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This paper explores the development laws of the fluidity, compressive strength, and autogenous shrinkage of ultrahigh performance
cement (UHPC) mixed with limestone powder (LP) and highly active ground slag powder (SP). A microscopic analysis was
conducted on the hydration products and pore structures. Through quantitative research on the packing density and fractal
dimension of particles in different systems, the relationship between particle characteristics and UHPC properties was
established. As a result, the packing densities of the UHPC mixed solely with LP (binary system) and UHPC mixed with LP and
silica fume (ternary system) are higher than those of UHPC mixed with the same amount of SP and the benchmark UHPC
system; fractal dimension of particle size distribution is closely related to packing density. The LP-cement-silica fume ternary
system was lowly hydrated, but it has a good grain composition and high density of slurry, which improved the compressive
strength of UHPC. The compressive strength of UHPC mixed with 50% LP witnessed a more obvious decline than that of the
ternary system and the one with the same amount of SP. The reason lies in the decrease in slurry due to a lack of sufficient
active constituents, and the hydration products were far from enough to fill the pores in the system. LP can also inhibit

autogenous shrinkage to the greatest degree for the LP-mixed binary system performed best in such inhibition.

1. Introduction

Research on ultrahigh performance concrete (UHPC) and its
application is one of the key directions of current cement-
based material development. Mixed with fine short steel fiber
and boasting a good particle size distribution, UHPC has a
water-binder ratio below 0.25 and a 28d compressive
strength and tensile strength of at least 150 MPa (100 MPa
in Chinese standard [1]) and 5 MPa. UHPC is such a highly
stable material [2, 3] that it has been widely applied in
long-span and ultra-long-span structures as well as buildings
in severe environments.

UHPC has an extremely low water-binder ratio. The hydra-
tions of cement and silica fume (SF) are only 30%-40% and
about 30%, respectively [4, 5]. A large amount of unhydrated
cement and SF particles only serves as a framework that fills
the system, which constitutes a great waste of resources. Mean-

while, there may be hidden danger in the volume stability of
concrete owing to the great hydration heat and high heat release
rate [6]. How to maximize the performance of its constituents
has become an urgent problem to be solved. Therefore, less
active and low-cost mineral admixture can be used to substitute
a certain amount of cement. Limestone powder (LP) is a kind of
fine powder with particle size less than 0.16 mm obtained
through mechanically processing limestone. It is a rather afford-
able and accessible inactive mineral admixture that can be used
to effectively reduce the CO, emission during cement produc-
tion [7]. Due to the adverse effect brought by the low activity
of LP on the compressive strength in the later stage, the usual
content of LP in concrete does not exceed 25% [8-10]. Never-
theless, research showed that in UHPC mixed with cement
and SF as well as that with an LP addition of over 50%, the com-
pressive strength can still be on the increase [11-22]. Zheng [23]
found that in UHPC with a low water-binder ratio, packing
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density and pore size influence the mechanical properties and
stability of hardened slurry by a degree higher than that of
hydration of cementing material. Therefore, it is of vital impor-
tance to quantitatively clarify how LP amount and filling effect
influence the properties of UHPC so as to provide guidance on
the effective use of UHPC.

To explore how the filling effects of different LP amounts
influence the macroscopic and microscopic properties of
UHPC, in this paper, we adopted the compressible packing
model (CPM) and fractal theory to calculate the packing den-
sities of the binary system (LP or slag powder (SP) with
cement) and ternary system (LP or SP with cement and
SF), as well as the fractal dimension of particle size distribu-
tion. Comparative studies were conducted to discover the
development laws of the working performance, compressive
strength, and autogenous shrinkage of UHPC mixed with
LP and that with highly active fine SP. In the meantime,
micromeasurement techniques such as scanning electron
microscopy (SEM) and mercury intrusion porosimetry
(MIP) were used to reveal the effect of LP on UHPC in
microscopic aspects, including hydration product forms
and pore structure parameters.

2. Materials and Methods

2.1. Materials. P.1152.5 ordinary Portland cement (OPC), SF,
LP, and S105 SP were adopted. Their particle size distribu-
tions are shown in Figure 1 and their chemical composition
and physical properties in Table 1. Natural quartz sand was
used as the aggregate, with a maximum particle size of
5mm, fineness modulus of 2.4, and apparent density of
2,650 kg/m”. A polycarboxylate superplasticizer was adopted,
whose properties satisfied the requirements in Concrete
Admixtures (GB 8076-2008).

2.2. Mix Proportion. Nine groups of mix proportions were
designed. LP and SP were mixed with cement and cement-
SF, respectively, with a water-binder ratio of 0.18, a binder-
sand ratio of 1:1, and polycarboxylate superplasticizers of
2.8%. The mix proportions of UHPC are shown in Table 2.

2.3. Methods

2.3.1. Compressible Packing Model. The compressible packing
model (CPM) was used to calculate the solid particle packing
densities of all the constituents. Following a dozen years of
experimental research, De Larrard, a French scientist in con-
crete materials, finally devised CPM [24]. Based on the linear
packing model and solid suspension model, CPM overcomes
the limitation of models devised by Toufar and Dewar, respec-
tively, both of which considered only a single pattern. CPM,
instead, takes into account the influence of particle size distri-
bution and different packing patterns on packing density, con-
tributing to accurate estimation of the packing density of the
system with more than one solid particle mixed. So far, it
has become the most applicable particle packing model in
concrete research with extensive use [25, 26].

In CPM, virtual packing density refers to the maximum
packing density of a system mixed with more than one solid
particle of constant shapes; residual packing density denotes
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Ficure 1: Particle size distributions of OPC, SF, LP, and SP.

the maximum packing density of a material mixed with par-
ticles of the same size in multielement solid particles per unit
volume. The compaction index reflects the packing degrees
dominated by particles of different sizes, which are the eigen-
values of different packing patterns of multiple constituents.
In a binary system, solid particles are packed in two patterns
(Figure 2): (a) relaxation effect and (b) wall attachment effect.
The former shows that small particles prevent large ones
from reaching the closest packing when the system is domi-
nated by large particles; the latter shows that the closest pack-
ing is thwarted by the predominant small particles attached
around the surface of large ones.

If the particle size i is the closest, the virtual packing den-
sity and actual packing density («,) can be calculated by
equations (1) and (6), respectively.

ri= - i >
{1 - Z}Zi [1 -Bit bijﬁi((l - 1)/Bi)b}j - Z;'l:in ((1 - uijﬁi)/ﬁj>yj}

(1)

r=min (r)l1 <i<n, (2)

1-d 1.50

= 1/oct l/r)

& =— (6)

In the equations, r; is the virtual packing density, f3; is the
residual packing density, y; is the volume traction of particles



Geofluids 3
TaBLE 1: Chemical composition and physical properties of OPC, SF, LP, and SP.
Activity

Material Sio, AL O, Fe, 05 Cao MgO SO, Specific area (m*/kg) Density (kg/m?) index (%)

7d 28d
OPC 18.2 3.7 3.3 66.1 2.4 4.5 371 3,090 — —
SF 95.5 — — 1.0 0.7 — 18,100 2,320 98 108
LP 1.6 0.2 0.2 54.2 5.0 0.2 648 2,680 — 64
SP 29.2 12.7 1.0 44.4 8.3 2.1 520 3,050 97 108

TaBLE 2: Test results for packing density, fluidity, and compressive strength.
Compressive
No.  Water-binder ratio  OPC (%)  SE(%) LP(%)  SP(%)  Fluidity (mm) ng[rf)it)h Packing density
7d 28d

cl 0.18 100 — — — 375 87.1 108.1 0.672
csll 0.18 70 10 20 — 431 89.6 114.0 0.705
csl2 0.18 60 10 30 — 407 92.3 114.7 0.709
csl3 0.18 50 10 40 — 390 94.6 115.9 0.717
cl4 0.18 50 — 50 — 385 78.9 91.8 0.704
cssl 0.18 70 10 — 20 425 93.0 121.7 0.683
css2 0.18 60 10 — 30 400 94.2 123.3 0.687
css3 0.18 50 10 — 40 381 96.4 126.8 0.688
cs4 0.18 50 — — 50 369 914 119.0 0.668

of different sizes, a;; and b;; are the relaxation effect factor and

watch attachment effect factor, «, is the packing density of
the particles, p, is the actual density of material, p, is the

absolute packing density, and K is the compaction index.

2.3.2. Fractal Dimension of Particle Size Distribution. Fractal
dimension of particle size distribution was used to character-
ize the surface roughness of solid particles of all the constitu-
ents. The results indicated [27] that self-similarity (fractal
structure) was shown in the particle size distribution. The
fractal dimension is the quantitative parameter used to
describe fractal characteristics because it is related to the
property parameters of materials [28]. A higher fractal
dimension makes it easier for powder particles to aggregate
with higher fluidity. The fractal characteristics, if any, meet
(29]

S(x) =k ()_() ) (7)

where S(x) is the cumulative distribution curve, D is the par-
ticle size distribution, k is a constant, x is the particle size, and
X is the maximum particle size.

Taking the logarithms of both sides of equation (7), we
obtain

lg S(x) =lgk+(3-D) *lg (X —x), (8)

which is a linear regression equation. Let the slope (3 — D)
=k (a constant), and then, the fractal dimension is

D=3-k (9)

2.3.3. Experimental Methods. Standard curving was adopted,
with the temperature being 20°C+5°C and the relative
humidity being over 95%. The fluidity test was conducted
in accordance with Test Method for Fluidity of Cement Mor-
tar (GB/T 2419-2005). Compressive strength was measured
based on Method of Testing Cements—Determination of
Strength (GB/T 17671-1999), and the compressive strength
of a 40 mm x 40 mm x 160 mm specimen was measured after
standard curing for 7d and 28 d. Autogenous shrinkage was
tested according to Standard for Test Methods of Long-term
Performance and Durability of Ordinary Concrete (GB/T
50082-2009). The autogenous shrinkage of a 100 mm x 100
mm X 515mm specimen was measured via a noncontact
concrete shrinkage deformer.

A 20 mm x 20 mm x 20 mm net paste cubic specimen
was prepared based on the mix proportion in the macro-
scopic property test of UHPC. The prepared specimen was
placed in the standard curing chamber for 1d, demolded,
soaked in water (20°C+ 1°C) for the set curing ages (7d
and 28 d), and then taken out to be broken into small pieces,
from the center of which samples were taken. After the
hydration was terminated through absolute ethyl alcohol,
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FIGURE 2: Packing patterns.

TaBLE 3: Fractal dimensions of particle size distributions and
corresponding regression equations.

No. Regression equation Correl? tion . Fragtal
coefficient r dimension D
cl  y=0.9541x+0.7398 0.87 2.0459
csll y=0.7183x + 0.6719 0.90 2.2817
csl2 y=0.7178x + 0.6688 0.90 2.2822
csl3 ¥y =0.7172x + 0.6656 0.90 2.2828
cl4 y=0.9272x+0.7583 0.89 2.0728
cssl y=0.7204x + 0.6529 0.91 2.2796
css2 ¥y =0.7193x + 0.6545 091 2.2807
css3 y=0.7182x + 0.6656 0.91 2.2818
cs4 y=1.0833x+0.6123 0.90 1.9167

the sample was reserved in a vacuum drying oven and then
analyzed by SEM and MIP.

3. Results and Discussion

3.1. Results. Test results of fluidity, compressive strength,
and packing density calculated through CPM are shown
in Table 2, and the fractal dimension of particle size distri-
bution and the regression equation are given in Table 3.
Group c refers to the system mixed solely with cement;
groups csl and css denote the ternary systems in which
LP (csl) and SP (css) are, respectively, mixed with cement
and SF; and groups cl and cs refer to the binary systems in
which LP (cl) and SP (cs) are mixed with cement,
respectively.

3.2. Packing Density. Seen from the test results of packing
density in Table 2 and Figure 3, with the same amount, the
packing densities of both binary and ternary systems of LP

mixed with cement or cement-SF were higher than those of
SP. The packing densities of ternary systems were both
higher than those of corresponding binary systems as well
as the benchmark system. As for the reason, LP particles
selected in this research were finer than cement and SP par-
ticles and these tiny particles filled the pores in cement to
improve the packing density. On the other hand, after being
mixed with cement-SF, the ternary systems of LP and SP had
more evident difference in particle sizes than their corre-
sponding binary systems. It had a wider particle size distribu-
tion and better grain composition. Therefore, the packing
density of the ternary system was higher than that of the
binary system.

3.3. Fractal Dimension of Particle Size Distribution. Accord-
ing to the calculation results of fractal dimensions
(Table 2 and Figure 4), the correlation coefficients ranged
from 0.87 to 0.91, signaling good linear correlations. With
the increase in LP and SP amount, the fractal dimensions
of their corresponding binary and ternary systems wit-
nessed slight rises. The fractal dimension of the LP ternary
system was higher than that of the SP ternary system; the
fractal dimensions of these two ternary systems were both
higher than those of the binary and benchmark systems.
This indicates that LP mixed in the ternary system had
increased fine particles to bring about a more complex
overall form and then higher fractal dimensions. The cal-
culation results of all the fractal dimensions were well cor-
related with those of corresponding packing densities. On
the whole, a higher fractal dimension resulted in a higher
packing density.

3.4. Fluidity. The test results of fluidity (Table 2 and
Figure 5) showed that certain amounts of LP or SP in
the ternary systems both enhanced the fluidity of the con-
crete, but the fluidity dropped gradually after the amounts
of LP or SP reached certain levels. Some water in concrete
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mix was used to fill the pores in grain skeleton, and the
rest was used to realize the workability. Since the water
amount remained unchanged, LP or SP in the ternary sys-
tem elevated the packing densities and reduced the water

140

Compressive strength (MPa)

cl csll  cssl  csl2 css2  csl3 css3 cl4  cs4

Samples

W 7d
| 28d

FIGURE 6: Comparison of compressive strength.

needed to fill the pores. Hence, more free water was flow-
ing outside the pores, resulting in a higher fluidity. More-
over, a higher fractal dimension made it easier for powder
particles to aggregate and hence resulted in a higher pack-
ing density and better fluidity of the aggregate. The fractal
dimension and packing density of the LP ternary system
were both higher than those of the SP ternary system
(LP=SP in amount). As a consequence, the fluidity of
the LP ternary system was higher than that of the SP ter-
nary system. With more LP or SP added, the specific area
grew and more water was absorbed by the surface layer of
particles so that some free water released by the filling was
counteracted. Therefore, when LP or SP being added
exceeded a certain amount, fluidity fell as LP or SP
increased. However, the fluidity of the system mixed solely
with 50% LP was still higher than that of the benchmark
system.

3.5. Compressive Strength. It can be seen from the test results
(Table 2 and Figure 6) that the 7d and 28d compressive
strength of the LP and SP ternary system went up with more
LP or SP added and was constantly higher than that of the
benchmark system.

The compressive strengths of the SP binary and ter-
nary systems were higher than those of the LP binary
and ternary systems on 7d and 28d. The compressive
strength of the SP ternary system witnessed a slighter
increase compared to that of the LP ternary system. The
drop in 50% LP binary system was more obvious than that
in 50% SP binary system. Specifically, the 7d and 28d
compressive strengths fell by 13.7% and 24.6%, respec-
tively, but still stood at 90.6% and 85% of those of the
benchmark system, which was radically different to the
decline seen in compressive strength (especially in the later
stage) of OPC mixed with a high amount of LP [30].
Compared with Figure 2, the packing densities of all the
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systems mixed with LP were higher than those mixed with
SP. Thus, with a large amount of cement particles unhy-
drated in a low water-binder ratio, the added LP increased
the packing density and was partially made up for the
negative influence of LP inertia on the later compressive
strength. A higher fractal dimension led to a higher sur-
face energy, stronger absorption, and higher compressive
strength.

3.6. Autogenous Shrinkage. With water-binder ratio decreas-
ing, autogenous shrinkage caused by chemical (spontane-
ous) shrinkage and self-desiccation accounts for a higher
proportion of the total. Burrows [31] demonstrated that
the autogenous shrinkages occupy 36%, 50%, 63%, and
80% at water-binder ratios of 0.38, 0.31, 0.27, and 0.22,
for which autogenous shrinkage cannot be ignored in
UHPC studies.

The results of the autogenous shrinkage test on the LP
and SP mixed UHPC are shown in Figure 7. Research
results showed that LP inhibited autogenous shrinkage
obviously and more LP led to less shrinkage. The inhibi-
tion in the LP binary system was more apparent than that
in the LP ternary system. On the one hand, more LP
resulted in more unhydrated particles, in this way sup-
pressing the autogenous shrinkage of the concrete. On
the other hand, the increase in packing density reduced
the water for filling, releasing more free water and slowing
down the decline rates of internal relative humidity of the
concrete. In addition, the expansibility of C;A-Ca-
CO;-11H,0 generated from the reaction between CaCO,
in LP and C;A in cement particles compensated for the
shrinkage of the concrete [32].

SP exerted a more complicated influence on autogenous
shrinkage characterized by inhibition within a certain
amount of addition and promotion with too much SP added.
Autogenous shrinkage witnessed even more remarkable
surge in the later stage and the later autogenous shrinkage
rates of css3 and cs4 were converging to that of the bench-
mark system. Research showed [33] that the influence of SP
on the autogenous shrinkage of the concrete is associated
with fineness. LP with fineness close to that of cement parti-
cles brought about a slight reduction in autogenous shrink-
age of the concrete with more SP added. The high fineness
and highly active SP in this experiment exerted just a bit sup-
pression on autogenous shrinkage.

3.7. Hydration Behavior and Microstructure

3.7.1. Forms of Hydration Products. The 28 d SEM images of
LP or SP binary and ternary systems are shown in
Figure 8. According to Figure 8(a), hydration products
such as C-S-H fiber-like gel, needle-like ettringite, and
flaky Ca(OH), were generated in the benchmark system
on 28d, but they were so incompletely hydrated that they
contain many pores. Through the comparison of the SEM
images of LP binary and ternary systems (Figures 8(b) and
8(c)) and that of the benchmark system, we can find that
the LP ternary system witnessed obviously less hydration,
fewer hydration products (no fiber-like gel and flaky prod-
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TABLE 4: Test results of pore structures of hardened slurry.

o
Age Porosity Pore size distribution (%)/nm

v s s
R 143 176 50.1 254 43 14 12
28 107 201 523 228 27 11 10
L7 136 171 509 251 48 10 11
ol o 102 208 516 227 31 09 09
w7 132 180 512 262 32 08 09
28 97 212 521 240 14 06 07
| 7 161 155 467 271 64 24 19
R 133 183 488 252 41 20 16
7 122 187 539 232 24 11 07
sl o 100 206 544 215 20 09 06
7 128 177 534 242 26 12 09
3 g 94 220 551 206 10 08 05
w7 134 174 531 248 22 14 11
28 99 204 541 219 17 L1 08

uct), and more unhydrated particles exposed. On the con-
trary, less pores and more compact slurry were seen,
which indicated that LP had led to better grain composi-
tion with cement and SF and thus a good filling effect.
The LP binary system was poorly hydrated compared to
the LP ternary system, so it was looser with more pores.

Compared with LP systems, the corresponding SP binary
and ternary systems were better hydrated with more hydra-
tion products on 28d. The slurry was compact and replete
with fiber-like C-S-H.

3.7.2. Pore Structure. Mercury intrusion porosimetry (MIP)
was adopted to measure the pore structures of all the systems.
The results are shown in Table 4 and Figure 9. Mehta and
Monteiro [34] classified pores into four grades in terms of
size, namely, <4.5nm, 4.5-50 nm, 50-100 nm, and >100 nm.
What is more, pores with sizes over 100 nm were considered
harmful to the strength and permeability of the concrete
while the rest was regarded less harmful or even unharmful.
Wu and Lian [35] divided pores into these groups according
to size-related harm: unharmful pore (<20nm), slightly
harmful pore (100-200nm), harmful pore (100-200nm),
and seriously harmful pore (>200nm). At the same time,
they proposed that concrete properties could be enhanced
by increase in pores less than 50 nm and decrease in pores
more than 100 nm. In this experiment, pores are classified
into six groups: <5nm, 20-50 nm, 50-100 nm, 100-200 nm,
and >200 nm.

The results showed that the porosity of the SP ternary
system was slightly lower than that of the LP ternary system
(LP =SP in amount). Compared with the 50% LP-mixed
binary system, the porosity of the binary system mixed solely
with 50% SP witnessed a sharp increase, along with more
harmful pores and seriously harmful pores. Specifically,
despite the higher packing density, the LP binary system
failed to generate enough hydration products to fill the
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internal pores for a lack of active constituents, thus leading to UHPC with much LP added has excellent physiome-
greater porosity. The law of pore structure results basically chanical properties
agreed with that of compressive strength results.

4. Conclusions

(2) Within a certain amount, LP could improve the
UHPC fluidity of the binary and ternary systems.
The good grain composition of the LP ternary system
resulted in a higher compressive strength of UHPC.

(1) The packing density and fractal dimension of LP Despite the large decline in the compressive strength
binary and ternary systems were higher than those of the LP binary system, the 7 d and 28 d compressive
of the SP binary and ternary system (LP=SP in strengths still stood at 90.6% and 85% of those of the

amount) and the benchmark system, revealing why benchmark system.
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(3) LP greatly inhibited the autogenous shrinkage of
UHPC. The autogenous shrinkage dropped with
more LP added, and the inhibition of LP in binary
systems was more obvious than that in ternary
systems.

(4) From the test results of the hydrohydration product
morphology and pore structure parameters, the
hydration degrees of the LP-mixed binary and ter-
nary systems were significantly lower than those of
the SP-mixed systems and benchmark system. How-
ever, due to the excellent grain composition in the
ternary system, the density of the gel system was
higher than that of the baseline group, and there
was no significant decrease compared with systems
mixed with the same amount of SP. The binary sys-
tem mixed with 50% LP could not generate enough
hydration products to fill the pores in the system,
resulting in an increased porosity and decreased
slurry density.
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