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Abstract: In recent years, there has been significant interest in the development of self-
compacting concrete (SCC). This study views SCC as a two-phase composite material and
introduces a new aggregate spacing coefficient model based on the concept of Fullman’s
mean free path and stereological theory. The validity of the aggregate spacing coefficient
model was verified. The relationship between the fine and coarse aggregate coefficients
and the properties of SCC are revealed. The results show that the slump and slump flow of
SCC increase as the fine and coarse aggregate coefficients increase. The coarse aggregate
spacing coefficient has a significant influence on the compressive strength and drying
shrinkage of SCC. A significant linear relationship between the coarse aggregate spacing
coefficient and SCC dry shrinkage properties is revealed. Compared to the conditional
mixing proportion method, which considers the aggregate volume as a control factor,
the aggregate spacing coefficient takes into account the aggregate volume and gradation,
which can more accurately reflect the characteristics of the aggregate. Meanwhile, this new
perspective on the macroscopic composition of SCC provides insights into the controlling
factors of its performance.

Keywords: self-compacting concrete; Fullman’s mean free path; stereological theory;
aggregate volume fraction; aggregate spacing coefficient

1. Introduction

The concept of self-compacting concrete (SCC) was proposed at the end of the 20th
century [1]. SCC is a kind of concrete that can be compacted under its own gravity. Even if
there are dense steel bars, SCC can completely fill the formwork evenly without additional
vibration [2]. As a kind of high-performance concrete, SCC has been developed for more
than thirty years and has been widely studied by scholars. Many research results have been
achieved in the areas of preparation technology [3], mix design methods [4], performance
test evaluation [5], and engineering applications [6] of SCC. As the key properties of SCC,
such as slump flow, compressive strength and dry shrinkage [7], all affect the quality of
SCC, it is crucial to study the key influencing factors of SCC performance.

To investigate the correlation between the material composition and mix design of
SCC and its properties, scholars have conducted numerous experiments and numerical
simulations. Liu and Chen [8] emphasized that SCC performance was significantly related
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to aggregate characteristics. Khaleel et al. [9,10] carried out test methods such as slump
flow and L-box. The test results confirmed that as the maximum particle size of the coarse
aggregate increases, the slump flow and passing ability of the SCC mixture descend and
the compressive strength decreases. Krasna et al. [11] proposed factors influencing the
compressive strength of SCC, including the particle size and coarse aggregate proportion.
The results showed that with coarse aggregate proportion increases, the compressive
strength of concrete increases. However, Liu [8,12] found that within a certain range,
the maximum increase in particle size was beneficial to the compressive strength of SCC.
Chen [13] established the relationship between slump flow and aggregate properties, which
included the average particle size and volume of the aggregate. These results helped to
develop the SCC design.

Zhao [14] defined a coarse aggregate gradation (A/B ratio, size 5-10 mm, coarse
aggregate weight/size 10-20 mm for 4/6,5/5, 6/4, 7/3). The results showed that with the
change in the A /B ratio from 4/6 to 7/3, the initial slump flow, blocking, and segregation
ratio of SCC decreased. Zhang [15] developed a model to predict the plastic viscosity
threshold of the mixture. The model was forecasted according to the paste yield stress
threshold, which was calculated by the coarse aggregate content of SCC. Results showed
that a higher coarse aggregate content would lead to a lower yield stress and larger plastic
viscosity. Santos [16] investigated the properties of SCC with different skeleton distribution
forms. Compared with the discontinuous gradation skeleton SCC, the continuous gradation
skeleton SCC showed better flowability and passing ability and higher early strength.
However, both types of gradation demonstrated similar compressive strength at 365 days.
Furthermore, the shape of the aggregate also affected SCC performance. As the content
of the multi-angular elongated and flaky aggregate increases, the slump flow of the SCC
mixture decreases [17]. Previous research focused on fresh and hardened properties of
SCC using a traditional mix design and aggregate macroscopic morphology, which was
tedious and time-consuming [18]. In addition, contradictions between the properties of
high-performance concrete made SCC preparation more complicated.

Scholars have proposed another research idea regarding SCC as a two-phase composite
material, such as aggregate and mortar. Su [19] presented a new method for SCC mix design.
After determining the required aggregate, mortar was then filled into the aggregate voids.
Basheerudeen [20] claimed that by maximizing the aggregate particles” packing density
and cementitious materials, the concrete mixture performance was enhanced.

Researchers also simulated fluid-solid flow to study SCC, using the smoothed particle
hydrodynamics (SPH) method [21]. Dhaheer [22] verified the ability of the SPH simulation
method to predict the passing ability of SCC through steel bars gap. Alyhya [23] simulated
the flow of SCC through a V-funnel by the three dimensional meshless smoothed particle
hydrodynamics (SPH) method. The simulation results were consistent with the experi-
mental results. Tran-Duc [24] revealed the relationship between concrete performance and
coarse aggregate content by a simulation method. The results revealed that the yield stress
and plastic viscosity of SCC were increased as the coarse aggregate content increased.

To summarize the above, the qualitative influence of aggregate properties on the per-
formance of SCC has achieved many research results, such as the particle size, proportion,
and gradation of aggregate. These research results have played a vital role in promoting
the development of SCC. However, in the process of studying the performance of SCC,
the traditional method mainly takes the aggregate volume as a parameter. Therefore, this
paper establishes a model based on Fullman’s mean free path and the theory of stereology.
The concept of coarse and fine aggregate spacing coefficients is proposed, considering the
aggregate volume and aggregate gradation at the same time. The validity of the coarse and
fine aggregate spacing coefficients is verified. The quantitative relationship between the
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aggregate spacing coefficient and various properties of SCC is revealed. These findings
will help us to understand the relationship between SCC performance and macroscopic
composition parameters, measuring the key performance of SCC in a more refined way.

2. Material and Methods

SCC was prepared using raw materials including P.O42.5 cement, S95 slag, polycar-
boxylate superplasticizer, methyl cellulose ether, water, fine aggregates (graded river sand),
and coarse aggregates (limestone aggregate) with an average size of 4.75 mm to 20 mm. The
apparent density of river sand was 2.65 g/cm?, while the coarse aggregate was 2.73 g/cm?3.
The particle gradation results for river sand and gravel are shown in Table 1.

Table 1. Screening results of river sand and gravel particle composition.

Passing Screening Rate/%

015mm 03mm 0.6mm 1I18mm 236mm 4.75mm 9.5mm 16 mm 19 mm
river sand 1.2 12.4 31.5 20.5 15.0 19.4 0 0 0
gravel 0 0 0 0 0.6 3.6 41.3 / 54.5
Rate of particles passing through each sieve/%
0.15mm 03mm 0.6mm 1.18mm 236mm 475mm 9.5mm 16 mm 19 mm
river sand 1.2 13.6 45.1 65.6 80.6 100 0 0 0
gravel 0 0 0 0 0.6 42 45.5 / 100

2.1. Mix Proportion

In order to investigate the impact of the spacing coefficients of coarse and fine aggre-
gates on the workability of fresh concrete, as well as the compressive strength and shrinkage
of SCC, a series of experiments were conducted. Concretes with different aggregate volume
fractions and spacing coefficients were designed. The mix proportions of each group of
specimens are shown in Table 2.

Table 2. Materials and mix proportion of each specimen.

Cementitious Materials

Item. (kg/m?) Wateg SP 3 i
C FA GGEBS (kg/m®)  (kg/m>) Au A, (kg};; ;) (kgﬁl ;
1 338 78 104 156 6.24 0.9-1.8 1.09-1.41 1156-733 564-458
2 338 78 104 156 6.24 1.0-1.6  0.93-147 1086-798 638-443
4 338 78 104 156 6.24 1.0-1.6  0.83-1.66 1086-798 694-400
5 338 78 104 156 6.24 0.9-1.75 1.27 1156-748 499

2.2. Test Method

The test methods in this study were generally categorized into two types: the workabil-
ity of fresh concrete, characterized by slump and slump flow, and the hardened proporties
of SCC, characterized by the compressive strength and drying shrinkage performance
of SCC.

2.2.1. Workability Test

According to Q/CR 596-2017 [25], the workability of concrete is measured by the
slump and the slump flow test. After the collapse cylinder is lifted, the distance of the
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SCC mixture falling down is the slump. The slump flow is the average of the maximum
diameter of the slump flow surface and the diameter in the vertical direction from the
beginning of the slump to when the SCC mixture stops flowing, as shown in Figure 1.

SF=(dvtd)2

Figure 1. Test and calculation method of slump flow.
The slump flow is calculated according to Equation (1).

_ di+d>

SF >

@

2.2.2. Compressive Strength Test

According to GB/T50081-2019 [26], the compressive strength of specimens with a size
of 150 x 150 x 150 mm? were tested by a hydraulic universal testing machine; the loading
rate was 0.5 MPa/s. The compressive strength is calculated according to Equation (2).

fc:F/A (2)

where f is compressive strength, MPa; F is the failure load, N; and A is the bearing area, mm?.

2.2.3. Drying Shrinkage Test

The drying shrinkage test of SCC was performed according to GB/T50082-2009 [27].
Prism specimens sized 100 x 100 x 515 mm?3 were used, and two stainless steel sheets
were pasted at both ends of each specimen. The shrinkage rate of concrete is calculated
according to Formula (3).

Est = 3)

where ¢ is the shrinkage rate; L is the specimen initial length, mm; L; is the specimen
length at t area, mm; and L; is the measuring scale distance, mm.

3. Establishment and Verification of Aggregate Spacing Model
3.1. Establishment of Aggregate Spacing Model

Concrete is a multi-component composite material consisting of coarse and fine aggre-
gates, cement, water, and admixtures. This study considers SCC as a two-phase composite
material consisting of coarse aggregate and mortar, with the coarse aggregate particles
being uniformly dispersed in the continuous phase of mortar, as represented by Figure 2.
Furthermore, considering the mortar as a two-phase material consisting of fine aggregate
and cement paste, the macroscopic structure of concrete and mortar can be described by
aggregate spacing. As an important characteristic parameter, aggregate spacing can be
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characterized by the aggregate spacing coefficient, which has a significant influence on the
workability, strength, and durability of SCC.

(a)

Space between (b) Rt
neighboring coarse ...
aggregate
Paste 75"
Fine aggregate” =
- Coarse aggregate
o
Space between

neighboring

G Mortar fine aggregate

Figure 2. Schematics diagram of physical model for the compositions of cementitious material system.
(a) concrete level, (b) mortar level.

When solving the distribution of solid particles and the distance between particles
in a certain space system, the concept of Fullman’s mean free path and the stereology
theory are adopted. Therefore, we discussed the aggregate spacing coefficient based on
the above theory [28,29]. For a binary composite system consisting of a dispersed phase
of particles and a continuous phase, the mean free path between particles in the system
can be calculated using the above theory. The calculation formula for the mean free path
between particles in the system is shown in Equation (4).

A=4[1—(Vy),l/(Sv), (4)

where (Vy), is the volume fraction of solid particle a in the unit volume binary system;
(Sv)a is the surface area of solid particle a in the unit volume binary system, 1/m; and A is
the average free path between particles.

For the concrete system composed of mortar and coarse aggregate, if assuming that
the maximum and minimum particle sizes of coarse aggregate are D¢y max and D, pin,
respectively, the distribution of particle composition conforms to the Fuller distribution
function, which is shown in Formula (5).

PV(x) = (\/E - \/Dca,min)/(\/Dca,max - \/Dca,min) (5)

where Py (x) is the cumulative volume (or mass) fraction of coarse aggregate particles and
x is the coarse aggregate diameter of the corresponding grain size.

Assuming that the total volume of the coarse aggregate particles is denoted as V.,
the total surface area S, of the aggregate particles in this system can be expressed using

Formula (6).

\/Dca,max X Dca,min

By combining Formulas (4) and (6), we can derive the average spacing expression

SCﬂ

(6)

between adjacent coarse aggregate particle surfaces, which occurs in the binary system of
concrete composed of mortar and coarse aggregate, as shown in Formula (7).

2(1 - Vi

Aca = 3V, ) X \/Dca,max X Dcu,min (7)

If using Formula (8) to express the average particle diameter d;,qo of the particles in
the coarse aggregate system and defining the average coarse aggregate spacing coefficient
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A, as the ratio of the average spacing of adjacent coarse aggregates to the average diameter
of the particles, then we can obtain the calculation formula of the coarse aggregate spacing
coefficient in the concrete system, as shown in Formula (9):

n
cha,imca,i
dca,uv = - n (8)
cha,i
i
Acu _ 2(1 — Vca) « \/Dca,max X Dca,min (9)

3Vea dca,uv

Similarly, we can obtain the spacing coefficient A, between sands in the mortar binary
system, which is composed of sand fine aggregate and slurry, as shown in Formula (10).

A — 2(1 — Vfa) « \/Dfa,max X Dfa,min (10)
fa 3Vfa dfa,rw

where d.,  and m,, ; represent the particle size and percentage of coarse aggregate for grade
I, while Deg max, Deg min, and Deg a0, Tepresent the maximum, minimum, and average particle
sizes of the coarse aggregate; Dy maxs Dfa,min, and Dg 4, represent the maximum, minimum,
and average particle sizes of the fine aggregate; and V, and Vj; denote the volume fractions
of coarse and fine aggregates, respectively.

Formulas (9) and (10) demonstrate that the coarse aggregate spacing coefficient in
the concrete system is influenced by some factors, such as the volume fraction content
and particle size distribution (maximum and minimum particle size, average particle size)
of the coarse aggregate. Similarly, the fine aggregate spacing coefficient is influenced by
the volume fraction content and particle size distribution of sand. Therefore, when the
properties of cement paste and aggregate are certain, the aggregate spacing coefficient is
closely related to the performance of concrete or mortar.

3.2. Validation of Aggregate Spacing Model

To verify the validity of the spacing coefficient aggregates, we tested the spacing
coefficient of adjacent coarse aggregates. Firstly, we cut the SCC cube specimens with
sizes of 100 x 100 x 100 mm? into two equal parts by a cutting machine and polished the
cutting surface until smooth. After the surface dried, each side was divided into three
equal parts using a colored pen, and these parts were connected by four straight lines,
as shown in Figure 3. Then, we measured the length of each coarse aggregate passing
through each straight line using a steel ruler, with a minimum scale of millimeters, and
calculated the total number of coarse aggregates passing through each straight line. The
total length of coarse aggregate passing through each straight line was crossed with the
total number of coarse aggregates, and then we divided the total length of the spacing on
each straight line by the total number of coarse aggregates passing through it and added 1;
this way, the average spacing coefficient A, of adjacent aggregates on each straight line can
be obtained. Through the average spacing A, and the average diameter d; 4, 0f the coarse
aggregate, the spacing coefficient of the adjacent coarse aggregate on each straight line can
be calculated. The aggregate spacing was the aggregate spacing coefficient multiplied by
the average particle size of the coarse aggregate. Finally, the test results for the arithmetic
mean of aggregate spacing calculated on the four straight lines are obtained. The average
spacing test diagram of the adjacent aggregates is shown in Figure 3.
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Figure 3. The average spacing test diagram of adjacent aggregates. (a) aggregate spacing coefficient
2.4, (b) aggregate spacing coefficient 1.8.

In Figure 3a, Iis 8, I1is 5, IIlis 8, IVis 6, A = (17.6 + 20 + 17.6 + 16.7) /4 = 18.6 mm, the
calculated value is Aca = 18.6/7.44 = 2.5, and the error is 4.17%.

In Figure 3b, Iis 10, IIis 7, Il is 10, IV is 8, A = (14.1 + 14.3 + 14.1 + 12.5)/4 = 13.8 mm,
the calculated value is Ay = 13.8/7.44 = 1.85, and the error is 2.78%.

The comparison between the test value and calculated value of the two specimens is
shown in Figure 4.

a5 Ol [] Test value
= ' [] Calculated value
]
S
= 2.01 0.05
()
S
_%n 1.5+
8
& 1.0
2
=
5y
55 0.51
)
<
0.0 Specimen 1 Specimen 2

Figure 4. The comparison results of the calculated value and the test value of the aggregate
spacing coefficient.

We calculated specimens with coarse or fine aggregate volume fractions of 0.1, 0.15,
0.2,0.25,0.3,0.35, 0.4, 0.45, and 0.5. According to above method, the corresponding coarse
or fine aggregate spacing coefficients were calculated. The relationship between the volume
fraction and spacing coefficients is shown in Figure 5.

Figure 5 shows that for both coarse and fine aggregates, the corresponding spacing
coefficient decreases as the aggregate volume fraction increases. In SCC, which is a two-
phase composite system, more aggregate will lead to a smaller gap between aggregates.
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Figure 5. Relationship between the volume fraction of aggregate and the aggregate spacing coefficient
in the system.

4. Result and Discussion

4.1. Workability of Fresh Concrete

SCC with fine aggregate spacing coefficients of 1.41, 1.27, and 1.09 when changing the
coarse spacing coefficient from 0.9 to 1.8 was analyzed. The slump and slump flow of SCC
were measured, as shown in Figure 6.

800
() 2801 (b) "= 4140 J—
700{e  4,=1.27 I
=00 £ N Afa—l 09 P G s
g £600]* 4109 o e, -
£ 2401 = e
£ S500{ et o
2 2201 —~— A =141 & R
wn . .
4 5400‘ = ,- --- A =141 fitting curve
200 — Aa=1.27 Z ol s
] =109 3004 I --- 4,=1.27 fitting curve
180 — ool --- 4,=1.09 fiiting curve
e, 08 10 12 14 16 18

ca

Figure 6. Relationship between coarse aggregate spacing coefficient and fluidity of fresh concrete.
(a) Correlation between coarse aggregate spacing coefficient and slump, (b) correlation between
coarse aggregate spacing coefficient and slump flow.

The results in Figure 6 demonstrate that when the fine aggregate spacing coefficient
is 1.41, 1.27, and 1.09, the slump and slump flow of fresh SCC increase as the coarse
aggregate spacing coefficient increases. The coarse aggregate particles disperse uniformly
in the mortar continuous phase with a certain spacing. The larger the coarse aggregate
spacing, the more mortar can flow over the coarse aggregate in the system and the better
the flowability performance.

Figure 6a illustrates that for the mixture with an aggregate spacing coefficient of
1.41, when the coarse aggregate spacing coefficient increased to 1.3, the slump no longer
increased and remained at 280 mm. Similarly, the slump of the mixture with a fine aggregate
spacing coefficient of 1.27 also increased to 280 mm and remained unchanged. At this
time, the coarse aggregate spacing coefficient was 1.5. This shows that when the slump
increases to 280 mm, the workability of the SCC mixture cannot be accurately reflected.
Figure 6b illustrates that the three types of fresh SCC all have the same trend; that is, they
increase continuously with the coarse spacing coefficient. For the mixture with the fine
aggregate spacing coefficient of 1.09, the slump flow increases most rapidly with the coarse
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aggregate spacing coefficient being between 1.1 and 1.2, and the growth rate is slow with
the coarse aggregate spacing coefficient being between 0.8 and 1.1. For the mixture with
the fine aggregate spacing coefficient of 1.27, the slump flow increases most rapidly with
the coarse aggregate spacing coefficient being between 0.8 and 1.1, and the growth rate
is slow between 1.1 and 1.2. The growth rate of the mixture slump flow is essentially
unchanged, with a fine aggregate spacing coefficient of 1.09 when the coarse aggregate
spacing coefficient is between 0.8 and 1.2. This is mainly because the fiction between
aggregates decreases when the coarse aggregate spacing coefficient increases. This leads to
the concrete dissipating less energy. This also increases the slump of SCC.

When the fine aggregate spacing coefficients are 1.41, 1.27, and 1.09, respectively, the
fitting relationship between the coarse aggregate spacing coefficient and the fluidity of
fresh SCC is shown in Table 3.

Table 3. Relationship between coarse aggregate spacing and SCC fluidity.

A¢a Fitting Formula

1.41 SF = —337.65A2, + 1282.98A, — 458.66
1.27 SF = —304.06A2, 4+ 1184.93A, — 446.97
1.09 SF = —339.83A2, + 1369.96A, — 700.45

Fresh SCC with fine aggregate spacing coefficients of 1.0, 1.3, and 1.6 was analyzed.
The slump and slump flow of SCC were measured, as shown in Figure 7.

(a) 220 (b) 20" 4,710 I
;23' 800| * 4.=13 BB
| _ o s
£ 2401 E 700] : f‘fa_l_'é_——"“‘*-_‘____..: ______ .
%220- 2600] e e
= <
5200- _ 25001 e
7 —— Acqg=1.0 g P .
180- 13 5: 4001 u --- A4,=1.6 fitting curve
160 — dea—- 1 --- A,=13 fitting curve
1401 —— Aca=1.6 300] = --- A,=1.0 fitting curve

09 1.0 1.1 12 13 14 15

200009 1.0 1.1 12 13 14 15
Afa Afa

Figure 7. Relationship between fine aggregate spacing coefficient and fluidity of fresh concrete.
(a) Correlation between fine aggregate spacing coefficient and slump, (b) correlation between fine
aggregate spacing coefficient and slump.

The results in Figure 7 illustrate that the coarse aggregate spacing remains at 1.0, 1.3,
and 1.6. The slump and slump flow of fresh SCC increase as the fine aggregate spacing
coefficient increases. In the mortar system, fine aggregates are uniformly suspended in the
cement paste. A higher spacing coefficient of the fine aggregates leads to a smaller fine
aggregate volume fraction, an increase in the cement paste content, and a higher flowability
of fresh SCC.

As shown in Figure 7a, the slump of SCC with a coarse aggregate spacing coefficient
of 1.6 is most affected by the fine aggregate spacing coefficient. In addition, SCC with a
coarse aggregate spacing coefficient of 1.0 is stable; when the slump increases to 280 mm, it
no longer increases with the increase in the fine aggregate spacing coefficient. The slump
flow of SCC increases as the fine aggregate spacing coefficient increases, as shown in
Figure 7b. The SCC with a coarse aggregate spacing coefficient of 1.3 grows the most
uniformly. When the fine aggregate spacing is between 1.02 and 1.18, SCC with a coarse
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aggregate spacing coefficient of 1.0 slowly increases, and then it grows rapidly. When the
fine aggregate spacing is between 0.93 and 1.02, the slump flow of SCC with an aggregate
spacing coefficient of 1.6 increases rapidly and then slows down.

The coarse aggregate spacing coefficients are 1.6, 1.3, and 1.0. The fitting relationship

between the fine aggregate spacing coefficient and the slump of fresh SCC is shown in
Table 4.

Table 4. Relationship between fine aggregate spacing and SCC slump.

A, Fitting Formula

1.6 SF = 732.16A}a +301.48A7, — 333.23
1.3 SF = —93.50A}a +528.56A ¢, — 153.77
1.0 SF = —1132.61A% + 3319.33A ¢, — 1785.86

fa

The flow process of SCC could be regarded as the conversion of gravitational potential
energy to friction energy and kinetic energy. With the increase in the coarse aggregate
spacing coefficient, the friction between aggregates decreases; that is, the energy dissipated
by the concrete phase decreases and more gravitational potential energy is converted into
kinetic energy, which makes the mixture flow better. However, in the process of increasing
the fine aggregate spacing, the fine aggregate volume and surface area decrease and the
water adsorbed on the surface of aggregate decreases, which leads to a decrease in SCC
viscosity and better flow.

4.2. Compressive Strength of Concrete

Figure 8 shows the compressive strength of SCC specimens with different coarse
aggregate spacing coefficients and different fine aggregate spacing coefficients.

(b) 56 .

A it Afa:1,41 fitting curve - A =10~ A.,.=1.6 fitting curve
:“\\ --- 4,=1.27 fitting curve E 541 o AF13----- A.,=1.3 fitting curve,
AN . 4;,=1.09 fitting curve = 44,7167 4,,~1.0 fitting curve
*oN8s } ' ODSZ' L.
RSO 8 -~l._~~!
LR ~ = L P &
L QS “\ 7] i ]
] \i::\.~ s:\\ g 50 .‘~\!
\l{‘-\ Ssia 2 | \.\h
= 4,141 g48) o
‘ N g‘ Ttsa e
= - .~ ~-e
* A,-=127 \\s 846_ t“\;‘__
A A=1.09 E -
08 10 12 14 16 18 4708 10 12 14 16 18
, y . . . . y
ca fa

Figure 8. Relationship between aggregate spacing coefficients and compressive strength of SCC.
(a) Correlation between coarse aggregate spacing coefficient and compressive strength, (b) correlation
between fine aggregate spacing coefficient and compressive strength.

Figure 8a shows that when the fine aggregate spacing coefficients are 1.09, 1.27, and
1.41, the compressive strength of SCC specimens decreases with the increase in the coarse
aggregate spacing coefficients, which decrease by 28.83%, 27.18%, and 27.24%, respectively.
The fitting relationship between coarse aggregate spacing coefficients and the compressive
strength of SCC is shown in Table 5.
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Table 5. Relationship between coarse aggregate spacing and SCC compressive strength.
Aty Fitting Formula
1.41 o = 4.09A%, — 27.11A¢, + 75.92
1.27 o = 5.44A2, — 30.27Acs + 78.62
1.09 o = 1.25A%, — 19.96Ac, + 74.70

When the coarse aggregate spacing coefficients are 1.0, 1.3, and 1.6, the fitting rela-
tionship between the fine aggregate spacing coefficient and the compressive strength of
SCC is as shown in Table 6. As shown in Figure 8b, the compressive strength of SCC with

coarse aggregate spacing coefficients of 1.0, 1.3, and 1.6 decreases by 2.69%, 6.46%, and
5.26%, respectively.

Table 6. Relationship between fine aggregate spacing and SCC compressive strength.

Aca Fitting Formula

16 0 = 2.52A2 — 9.73A¢, + 53.74
1.3 o= 2.98A§a —12.97A¢, +58.91
1.0 0 =5.86A% — 18.10A¢, + 64.52

Comparing Figure 8a,b, the variation in the coarse aggregate spacing coefficient has a
more significant effect on SCC compressive strength. This is because the strength of SCC is
influenced by the skeleton, which is composed of coarse aggregate. The fine aggregate is
mainly used to fill the skeleton gap. As the coarse aggregate spacing coefficient increases,
the volume fraction decreases and the skeleton cannot be formed, resulting in a significant
decrease in strength.

When the aggregate spacing is small, the locked skeleton structure can be formed
between the aggregates, which can provide greater strength when the SCC is under pressure.

When the aggregate spacing increases, the locking force decreases, resulting in a decrease
in SCC strength.

4.3. Drying Shrinkage of SCC

The shrinkage at different ages for different aggregate spacing coefficients is as shown
in Figure 9.

(@) O)sso] T e
| 781 PR “
e 500 5001 YL--a-- -1
= A -
X 4001 S 4501 ¥ :
3 400 X e 79
o x = e e e s Y
& o &, 400 N siun s
- 1 < __--’—
= 300 < 350] T
% 200] 41 —— A=10 A=14 % 300{02g--=" -
1 & = = 28d ----- 28d fitting curve
100 . — ALl 7 ASL6 250+ 90d ----- 90d fitting curve
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Figure 9. Relationship between aggregate spacing coefficient and drying shrinkage of concrete.

(a) Correlation between curing age and drying shrinkage, (b) correlation between coarse aggregate
spacing coefficient and drying shrinkage.

Figure 9a illustrates the drying shrinkage development of SCC with varying coarse
aggregate spacing coefficients, from 0.9 to 1.75. As the coarse aggregate spacing coefficient
increases, the shrinkage of SCC will increase gradually.



Coatings 2025, 15, 161

12 of 14

In SCC, the aggregates are inert materials and the main shrinkage is generated by the
paste. As the aggregate spacing increases, the aggregate volume decreases, resulting in the
inert phase volume decreasing, leading to an increase in the shrinkage of SCC.

Figure 9b illustrates the shrinkage of SCC under different coarse aggregate spacing
coefficients, with ages of 28 days, 90 days, and 180 days. As the coarse aggregate spacing
coefficient increases, the shrinkage of SCC at three different ages increases, where the
shrinkage at 28 days is the largest. The shrinkage at 90 days increased by 79 x 107, and
the SCC shrinkage at 180 days increased the least, which was 78 x 10~°.The changes in
shrinkage values at 90 days and 180 days were very similar, which further shows that
shrinkage develops rapidly in the early stage and slows down in the later stage.

The relationships between the coarse aggregate spacing coefficient and the drying
shrinkage of SCC at different ages were fitted. The results are presented in Table 7.

Table 7. Relationship between coarse aggregate spacing and SCC drying shrinkage.

Age. Fitting Formula
180d y = 116.20A., + 191.00
28d y = 89.17A,, +410.25

In addition, according to Figure 9b, the drying shrinkage of SCC increases with the
increase in the coarse aggregate spacing coefficient. As the coarse aggregate spacing
coefficient increases, the volume fraction will decrease, leading to the need to fill the gap in
the coarse aggregate. Therefore, the water content in the SCC suspension system increases,
resulting in a large drying shrinkage of SCC.

5. Conclusions

In this paper, a model was established based on Fullman’s mean free path and stereo-
logical theory, and the relationship between the aggregate volume and aggregate spacing
coefficient was proposed. The quantitative relationship between aggregate spacing and
various properties of SCC was obtained through experiments. The following conclusions
can be drawn:

(1) A new aggregate spacing model was proposed. By comparing the results of the
calculated value and the test value of the aggregate spacing coefficient, the validity of
the model is verified.

(2) The slump and the slump flow of SCC increases as the aggregate spacing coefficient
increases. The slump was maintained at 280 mm and then no longer decreased
significantly, while the slump flow continued to increase.

(3) With the increase in the aggregate spacing coefficient, the compressive strength of
SCC obviously decreased. And compared with the fine aggregate, the increase
in the coarse aggregate spacing coefficient was more obvious in the decrease in
compressive strength.

(4) Anincrease in the aggregate spacing coefficient will result in a significant increase
in the drying shrinkage of SCC, which showed the fastest development in the early
stage (3 d—24 d), slowing down in the later stage (24 d-180 d).

(5) In practical applications, for the case of different steel bar spacings in the project,
choosing SCC with different aggregate spacing coefficients can make the design more
convenient and accurate.
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