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In this paper, modified polyurethane prepolymer was synthesized by the segmental synthesis method using isophorone dii-
socyanate (IPDI), hydroxyl-terminated silicone, and polyether glycol dimethylolpropionic acid as raw materials. After that,
pectiniform polycarboxylate, of which side chains were in roughly the same polymerization degree and main chains were in
different lengths, was synthesized at normal temperature in the complex initiation system of H,O,, APS, sodium bisulfite, and Vc.
Then, compared with commercial Sika polycarboxylate, their applications in ultrahigh-performance concrete (HUPC), including
flowability, strength, drying shrinkage, and autogenous shrinkage, were investigated. The results showed that, due to the molecular
structure of polyorganosiloxane, the synthesized polycarboxylate could be better dispersed. Dosage of silica fume could effectively
improve the compressive strength of UHPC, while slag had a certain negative impact on its strength. Incorporation of slag and
silica fume could effectively reduce the dry shrinkage of UHPC.

1. Introduction

In recent years, polycarboxylate (PCE) had developed
rapidly. By changing the chemical structure of main chain,
branch chain, and carboxylic acid group in polycarboxylate
molecules, polycarboxylate became capable of protecting the
collapse, controlling condensation, and reducing shrinkage.
Studies on the chemical structure changes of polycarboxylate
mainly focus on the charge density differentiation, branch
chain length, main chain length, and the functional groups
contained [1]. It had been found that these groups were
adsorbed on the surfaces of silicate cement hydration
products and cement particles, which not only led to the
formation of adsorption layer but also destroyed the floc-
culation structure between silicate particles [2]. After the
addition of polycarboxylate, the electrostatic repulsion and
spatial steric resistance could greatly change the force be-
tween silicate cement particles and the physical-chemical

properties of the solid-liquid interface, making the silicate
cement particles evenly distributed, thus affecting the
flowability and other properties of cement [3]. However,
polycarboxylate was commonly synthesized by the heating
synthesis method, in which synthesis temperature was re-
quired to be between 60°C and 90°C or even higher and the
content of synthesized polycarboxylate was relatively low,
resulting in increased synthesis and marketing costs. On this
basis, synthesis of polycarboxylate at room temperature had
become a trend of development.

In the past two decades, concrete admixture technology
had been developed rapidly. The invention of poly-
carboxylate made it possible to prepare concrete mixtures
with low water-binder ratio and high flowability. Moreover,
some functions could be further enhanced by means of
compounding. Therefore, the design and selection of an
appropriate polycarboxylate could not only effectively re-
duce the water demand of UHPC and obtain the required
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workability but also promote its condensation and hard-
ening and strength development of UHPC and, at the same
time, obtain better other performance [4, 5]. It had been
proved that adding some active admixtures such as silica
fume and ultrafine slag was an effective way to prepare high-
performance concrete. Adding any one admixture could
improve the performance of concrete, but there were still
some shortcomings [6].

By controlling the molar ratio of acrylic acid and large
monomer, polyurethane-modified polycarboxylate (M-
PCE) was synthesized at room temperature in this work, and
its application in ultrahigh-performance concrete was

studied by  comparing  Sika  high-performance
polycarboxylate.
2. Experimental Details

2.1. Materials. The raw materials used include P-I 42.5
cement, silica fume, slag, and fly ash, and the chemical
compositions are shown in Table 1. The average particle size
of P-142.5 cement was 36.96 ym, the average particle size of
slag was 20.30 yum, and the average particle size of silica
fume was 0.22 ym. The commercially available Sika was a
high-performance polycarboxylate, of which the molecular
structure is shown in Figure 1. The synthetic materials used
include isophorone diisocyanate (IPDI), 1-4-butanediol,
dihydroxymethyl propionic acid (DMPA), N-methyl-2-
pyrrolidone, hydroxyl-terminated polysiloxane, polyether
diol, and isoprene polyoxyethylene ether (TPEG) with a
molecular weight of 2400, acrylic acid (AA), thioglycolic
acid, sodium methallyl sulfonate (SMS), polyethylene
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glycol =200 (PEG-200), toluene sulphonic acid, hydrogen
peroxide (H,0,), ascorbic acid (V¢), ammonium persulfate
(APS), dilauryl dibutyltin, sodium hydroxide, and deion-
ized water.

2.2. Synthesis of Side Chains. The synthesis equation and the
designed side chain molecular structure are shown in Fig-
ure 2. In the process of synthesis, alcohols and amines
containing hydroxyl groups or amino groups with low
molecular weight and multifunctional groups were intro-
duced into the main chain of polycarboxylate molecules to
increase the number of short branched chains, making the
long branched chains of polyethers and the short branched
chains of alcohols and amines distributed alternately and
thus increasing the dispersibility and adaptability of poly-
carboxylate. The specific operation was as follows.

Initially, 22.2 g of isophorone diisocyanate was weighed
and transferred to a four-neck round-bottom flask at
60-80°C, and 25g of polyethylene glycol (Mw: 1000) was
added to the polyethylene glycol along with a quantity of
dibutyltin dilaurate. After 1h, 3.35g of solid DMPA was
added and dissolved with 5-8 ml of N-methyl-2-pyrroli-
done. For prepolymerization, a solution containing 9g of
hydroxyl-terminated polysiloxane, 3 g of 1,4-butanediol, and
2.5 g of sodium methallyl sulfonate (SMS) was added to the
bottom flask. A polyurethane prepolymer was obtained
when the concentration of free -NCO was reduced to 16%.

The polymerization reaction of the polyurethane side
chain was as follows:

HO—R3—OH —>

O
I

H
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TaBLE 1: Chemical composition of PI 42.5 Portland cement, slag, fly ash, and silica fume w (%).
. Chemical composition w (%)
Material .
SiO, AlL,O; Fe, 03 CaO MgO
Cement 25.26 6.38 4.05 64.67 2.68
Silica fume 90.82 1.03 1.50 0.45 0.83
Slag 33 13.91 0.82 39.11 10.04
Fly ash 54.29 22.55 5.53 1.34 2.56
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FIGURE 1: Chemical structure of commercial Sika polycarboxylate.
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FiGure 2: Side chain’s reaction and its molecular structure.

The chain extending reaction was as follows:

H2 H2
H,N——C C

OCN Ry—NCO  + NH,
2.3. Preparation of Modified PCE (M-PCE). In the synthesis,
a solution containing 120g of TPEG, 80ml of deionized

water, and 10 g of PEG-200 was fully stirred in a 250 ml four-

—_—

neck round-bottom flask. Another solution containing 0.1 g
of dibutyltin dilaurate, 1.2 g of toluene sulphonic acid, and
34 g of 30% hydrogen peroxide was added. In addition, 2



groups of solutions (group A and group B) were prepared for
the next step:

Group A: 10.8 g AA, 0.384 g thioglycolic acid, and 20 g
deionized water.

Group B: 3.4 g V¢, 0.6 gammonium persulfate, and 20 g
deionized water.

With using a peristaltic pump, the two groups of so-
lutions were added dropwise into the flask at 2 ml/min
within 1.5 h. The solution was heated and incubated for 3 h at
40°C before adding NaOH to adjust the pH to 6-7 to prepare
PCE solution. The chemical structure of M-PCE is shown in
Figure 3.

2.4. Water-Reducing Rate Test of Cement Mortar.
According to GB/T8077-2012 “Concrete Admixture Ho-
mogeneity Test Method,” the mortar water-reducing rate of
polycarboxylate was tested after jumping for 30 consecutive
beats based on the following formula:
; M, - M,
water — reducing rate = ————— x 100%, (1)
M,

where M, represents the water consumption when the
flowability of mortar was 180 mm + 5 mm and M, represents
the water consumption when the flowability of admixture
mortar reached 180 mm + 5mm.

2.5. Mix Rate of UHPC. Based on quadrature design, the
content of polycarboxylate was 2% of the binder component
(mass ratio), the water-binder ratio of ultrahigh strength
concrete was 0.18, and the sand-binder ratio was 1.0. The
mix ratio is shown in Table 2.

Quaternion orthogonal design was adopted in this work.
Matlab software was used for calculation; if the mixture was
composed of four components X1, X2, X3, and X4, then

Y =, X1+ ,X2+ ;X3 + ,X4+ ,X1X2
+ B3 X1X3 + B, X1X4 + B3 X2X3 + f3,,X2X4
+ B34 X3X4 + 153 X1X2X3 + 31, X1X2X4
+ B3y X1X3X4 + 3, X2X3X4 + 3, X1X2X3X4,
(2)

where Y was the dependent variable, which could be any
structure or performance characteristics of cement-based
materials; I was a coefficient; and X1, X2, X3, and X4 were
four components. Fifteen orthogonal designs were used to
design the compos7ition of cementitious materials, and
then, the relation between the composition of cementitious
materials and the performance of ultrahigh strength con-
crete was established.

2.6. Flowability. The sand with a particle size below 2.36 mm
was selected, the cementation material mass was 200 g, the
sand-binder ratio was 1:1, the water-binder ratio was 0.18,
and the mixing amount of polycarboxylate mother liquor
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was 2%. The mortar flowability was tested when it jumped 30
times on the table.

2.7. Strength. In the test of cement mortar, a group of
40 mm x 40 mm x 160 mm test bodies was formed by using
fine sand with particle size below 2.36 mm, with the sand-
binder ratio of 1:1, and the flowability of cement mortar
maintained above 140 mm. The test mold was a triple mold,
and the curing time was 24 hours; the temperature of the
curing box with mold curing was kept at 20°C + 1°C, and the
relative humidity was not lower than 90%. Then, the mold was
removed and put into the steam curing chamber; the drying
chamber temperature was 20°C + 3°C. The strength of mortar
at the 1st day, 3rd day, 7th day, 14th day, and 28th day was
measured.

2.8. Dry Shrinkage. According to the provisions of JC/T603-
2004 “Dry Shrinkage Test Method of Cement Mortar,” a set
of 25 mm x 25 mm x 280 mm test bodies was prepared. After
testing initial reading, the test body was put into the drying
chamber, the drying chamber temperature was 20°C + 3°C,
the relative humidity was 50% + 4%, and then the length of
test body at the 1st day, 3rd day, 7th day, 14th day, 21th day,
28th day, 56th day, and 90th day was measured.
The results were calculated as follows:
5 - (Lo — Lyg) x 100 3)
280

where S, is the dry shrinkage rate of cement mortar test body
at the n-th day, percentage (%); Ly is the initial reading, mm;
L,g is the measured reading at the 28th day, mm; and 280 is
the effective length, mm.

2.9. Autogenous Shrinkage. The autogenous shrinkage of
mortar in self-compacting cement mortar was measured by
jointly using bellow and noncontact probe. The inner di-
ameter of the bellow was 20 mm, and the length range was
340 + 5 mm, which could transform the volume deformation
of the flowing mortar into the length deformation. The
flowability of cement mortar was kept above 140 mm, and
the autogenous shrinkage change of cement mortar was
continuously measured and recorded within 72 hours after
casting.

3. Results and Discussion

3.1. Mortar Water-Reducing Rate. The water consumption of
benchmark mortar without using polycarboxylate was
205.0 g. After jumping 30 times, the flowability was 186 mm
and 175m, with an average of about 180 mm. The experi-
mental results are shown in Table 3.

It could be seen from the above results that the water
reduction rate of M-PCE in mortar was not much different
from that of Sika. From the perspective of molecular
structure, Sika’s dispersion groups were mainly long-chain
alkyl monomers, and its dispersion principle was mainly
electrostatic repulsion and steric hindrance effect. In
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FIGURE 3: Chemical structure of synthesized M-PCE.

contrast, M-PCE’s dispersion ability was promoted by the
strong chemical bond caused by siloxane groups in M-PCE
and silicate phase [7]. In addition, M-PCE had longer side
chains than PCE, so it had better steric hindrance [8] and
excellent dispersion in cement. Levi et al. [9] obtained a
similar conclusion by testing the effect of three types of
silane (triethoxy silane (TEOS), 3-aminopropyl triethoxy
silane (APTES), and N-2-aminoethyl-3-aminopropyl tri-
methoxy silane (AEAPTMS)) on mobility. The results
showed that AEAPTMS had the best dispersion in fresh
cement paste. The main reason was that the siloxane group
in the polyurethane side chain produced by alkoxy hydro-
lysis of silane molecules acted as an anchoring group on the
cement surface, resulting in full adsorption of silane mol-
ecules on the cement particle, and siloxane chain in a certain
way exerted the steric effect between the cement particles,

resulting in the disperse effect of cement. The anchoring
capacity of the siloxane group on cement or hydration
products had been demonstrated by the enhanced adsorp-
tion behavior of the silane-modified polycarboxylate in
cement [10].

3.2. Flowability. The flowability of UHPC with the ce-
mentitious system of cement-silica fume-slag-fly ash is
shown in Table 4. The quaternion orthogonal analysis is
shown in Figures 4 and 5.

According to the UHPC flowability test results in Ta-
ble 4, the relationship between the initial flowability Y of
UHPC with M-PCE or Sika used as polycarboxylate and the
composition of cementing material was established, as
shown in the following equation:



TaBLE 2: Binder compositions of UHPC.

No. Cement (%) Silica fume (%) Slag (%) Fly ash (%)
N1 100 0 0 0
N2 50 50 0 0
N3 50 0 50 0
N4 50 0 0 50
N5 75 25 0 0
N6 75 0 25 0
N7 75 0 0 25
N8 50 25 25 0
N9 50 25 0 25
N10 50 0 25 25
N11 66.6 16.7 16.7 0
N12 66.6 16.7 0 16.7
N13 66.6 0 16.7 16.7
N14 50 16.7 16.7 16.7
N15 62.5 12.5 12.5 12.5

Y vpcpy = L.7X1 +0.5X2 + 1.3X3 + 5.6X4 + 0.018X1X2
+0.043X1X3 +0.113X1X4 + 0.341 X2X3
+1.009X2X4 + 0.56X3X4 — 0.00509X1X2X3
~0.01644X1X2X4 — 0.00909X1X3X4
~0.06326X2X3X4 — 0.0014717X1X2X3X4,

(4)

Y (g = L7X1 + L9X2 + 2.18X3 + 4.37X4 + 0.064X 1 X2
+0.0624X1X3 + 0.0878X1X4 + 0.9581X2X3
+1.1522X2X4 + 0.6354X3X4 — 0.017113X1X2X3
- 0.19207X1X2X4 — 0.011209X1X3X4
- 0.023754X2X3X4 — 0.0019255X1X2X3X4.

(5)

According to formulas (4)-(5), the influence of silicate
cement on the flowability of UHPC with M-PCE or Sika was
the same. The values of ﬂ123, ﬁ124, ﬂ134, ﬁ234, and ﬁ1234 were
all negative, indicating that the use of three or more ce-
mentitious materials had a negative synergistic effect on the
flowability of UHPC although this effect was very weak. On
the contrary, the remaining parameters were all positive,
indicating that the use of one or two cementitious materials
alone had some positive effect on the flowability of UHPC.

As could be seen from Table 4, the flowability of UHPC
decreased as the amount of silica fume increased from 0 to
50%. This was due to that the silica fume had a small particle
size and the surface of silica fume would absorb a lot of
water reducers [11]. Under the action of polycarboxylates,
silica fume acted as an ultrafine particle to disperse cement
particles, releasing more free water [12, 13]. For ordinary
concrete, the amount of silica fume was usually less than
10%. For high strength and durability concrete, it was
necessary to increase the amount of silica fume to 10% in
order to maintain a certain slump under the action of
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polycarboxylate [14]. The amount of silica fume in UHPC
was usually less than 15% [15]. It was found that if the
amount of silica fume was over 25%, it would make UHPC
very thick and reduce the flowability of UHPC. Meanwhile,
the flowability of UHPC also decreased when the amount of
slag exceeded 25% since the specific surface area of slag was
smaller than that of cement; more free water was needed to
achieve the same flowability. Therefore, silica fume and slag
significantly affected the flowability of UHPC.

3.3. Strength. In the cementitious system of cement, silica
fume, slag, and fly ash, UHPC was prepared by using M-PCE
and Sika polycarboxylates, respectively. The strength of pre-
pared UHPC is shown in Table 5. The quaternion orthogonal
analysis of strength of UHPC is shown in Figures 6 and 7.

According to the UHPC strength test results in Table 5,
the relationship between the 28-day strength Y of UHPC
with M-PCE and Sika used as polycarboxylate and the
composition of cementing materials was established, as
shown in the following equation:

Y vpcpy = 1.074X1 + 1.164X2 + 2.192X3 — 3.006 X4
+0.0044X1X2 — 0.01912X1X3 + 0.06038X1X4
~ 1.6665X2X3 + 0.1011X2X4 + 0.7579X3X4
+0.0034705X1X2X3 — 0.000729X1X2X4
- 0.0008859X1X3X4 — 0.0067229X2X3X4
- 0.000098075X1X2X3X4,

(6)

Y (sikey = 1.09X1 + 1.09X2 + 2.07X3 - 3.59X4
+0.0026X1X2 - 0.0138X1X3 +0.072X1X4
—0.0808X2X3 +0.2081X2X4 + 0.1396X3X4
+0.001438X1X2X3 - 0.003189X1X2X4
—0.0023989X1X3X4 - 0.008072X2X3X4
—0.00014719X1X2X3X4.

(7)

From formulas (6)-(7), it could be seen that either
M-PCE or Sika was used, and the effect of silicate cement on
the strength of UHPC (28 d) was almost the same; that is, the
coefficients on X1 were almost the same. In addition, the
coefficients of X4, X1X3, X2X3, X1X2X3, X1X2X3, X1X2X4,
X1X3X4, X2X3X4, X1X2X3X4, X1X2X3X4, X1X2X3X4, and
X1X2X3X4 were found to be negative, indicating that these
incorporation methods had a negative synergistic effect on
the strength of UHPC (28d). Compared with the incor-
poration of silicate cement and silica fume, the incorpora-
tion of silicate cement and fly ash had a positive influence on
the strength of UHPC (28 d).

It could be seen from Table 5 that there was little difference
in the compressive strength of HUPC prepared with M-PCE
and that prepared with Sika. The polyorganosiloxane group in
M-PCE mother liquor could promote hydration. Although
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TaBLE 3: Water reduction rate of polycarboxylate in mortar.

Polycarboxylate Cement (g) Sand (g) Water (M;) (g) Flowability Water-reducing rate (%)
M-PCE 450 1350 128.6 180 mm, 183 mm 37.3
Sika 450 1350 133.5 180 mm, 185 mm 34.8
TaBLE 4: Initial flowability of UHPC with different compositions (mm).
Number

Polycarboxylate

N1 N2 N3 N4 N5 N6 N7 N8 N9 N10 NI11 NI12 N13 N14 N15
M-PCE 165 153 125 192 170 172 195 193 235 170 165 146 155 178 102
Sika 170

150 132 210 200 190 183 205 238 156 135 142

140 160 110

0.6

0.7 0.8 0.9 1.0 0.0 0.2 0.4 0.6 0.8 1.0

Cement Silica fume (0-50%)

(0) (d)

FiGUre 4: Flowability of UHPC with cement-silica fume-slag-fly ash binder (M-PCE).
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0.4 0.6
Cement Silica fume (0-50%)

(c) (d)

FiGURe 5: Flowability of UHPC with cement-silica fume-slag-fly ash binder (Sika).

TaBLE 5: Compressive strength of UHPC.

Compressive strength (MPa)

Number M-PCE Sika

3d 28d 3d 28d
N1 71.6 107.4 74.8 108.8
N2 74.5 100.9 82.1 1154
N3 70.0 115.5 83.7 123.3
N4 66.7 116.3 64.4 118.8
N5 71.2 101.4 80.4 113.7
N6 70.9 99.5 78.3 107.4
N7 64.7 118.6 84.8 126.9
N8 76.9 112.5 72.4 113.8
N9 81.0 117.4 86.9 115.6
N10 79.3 104.6 81.5 101.5
NI11 77.6 119.4 89.3 116.9
NI12 80.0 117.4 80.0 112.5
N13 85.8 108.5 83.8 106.2
N14 82.7 110.3 84.7 117.9

N15 86.4 118.7 83.6 109.1
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FiGUure 6: Compressive strength of UHPC (28 d) with cementitious system of cement-silica fume-slag-fly ash (M-PCE).

0.0 0.2 0.4 0.6 0.8 1.0
Cement Cement
(a) (b)

FiGgure 7: Continued.
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0.0 0.2 0.4 0.6 0.8 1.0
Silica fume (0-50%)

(d)

FIGURe 7: Compressive strength of UHPC (28 d) with cementitious system of cement-silica fume-slag-fly ash (Sika).

Sika was relatively simple in the molecular structure, it could
also be compatible with silicate cement and promote hydration
due to its advanced compounding process. As the silica fume
content increased, the early compressive strength of UHPC
gradually increased; however when silica fume content
exceeded 25%, this trend slowed low. Due to the high poz-
zolanic activity and microaggregate effect of silica fume, silica
fume could improve the compressive strength of UHPC.
Amorphous SiO; in silica fume reacts with calcium hydroxide
produced by cement hydration to form hydrated calcium
silicate (C-S-H), which could improve the early strength of
UHPC [16, 17]. It could be seen from Table 5 that when the
amount of silica fume was greater than 25%, the compressive
strength of UHPC (28 d) increased slightly with the increase in
the amount of silica fume. In addition, it was found that the
addition of slag reduced the compressive strength of UHPC
(3d) but increased the strength of UHPC (28h). This was
because when silica fume and slag were mixed in a proper
proportion, a suitable ratio of calcium to silicon (C/S) could be
produced. Previous studies had shown that, in order to make
concrete stronger, the optimal composition of cementing
materials depends on the fineness of siliceous materials and the
ratio of calcium to silicon [18]. When the ratio of calcium to
silicon was 1.3:1, the strength of UHPC was greater than that
of silica fume [19].

3.4. Dry Shrinkage. Under the cementation system of ce-
ment-silica fume-slag-fly ash, UHPC was prepared by using
M-PCE and Sika polycarboxylate, respectively. The change in
dry shrinkage of UHPC for 28 d is shown in Figures 8 and 9.

According to the 28-day dry shrinkage test results of
UHPC in Figures 8 and 9, the relationship between the 28-
day dry shrinkage Y of UHPC prepared with M-PCE and
Sika as polycarboxylate and the composition of cementitious
materials was established, as shown in the following
equation:

Y vpcp) = 9X1 +20X2 + 9X3 - 8X4 — 0.27X1X2
~0.06X1X3 +0.17X1X4 + 0.72X2X3
+1.35X2X4 + 0.88X3X4 — 0.0123X1X2X3
~0.0228X1X2X4 — 0.014X1X3X4
- 0.8226X2X3X4 + 0.015593X1X2X3X4,

(8)

Y (sika) =9X1 +18X2 + 12X3 - 15X4 - 0.21X1X2
-0.01X1X3 - 0.29X1X4 + 0.43X2X3
+1.62X2X4 + 0.8896X3X4 - 0.0071X1X2X3
—0.0287X1X2X4 - 0.0143X1X3X4
—0.7467X2X3X4 + 0.013826 X1X2X3X4.

©)

From formulas (8)-(9), it could be seen that when
M-PCE and Sika were used, silicate cement had the same
effect on the drying shrinkage of UHPC (28 d); that is, the
coeflicients of X1 were the same. In addition, the coeflicients
of X4, X1X2, X1X3, X1X2X3, X1X2X4, and X1X3X4 were all
negative, indicating that the dry shrinkage of UHPC (28 d)
could be effectively reduced by only adding silicate cement
and silica fume, slag, and fly ash.

As could be seen from Figures 8 and 9, the dry shrinkage
value of UHPC prepared by M-PCE was slightly greater than
that of UHPC prepared by Sika. Although the molecular
structure of M-PCE contained a large number of water-
reducing groups (alcohol groups), it was the M-PCE mother
solution that was used in this experiment. In contrast, there
were still water-reducing groups in Sika’s molecular struc-
ture, which was more effective in reducing the surface
tension of pore solution [20]. Therefore, the dry shrinkage of
UHPC prepared by Sika would be smaller than that of
UHPC prepared by M-PCE.
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FIGURE 9: Dry shrinkage of UHPC (28 d) with cementitious system of cement-silica fume-slag-fly ash (Sika).

The incorporation of fly ash would refine the pore
structure of mortar, reduce the connectivity of pores, and
increase the difficulty in water migration under drying
conditions, which showed a positive effect on drying
shrinkage; that is, drying shrinkage would be greatly re-
duced [21]. Therefore, it was found from Figures 8 and 9
that the dry shrinkage of UHPC became much larger when
silica fume content was around 50%. This was because the
effect of silica fume on the drying shrinkage of UHPC was
mainly due to the volcanic ash effect. Silica fume had high
activity and could react with the hydration product
Ca(OH), to form C-S-H gel, which, on the one hand, not
only reduced the amount of flake crystal Ca(OH), and
increased the amount of C-S-H in cement but also, on the
other hand, refines the pore size and improves the pore
structure. However, C-S-H gel itself had a porous structure
and would contract under dry conditions, while Ca(OH),
was a crystal structure, which generally would not contract.
At the same time, part of Ca(OH), was distributed in the
void of C-S-H gel, which had an inhibitory effect on its
contraction [22]. The pozzolanite reaction consumes
Ca(OH), in the cement, which eliminates the restriction
effect of Ca(OH), on C-S-H gel shrinkage. Therefore, it
could be deduced that the higher the reaction degree of
volcanic ash, the greater the drying shrinkage value of the
corresponding specimen. Theoretically, there was a positive
correlation between the degree of ash reaction and the
content of silica fume. Therefore, the incorporation of silica
fume could enhance the dry shrinkage of UHPC.

3.5. Autogenous Shrinkage. Under the cementitious system
of cement-silica fume-slag-fly ash, UHPC was prepared by
using M-PCE and Sika, respectively, and the autogenous
shrinkage changes in prepared UHPC are shown in Fig-
ures 10 and 11.

According to the 3-day autogenous shrinkage test results
of UHPC in Figures 10 and 11, the relation between 3-day
autogenous shrinkage Y of UHPC with either M-PCE or Sika
and the composition of cementation material was estab-
lished, as shown in the following equation:

Y vpcpy = 9X1 +3X2 +48X3 — 61X4 + 0.38X1X2
- 0.32X1X3 + 1.21X1X4 — 4X2X3
- 2.69X2X4 - 0.07X3X4 + 0.06793X1X2X3
+0.05428 X1X2X4 + 0.0098X1X3 X4
+0.6089X2X3X4 — 0.010649X1X2X3X4,
(10)

Y (siay = 9X1 + 11X2 +27X3 — 78X4 + 0.81X1X2
~0.27X1X3 + 1.579X1X4 - 0.19X2X3
- 0.1X2X4 - 2.01X3X4 + 0.0101X1X2X3 (11)
+0.0108X1X2X4 + 0.0435X1X3X4
+0.6575X2X3X4 — 0.01182X1X2X3X4.

From formulas (10)-(11), it could be seen that silicate
cement had the same effect on the autogenous shrinkage of
UHPC when either M-PCE or Sika was used; that is, the
coefficients of X1 were the same. In addition, the coeffi-
cients of X4, X1X3, X2X3, X2X4, X3X4, and X1X2X3X4
were all negative, indicating the autogenous shrinkage of
UHPC could be effectively reduced by either adding fly
ash, silicate cement and slag, silica fume and slag, silica
fume and fly ash, or adding the four kinds of cementing
materials. The other admixture measures all could in-
crease the self-contraction of UHPC. As could be seen
from Figures 10 and 11, the influence of M-PCE on UHPC
self-shrinking was almost the same as that of Sika on
UHPC. From the molecular perspective, their molecular
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FIGURE 11: Autogenous shrinkage of UHPC (3 d) with cement-silica fume-slag-fly ash binder (Sika).

structure contains a large number of polyethylene glycol
reduction groups, which could effectively reduce the
surface tension of pore solution. Therefore, the autoge-
nous shrinkage value of UHPC prepared by pure silicate
cement was small.

In addition, we found that adding silica fume alone
would increase the autogenous shrinkage of UHPC, which
was consistent with the results in [23]. The main reasons
could be listed as follows: (1) silica fume fineness was
large, and its unique filling effect could refine the pore
structure of cement-based materials; (2) Ca(OH), gen-
erated in the early stage was not well grown and very small
in particle size. After the addition of silica fume, it was
easy to react quickly with silica fume to produce calcium
silicate hydrate with low C/S ratio, making the interface
between the unhydrated cement particles and calcium
silicate hydrate become more compact and uniform [24];
(3) when the content of silica fume was high, the excess
silica fume could continue to react with the generated C-S-
H to produce the outer layer of calcium silicate hydrate
with a lower C/S ratio, making the structure of the ce-
ment-based materials doped with silica fume more dense
[25]. Therefore, silica fume could reduce the porosity and
average pore size of UHPC. Since the value of autogenous
shrinkage was related to the capillary pressure of cement-
based materials, the capillary pressure was mainly related
to its diameter. The greater the silica fume content, the
smaller the capillary diameter, the greater the capillary
pressure, the greater the value of autogenous shrinkage of
UHPC.

Because the chemical shrinkage induced by pozzolanic
reaction of slag was greater than that induced by cement
hydration, it was found that the effect of single dosage of slag
on UHPC’s autogenous shrinkage was great. Meanwhile, the
activity and hydration degree of slag was greater than that of
silicate cement, which greatly promoted the growth of
capillary negative pressure and increased the action area
[26, 27].

4. Conclusions

In this study, pectiniform polycarboxylate was synthesized at
room temperature, and its applications in UHPC, including
flowability, strength, drying shrinkage, and autogenous
shrinkage, were investigated. The following conclusions
could be obtained based on the above experimental results
and discussion:

(1) The polysiloxane in molecular structure had better
compatibility with silicate cement. When either
M-PCE or Sika was used, the positive influence of
silicate cement on the flowability of UHPC was the
same. It is worth noting that the use of three or more
cementitious materials had a negative synergistic
effect on the flowability of UHPC although this effect
was weak.

(2) There was little difference in compressive strength of
HUPC prepared by M-PCE and Sika. The incor-
poration of cement with silica fume and that of
cement with fly ash both had a positive effect on the
28-day strength of UHPC.

(3) The incorporation of fly ash could effectively reduce
the drying shrinkage and autogenous shrinkage of
UHPC. In terms of dry shrinkage, the dosage of silica
fume and fly ash could effectively reduce the 28-day
dry shrinkage of UHPC. Other incorporation
methods would all increase the 28-day dry shrinkage
of UHPC to varying degrees. From the perspective of
autogenous shrinkage, the incorporation of silica
fume and slag, that of silica fume and fly ash or that
of all four cementing materials, could all effectively
reduce the 3-day autogenous shrinkage of UHPC.
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