5

2.3. Test Method of Working Performance

The fluidity of concrete refers to the ability of the mixture to fill the gap between the
formwork. The slump flow test can be used to evaluate the unrestricted deformation ability
of self-compacting concrete mixture. In this paper, the slump flow test was performed
according to the Chinese industry standard “Technical specification for application of
self-compacting concrete” (JGJ/T-283-2012).

The passing ability test was performed according to the J-Ring flow method in the
abovementioned standard (JGJ/T-283-2012). The J-Ring flow degree is the average value
of the two diameters of the extended surface perpendicular to each other after the slump
flow of the concrete mixture. The difference (PA) between slump-flow and J-Ring flow
represents the passing ability of PMJC. The larger PA, the wider the application range of
PMJC, which means that it can be applied to smaller reinforcement spacing.

2.4. Test Methods of Mechanical Properties

The mechanical properties tests were performed according to the methods stipulated
in the national standard “Standard for test methods of concrete physical and mechanical
properties” (GB50081-2019). The cube compressive strength and splitting tensile strength
of 8 groups of test blocks were measured at 3 ages (3 days, 7 days, 28 days). The standard
cube specimens with the size of 150 × 150 × 150 mm were placed into the standard nursing
room with a temperature of 20 ± 3 ◦C and relative humidity of more than 90%.

The elastic modulus of concrete is a very important performance parameter of engi-
neering materials. According to GB50081-2019, the specimen size was 100 × 100 × 300 mm.
There were 6 pieces in each group, of which 3 were used to determine the axial compressive
strength, and the other 3 were tested for elastic modulus. After pouring and forming, the
axial compressive strength and elastic modulus of concrete were measured at the age of 7,
14, and 28 days.

The autogenous shrinkage of concrete was measured according to the non-contact
method in the national standard “Standard for test methods of long-term performance and
durability of ordinary concrete” (GB/T50082-2009).

3. Results
3.1. Working Performance

Eight groups of tests were designed considering the water-binder ratio, the type and
content of mineral admixtures, and different sand rates. The slump-flow, T500 time, and J-
Ring tests were performed, respectively, and the effects of the above factors on the working
performance of PMJC were analyzed. The mix proportion design is shown in Table 3, and
the weight of raw materials per cubic meter of concrete is shown in Table 4. The test data
of working performance are shown in Tables 5 and 6, respectively.

By comparing groups 1, 2, and 8, the effect of the water-binder ratio on the working
performance of joint concrete of prefabricated members was studied, and the water-binder
ratio had a great influence on the working performance of the mixture. With the increase
of the water-binder ratio, the flowability of concrete mixture increased. The maximum
slump-flow was 705 mm when the water binder ratio was 0.43, and the minimum slump
was 650 mm when the water binder ratio was 0.32. It was noteworthy that when the
water-binder ratio increased, the concrete mixture was prone to segregation and bleeding,
and the passing ability decreased accordingly.
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Table 3. Mix proportion of PMJC.

Mix
Proportion

Water-Binder
Ratio Fly Ash (%) Ultra-Fine

Silicon Fume (%)
Expansive
Agent (%) Water Reducer (%) Sand Rate (%)

PMJC1 0.43 30 0 1 0.8 51.7
PMJC2 0.38 30 0 1 1 51.7
PMJC3 0.38 20 0 1 1 51.7
PMJC4 0.38 30 3 1 1 51.7
PMJC5 0.38 30 4 1 1 51.7
PMJC6 0.38 0 0 1 1 51.7
PMJC7 0.38 30 0 1 1 47.7
PMJC8 0.32 30 0 1 1.2 51.7

Table 4. The weight of raw materials per cubic meter of PMJC (unit: kg/m3).

Mix
Proportion Water Cementitious

Materials Cement Fly Ash Gravel Sand Water
Reducer

Expansive
Agent

Ultra-Fine
Silicon Fume

PMJC1 218.93 510.75 357.52 153.22 776.50 831.62 4.08 5.11 0
PMJC2 207.63 550.92 385.64 165.27 776.50 831.62 5.50 5.51 0
PMJC3 207.63 550.92 440.73 110.18 776.50 831.62 5.50 5.51 0
PMJC4 207.63 550.92 369.12 165.27 776.50 831.62 5.50 5.51 16.52
PMJC5 207.63 550.92 362.32 165.27 776.50 831.62 5.50 5.51 22.03
PMJC6 207.63 550.92 550.92 0 776.50 831.62 5.50 5.51 0
PMJC7 177.84 472.45 330.71 141.73 935.90 853.78 4.72 4.72 0
PMJC8 192.27 607.32 425.12 182.17 786.50 840.62 7.28 6.07 0

Table 5. Slump-flow and T500.

Number
Slump-Flow/mm

T500/s
0 min 10 min 30 min

PMJC1 705 680 655 8.2
PMJC2 690 645 500 7.09
PMJC3 685 670 625 8.17
PMJC4 715 680 680 6.34
PMJC5 690 645 630 6.48
PMJC6 665 630 600 8.32
PMJC7 700 655 635 6.40
PMJC8 650 625 550 7.69

Table 6. J-Ring test.

Number PMJC1 PMJC2 PMJC3 PMJC4 PMJC5 PMJC6 PMJC7 PMJC8

slump-flow
(mm) 705 690 685 715 690 665 700 650

J-Ring flow
(mm) 665 655 645 700 670 620 665 615

PA (mm) 40 35 40 15 20 45 20 35

PA stood for the passing ability of PMJC.

By comparing groups 2, 3, 4, 5, and 6 of tests, the influence of mineral admixtures on
the performance of concrete was studied. With the increase of fly ash content, the slump-
flow of joint concrete increased. The results show that fly ash can change the workability
of joint concrete under a certain amount. The experimental results show that the matrix
exhibited the best fluidity when 30% fly ash was added. The main reason was that the
density of fly ash was smaller than that of cement, and the spherical granular structure could
reduce the friction resistance among particles to a certain extent, thus increasing the flow
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performance of the mixture. The slump loss of PMJC increased with the increase of time,
and the total loss increased with the increase of fly ash replacement. The T500 and PA value
decreased with the increase of fly ash content, and the PA value was the largest when the
fly ash content was 0. The PA values of group 4 and group 5 were smaller with 15 mm and
20 mm respectively, which meant that these two groups of PMJC were suitable for smaller
reinforcement spacing at the joints. At this time, the fly ash replacement ratio reached 30%,
and the silica fume replacement ratio was 3% and 4%, respectively. The degree of cement
was smaller than that of cement, so when fly ash replaced cement equally, the volume
of cementitious material increased, the cement particles in the mixture were dispersed,
and the water consumption was reduced. Moreover, due to the morphological effect and
filling effect of fly ash, the concrete mixture was more compact, and the connecting passage
could not be formed, thus avoiding bleeding and segregation. It can be considered that the
addition of fly ash can improve the cohesion and passing ability of the mixture. Ultra-fine
silicon powder can improve the flow rate of mixtures to a certain extent, but when it exceeds
a certain amount, it will affect the flow speed of mixtures, mainly because the specific
surface area of micro-silicon powder is relatively large. According to the results of this test,
the best overall working performance of the concrete matrix was achieved when the silica
fume replacement ratio reached 3%. When the content exceeded a certain requirement, the
water requirement increased, resulting in a decrease in the flow rate. The results show that
the mixing of fly ash and ultra-fine silica powder can significantly improve the flow speed
and filling capacity of concrete mixtures.

Comparing with groups 2 and 7 of tests, it can be found that the increase of sand ratio
led to the increase of slump-flow loss, and the decrease of flow velocity and filling capacity
in the later stage of slump flow. The main reason was that mortar reduced the friction
between aggregate particles to a certain extent. Increasing the sand ratio in a certain range
can improve the performance of the mixture, but when the sand ratio exceeds a certain
range, the specific surface area of sand becomes larger than that of coarse aggregate. When
the sand ratio increases, the total surface area of coarse aggregate will increase, but when
the slurry content is certain, the total surface area of coarse aggregate will increase. The
slurry encapsulated with coarse aggregate will become smaller, which will lead to increased
friction between coarse aggregate and fine aggregate, smaller fluidity, and lower flow rate.

3.2. Mechanical Properties

Considering the effect of the water-binder ratio, mineral admixtures, and sand ratio,
eight groups of specimens were designed. The cubic compressive strength, elasticity
modulus under static compressive stress, and splitting tensile strength of the eight groups of
specimens were tested, and the effects of the above factors on the strength and deformation
properties of concrete at different ages were analyzed. The mix design was the same as
Table 3. The test results are shown in Tables 7–9, respectively.

Table 7. Results of the cube compressive strength test.

Number
Compressive Strength (MPa)

3 d 7 d 28 d

PMJC1 25.91 29.71 38.80
PMJC2 28.32 31.64 44.82
PMJC3 31.05 37.40 48.98
PMJC4 27.32 33.68 46.14
PMJC5 28.54 35.66 46.91
PMJC6 32.05 40.43 49.63
PMJC7 29.33 37.44 43.73
PMJC8 34.49 48.23 58.62
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Table 8. Results of the cube splitting tensile strength test.

Number
Splitting Tensile Strength (MPa)

3 d 7 d 28 d

PMJC1 1.75 1.94 2.33
PMJC2 1.90 2.05 2.52
PMJC3 1.97 2.24 2.67
PMJC4 2.10 2.66 2.58
PMJC5 1.86 2.16 2.63
PMJC6 2.34 2.80 3.15
PMJC7 1.95 2.23 2.51
PMJC8 2.11 2.75 3.24

Table 9. Calculated values of the elasticity modulus.

Number
Elasticity Modulus (GPa)

7 d 14 d 28 d

PMJC1 18.2 22.5 31.1
PMJC2 20.2 24.3 32.5
PMJC8 29.5 33.4 36.4

By comparing groups 1, 2, and 8 of tests shown in Table 7, the influence of water-binder
ratio on the mechanical properties of concrete was studied. When the water-binder ratio
was 0.43 (PMJC1) and 0.38 (PMJC2), the growth rate of compressive strength of concrete
in the later stage was faster than that in the early stage, but the growth rate in the later
stage was slower than that in the early stage when the water-binder ratio was 0.32 (PMJC8).
With the decreased water-binder ratio, the compressive strength of concrete increased. The
main reason was that when the water-binder ratio was low, the mixture formed a relatively
compact structure, which reduced the porosity. When the water-binder ratio was 0.43
and 0.38, the growth rate of splitting tensile strength of concrete in the later stage was
faster than that in the early stage, but the growth rate of concrete with the water-binder
ratio of 0.32 in the later stage was slower than that in the early stage. With the decreased
water-binder ratio, the splitting tensile strength of concrete increased. The reason was the
same as the compressive strength mentioned above. The elasticity modulus of concrete
at 7 d, 14 d, and 28 d with the water-binder ratio of 0.32 (PMJC8) increased 46%, 37.4%,
and 12% respectively, compared with the water-binder ratio of 0.38 (PMJC2), as shown
in Table 9. The results show that the elasticity modulus of concrete increased with the
decreased water-binder ratio. When the water-binder ratio was 0.43 and 0.38, the elasticity
modulus of concrete increased faster in the early stage than in the later stage, while the
latter increased faster in the later stage than in the early stage when the ratio of water to
binder was 0.32.

Groups 2, 3, 4, 5, and 6 of experiments were compared to study the effects of mineral
admixtures on the mechanical properties of concrete. The test results are shown in Figure 1.
The compressive strength of concrete specimens with a reference mix ratio of 28 days was
49.63 MPa, which was higher than that of concrete with mineral admixtures. Figure 1a,b
shows that fly ash had an effect on the strength development of concrete in the early stage.
Under the same conditions, the compressive strength of the mixture decreased with the
increase of fly ash content. When the content of fly ash was constant, there was more
content of ultra-fine silica fume, and the strength concrete was higher. Figure 1c,d shows
that concrete with 30% fly ash and 4% ultra-fine silica fume showed higher strength than
concrete with 30% fly ash alone, while concrete with 30% fly ash and 3% ultra-fine silica
fume showed lower strength than concrete with 30% fly ash alone. The results prove that
the compressive strength of concrete can be improved by adding ultra-fine silica fume in a
certain amount. The splitting tensile strength of concrete with 30% fly ash was 0.15 MPa
lower than that of concrete with 20% fly ash. The main reason was that with the increase of
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fly ash content, most of the cement was replaced, resulting in the reduction of hydration
products, and finally the reduced strength of concrete. At the age of 28 d, the splitting tensile
strength of the base mix ratio reached the maximum of 3.15 MPa, and the concrete with 30%
fly ash reached the minimum of 2.52 MPa, which indicated that the splitting tensile strength
had a tendency to increase in the later strength for the concrete with mineral admixtures.
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Figure 1. Influence of mineral admixtures on the mechanical properties of PMJC. (a) Influence of
fly ash on compressive strength. (b) Influence of fly ash on splitting tensile strength. (c) Influence
of ultra-fine silica fume on compressive strength. (d) Influence of ultra-fine silica fume on splitting
tensile strength.

3.3. Autogenous Shrinkage Performance

In this experiment, the expansive agent was used to restrain the shrinkage of concrete.
NELD-ES731 (12-way) non-contact concrete shrinkage and expansion deformation tester
was used to measure the early autogenous shrinkage rate of concrete. The test instrument
is shown in Figure 2.
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Figure 2. Concrete autogenous shrinkage test.

Concrete autogenous shrinkage rate should be calculated according to the
following formula:

εst =
(L1O − L1t) + (L2O − L2t)

LO
(1)

where εst is the shrinkage rate of concrete with test period T(h), t is calculated from the
initial reading, L1O is the initial reading of left non-contact displacement sensor (mm), L1t is
the reading of the left non-contact displacement sensor during the test period of t(h), L2O is
the initial reading of right non-contact displacement sensor (mm), L2t is the left non-contact
displacement sensor reading (mm) for t(h), and LO is the measured distance (mm) of the
specimen, which is equal to the length of the specimen minus the sum of the lengths of the
two reflecting targets embedded in the specimen along the length direction of the specimen.

In this test, prism specimens of 100 × 100 × 515 mm size were used [33]. Three
specimens were produced for each group, and ten groups of specimens were produced in
this test, with 30 specimens in total. The effect of the water-binder ratio, mineral admixture
content, and expansion agent content were studied, respectively. The mix proportion of the
non-contact autogenous shrinkage test is shown in Table 10, the amount of materials used
per cubic meter is shown in Table 11, and the test data are shown in Figure 3.

Table 10. Mix proportion of the non-contact autogenous shrinkage test.

Mix
Proportion

Water-Binder
Ratio Fly Ash (%) Ultra-Fine

Silicon Fume (%)
Expansive
Agent (%) Water Reducer (%) Sand Rate (%)

PMJC12 0.43 0 0 0 0.5 51.7
PMJC13 0.43 20 0 0 0.5 51.7
PMJC14 0.43 30 0 0 0.5 51.7
PMJC15 0.43 30 3 0 0.5 51.7
PMJC16 0.38 20 0 0 0.7 51.7
PMJC17 0.38 30 0 0 0.7 51.7
PMJC18 0.38 30 3 0 0.7 51.7
PMJC19 0.38 30 0 0.8 0.7 51.7
PMJC20 0.38 30 0 1 0.7 51.7
PMJC21 0.32 30 0 0.8 0.9 51.7
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Table 11. The weight of raw materials per cubic meter of PMJC (unit: kg/m3).

Mix
Proportion Water Cementitious

Materials Cement Ultra-Fine Silicon
Fume (%) Fly Ash Gravel Sand Water

Reducer
Expansive

Agent

PMJC12 218.93 510.75 510.75 0 0 776.50 831.62 10.22 0
PMJC13 218.93 510.75 408.6 0 102.15 776.50 831.62 10.22 0
PMJC14 218.93 510.75 357.52 0 153.23 776.50 831.62 10.22 0
PMJC15 218.93 510.75 342.2 15.32 153.23 776.50 831.62 10.22 0
PMJC16 207.63 550.92 440.74 0 110.18 776.50 831.62 11.02 0
PMJC17 207.63 550.92 385.64 0 165.28 776.50 831.62 11.02 0
PMJC18 207.63 550.92 370.32 15.32 165.28 776.50 831.62 11.02 0
PMJC19 207.63 550.92 385.64 0 165.28 776.50 831.62 11.02 44.07
PMJC20 207.63 550.92 385.64 0 165.28 776.50 831.62 11.02 55.09
PMJC21 192.27 607.32 425.12 0 182.20 776.50 831.62 12.15 48.59

By comparing groups 13 and 16, groups 14 and 17, groups 15 and 18, and groups 19
and 21, respectively, the experimental data increased linearly and rapidly before 48 h but
slowly after 48 h. Compared with different water-binder ratios under the same conditions
shown in Figure 4, the larger the water-binder ratio, the smaller the shrinkage. At 168 h,
the autogenous shrinkage of concrete with 20% fly ash and 0.43 water-binder ratio was
178 × 10−6 much smaller than that of concrete with a 0.38 water-binder ratio, as shown
in Figure 4a. When the content of fly ash was 30%, as shown in Figure 4b, the shrinkage
of concrete with the water-binder ratio of 0.43 was 131 × 10−6 less than that of concrete
with the water-binder ratio of 0.38, which was 301.5 × 10−6. Figure 4d shows that the
shrinkage of concrete with fly ash content of 30%, ultra-fine silica powder content of 3%,
and water-binder ratio of 0.43 was 68 × 10−6 smaller than that of concrete with water-
binder ratio of 0.38, which was 266.6 × 10−6. Figure 4c shows that when the content of fly
ash was 30%, the shrinkage of concrete with the water-binder ratio of 0.38 was 245 × 10−6

smaller than that of concrete with the water-binder ratio of 0.32, which was 314 × 10−6.
When the water-binder ratio was small, the internal water content of concrete could not
meet the requirements of cement hydration, which led to the self-drying shrinkage of
internal cementitious materials. When cement hydration occurred, the generated hydration
products gradually filled up the space. The smaller the water-binder ratio was, the less
the amount of water was used, and the less the remaining voids were filled by hydration
products. Thus, the structure became more compact. The shrinkage mechanism of concrete
was that when the moisture content in the voids decreased, a large number of voids were
generated in the cement paste. With the evaporation of the internal moisture decreased, the
tensile stress produced by the capillary holes and the shrinkage of concrete were larger.
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Figure 3. Tests results of the autogenous shrinkage of PMJC.

As shown in Figure 5, when the water-binder ratio was 0.43, the content of expansive
agent was 0. The autogenous shrinkage test of concrete without mineral admixture reached
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the maximum value of 215 × 10−6 at 168 h, and the shrinkage of concrete with 30% fly ash
and 3% ultra-fine silica powder reached the minimum value of 68 × 10−6, which indicates
that mineral admixture can restrain the autogenous shrinkage of concrete to a certain extent.
Comparing groups 12, 13, and 14 of test data in Figure 5a, it can be seen that when more fly
ash was added, the restraint of autogenous shrinkage of concrete became more obvious
when the water-binder ratio, amount of expansive agent, and age were the same. Figure 5b
shows that when the water-binder ratio was 0.38 and the content of expansive agent was 0,
the autogenous shrinkage of concrete decreased with the increase of the fly ash content.
Compared with groups 14 and 15 of test data in Figure 5c, the shrinkage rate of concrete
with 30% fly ash alone was larger than that of concrete with 30% fly ash and 3% ultra-fine
silica powder at the same age, water-binder ratio, and expansion agent content. At the
same time, before the age of 48 h, the autogenous shrinkage rate of concrete increased
rapidly, and later the autogenous shrinkage rate increased slowly, which indicated that
the autogenous shrinkage of PMJC mainly occurred in the early stage, and corresponding
measures could be taken to restrain the autogenous shrinkage in the early stage. Figured
5d indicates that the addition of 0.8% expansive agent can generate a similar shrinkage
value to that of the ternary system, implying that the addition of micro expansive agent
can improve the shrinkage performance of PMJC. In summary, fly ash and ultra-fine silica
fume can reduce the autogenous shrinkage of concrete and the early cracking of concrete,
and improve the overall stability of concrete.
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Figure 4. Influence of water-binder ratio on autogenous shrinkage of PMJC. FA: the replacement
percentage of fly ash; SF: the replacement percentage of ultra-fine silicon fume; EA: the content of
expansive agent. (a) PMJC13 and PMJC16 (FA: 20%, SF: 0, EA: 0). (b) PMJC14 and PMJC17 (FA: 30%,
SF: 0, EA: 0). (c) PMJC19 and PMJC21 (FA: 30%, SF: 0, EA: 0.8%). (d) PMJC15 and PMJC18 (FA: 30%,
SF: 3%).
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Figure 5. Influence of mineral admixtures on the autogenous shrinkage of PMJC. (a) PMJC12, PMJC13,
and PMJC14 (W/B: 0.43, SF: 0, EA: 0). (b) PMJC16 and PMJC17 (W/B: 0.38, SF: 0, EA: 0). (c) PMJC14
and PMJC15 (W/B: 0.43, FA: 30%, EA: 0). (d) PMJC18 (EA: 0) and PMJC19(EA: 0.8%) (W/B: 0.38, FA:
30%).

Figure 6 showed that the shrinkage rate of concrete with 0.8% and 1% expansive agent
was smaller than that without expansive agent before 30 h. At 168 h, the shrinkage of
concrete with 0.8% expansive agent was 245 × 10−6, slightly smaller than that with 1%
expansive agent 251 × 10−6. The results show that a certain amount of expansive agent can
restrain the autogenous shrinkage of concrete. The expansive agent produced expansive
hydration material through hydration reaction and filled in the pore, so micro-expansion
occurred in the early stage. Before the age of 48 h, the shrinkage rate of all the tests increased
rapidly, and the later shrinkage rate increased slowly, which indicated that the addition of
expansive agent had no effect on the time variation of concrete shrinkage. The autogenous
shrinkage of concrete was mainly due to the decreased humidity inside the concrete, which
resulted in the larger tensile stress of the capillary pore and shrinkage. The addition of
expansive agent can fill the capillary pore, and the expansive agent can react with the
hydration product to make the concrete expand in volume and restrain the shrinkage of
concrete.



Buildings 2022, 12, 373 13 of 16

Figure 6. Influence of expansive agent content on the autogenous shrinkage of PMJC (PMJC17,
PMJC19, and PMJC20).

4. Discussion on Optimal Mix of the Concrete

From the viewpoint of workability, the ternary system (cement, fly ash, and silica
fume) exhibited the greatest slump-flow and passing ability compared to the binary system
(cement and fly ash). For example, the slump-flow of PMJC4 and PMJC5 was 715 mm
and 690 mm, and the PA value was 15 mm and 20 mm, respectively. Under the same
water-binder ratio, the early compressive strength and splitting tensile strength of the
ternary system were lower than the reference group. However, the later development was
faster, and the 28-day strength was close to that of the reference group.

Figure 7 compares the PMJC autogenous shrinkage values under different cementitious
materials. It can be found that the autogenous shrinkage value of the ternary system was
the smallest under the same water-binder ratio. When the water-binder ratio was 0.43,
the 168 h autogenous shrinkage of the ternary system was 68 × 10−6, and the unitary and
binary systems were 215 × 10−6 and 131 × 10−6, respectively. When the water-cement
ratio was 0.38, the 168 h autogenous shrinkage was 266.6 × 10−6 for the ternary system and
301.5 × 10−6 for the binary system, which was only 12% lower, indicating that the early
autogenous shrinkage value of the ternary system increased more rapidly as the water-
binder ratio decreased. As can be seen from Figure 5d, the 168 h autogenous shrinkage
value of the ternary system (266.6 × 10−6) was close to the shrinkage value of the binary
system with expansion agent (245 × 10−6). According to the above conclusions, when
the expansion agent content was 0.8% and 1%, PMJC autogenous shrinkage values did
not differ much, and the relative error between the two was only about 2%. Therefore,
adding 0.8% expansion agent in the ternary system can be considered to further reduce the
autogenous shrinkage of PMJC. In summary, when the fly ash content is 30%, silica fume
is 3%, and expansion agent is 0.8%, PMJC will exhibit excellent workability, mechanical
properties, and low autogenous shrinkage.
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5. Conclusions

In this paper, the working performance, mechanical properties, and autogenous shrink-
age performance of PMJC were tested and studied. The research results provided data
references and technical support for special lifting formwork, as well as rapid distribution
technology and equipment of the concrete for the joint construction of industrial building
components. The main conclusions of this paper are as follows.

By adding mineral admixtures and superplasticizer, reasonably selecting the gradation
of the coarse and fine aggregate and sand ratio, and optimizing the concrete mixture design,
a special PMJC with good working performance and suitable for the concrete strength of
precast members was prepared. The yield stress of the concrete mixtures was reduced
to an appropriate range with sufficient plastic viscosity. The mixtures can flow freely
under the action of self-weight to fill the voids in the formwork and form a uniform and
dense structure.

With the increase of the water-binder ratio, the fluidity and plastic viscosity of concrete
continued to improve. When the water-binder ratio was 0.38, the performance of concrete
was generally good. Mineral admixtures can significantly improve the performance of
concrete. Under the same conditions, the passing ability of mixtures with 47.7% sand ratio
was better than that of mixtures with 51.7% sand ratio.

The larger the water-binder ratio, the better the fluidity of concrete, and the smaller
the compressive strength, splitting tensile strength, and elastic modulus. When the water-
cement ratio was 0.38, the fly ash content was 30%, the ultra-fine silica powder content
was 3%, and the compressive and splitting tensile strength of concrete were 46.14 MPa and
2.58 MPa, respectively, which meet the basic strength requirements.

The autogenous shrinkage of concrete increased rapidly before the age of 48 h, and
tended to be flat after the age of 48 h. The smaller the water-binder ratio, the larger
the autogenous shrinkage of concrete. The autogenous shrinkage of concrete can be
significantly reduced by adding an expansive agent. At the age of 168 h, the shrinkage
of concrete with 0.8% expansive agent was 6 × 10−6 smaller than that with 1% expansive
agent. When the content of expansive agent was 0.8%, the effect was optimal. With the
increase of fly ash content, the autogenous shrinkage of concrete decreased. When the fly
ash content was the same, the autogenous shrinkage of concrete could be further reduced
by adding ultra-fine silica fume.
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