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The mud powder in the manufactured sand will have an influence on the
indicators of the manufactured sand concrete (MSC), and the methylene blue
value can quantitatively indicate the mud powder content. To demonstrate the
impact ofMB values on the performance andmicrostructural characteristics of the
manufactured sand concrete, the paper designed five high-strength MSC
proportions at five MB values by controlling the clay powder content. On this
basis, the workability, chloride migration coefficient, relative dynamic modulus of
elasticity (P), mass loss rate (η), and dry shrinkage rate of MSC concretewere tested
under five mix ratios, and the relationship between concrete microstructure,
fractal characteristics, and compressive strength (fcc) was analyzed by
combining SEM technology and fractal theory. The experiment showed that:
the higher the MB, the lower the fluidity of the MSC, and the cohesiveness
gradually increases, while the water retention remains basically unchanged. In
addition, the chloride migration coefficient gradually increases, the P after
300 freeze-thaw cycles first increases and then gradually decreases, while the
η and drying shrinkage first decreases and then gradually increases, and the MB
value corresponding to the turning point of these three changes are all 1.10. With
MB values of 0.85 and 1.10, the degree of hydration of MSC is higher and the
overall structural compactness is better. The higher the MB value, the more
inadequate the hydration of concrete, and the mineral components such as fly
ash that have not been hydrated inside gradually increase, which leads to the
gradual decrease of the overall structure compactness. In addition, when the MB
value is small, the SEM image texture of concrete is relatively simple, the fractal
dimension value is small, and the corresponding fcc is large. When the MB value is
large, the texture of the SEM image is complex, the fractal dimension is large, and
the corresponding fcc is small.
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1 Introduction

The MS will produce mud powder in the mining and processing process, and the fine
powder particles below 75 μm are composed of stone powder MS. It has been shown that the
right amount of stone powder has an improving effect on the performance of MSC (Wang
et al., 2021; Zheng et al., 2021; Elik and Marar, 1996). However, unlike stone powder, mud
powder will adversely affect the working performance, mechanical properties, and durability
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of concrete due to its characteristics, which is also an important
reason for controlling the content of mud powder in MS in
engineering applications (Xiao et al., 2020; Che et al., 2021).

At present, the relevant scholars mainly use methylene blue
(MB) value to characterize the silt content in MC, and systematically
study the working performance and mechanical properties of MSC
under different MB values. Wang et al. (2009) investigated the
workability and mechanical properties of MSC with different MB
values. Research indicates that the MSC compatibility, flexural
strength, and 7 d fcc all gradually decreased with the MB
increase, but the 28d fcc remained the same. Gui et al. (2011)
investigated the compatibility of MSC with different stone dust
contents andMB values in MS. Research indicates that when theMB
value < 1, the appropriate amount of stone powder in the MS helps
to improve the compatibility of MSC; MB value ≥ 1, the stone
powder content should be controlled < 5% to ensure the workability
of MSC. Deng et al. (2021) investigated the fcc of MSC at different
MB values and pointed out that the highest point of 3d fcc of MSC
occurs at MB value 0.75 and the highest point of 7d fcc of MSC
occurs at MB value 1.5. Zhou et al. (2016) investigated the freezing
resistance and strength of MSC with different MB values, and the
results showed that increasing the MB value would not have a
negative effect on the fcc of C30 MSC, but would reduce the fcc and
freezing resistance of C60 MSC. Sun et al. (2021) discussed the fcc
and carbonation of MSC at different MB values, and the results
showed that the fcc of MSC shows a trend of slowly increasing and
then rapidly decreasing with the MB value, the modulus of elasticity
decreased gradually, and the carbonation depth became deeper
gradually. Xia et al. (2021) found that as the MB value increased,
MSC indicators such as electrical flux rate and chloride ion diffusion
coefficient showed a tendency to increase first and then decrease.
The research shows that there are large differences in the
performance of different strength grades of MSC at different MB
values (Wang et al., 2012). At present, there are fewer systematic
studies on the effect of MB value on the performance of MSC,
especially for high-strength MSC.

In addition, the deterioration of MSC properties is the
macroscopic manifestation of the internal microstructure change.
Therefore, it is of significance to study the internal structure changes
of concrete from a micro perspective for understanding the
deterioration mechanism of concrete during service. At present,
related scholars commonly use the SEM method to investigate the
hydration products and internal structure change pattern of
concrete from a microscopic perspective (Mouret et al., 1999;
Diamond and Huang, 2001). Shen et al. (2021) used the SEM
technique to analyze the evolution of internal concrete defects
under external load. Yang et al. (2012) used the SEM technique
to photograph the transition zone at the concrete interface and
observed the evolution of the hydration reaction of aggregates and
pastes at various ages. Wang et al. (2005) studied the micro-crack
characteristics of concrete at different temperatures using SEM
technology. Li et al. (2022) revealed the mechanism of salt and
frost deterioration of wind-cured sand concrete using the SEM
technique. Patil et al. (2018) studied the microstructure of
bagasse ash concrete with SEM technology. Khonsari et al. (2018)
revealed the effect of swollen perlite aggregates on the number,
shape, and distribution of concrete pores by SEM images. From the
existing results, most studies are mainly based on the qualitative

description of the apparent morphology characteristics of concrete
by SEM, which fails to quantitatively characterize the change
characteristics and trends of internal structure. With the
development of digital image processing technology, combined
with SEM images and fractal theory, establishing quantitative
relationships between internal pores and macroscopic mechanical
properties of concrete from the microscopic point of view, to realize
the purpose of microscopic service to the macroscopic (Zhang et al.,
2021; Han et al., 2022).

To explore the influence of MB value on the performance and
microstructure characteristics of MSC, the mix proportion of high
strength MSC under five MB values was designed by controlling the
content of mud powder. On this basis, the effects of MB value on the
working performance, chloride penetration resistance, salt freezing
resistance, and dry shrinkage of MSC were studied through the
working performance test of fresh concrete, chloride penetration
resistance test, salt freezing resistance test, and shrinkage test of
hardened concrete under five mixing ratios. Secondly, combined
with SEM technology and the differential box dimension method,
the fractal dimension of the surface of concrete hydration products
was quantitatively calculated, the variation law of fractal dimension
with MB value was analyzed, and the relationship between fractal
dimension and fcc of concrete was established.

2 Experiment

2.1 Testing material

Test materials mainly include the following:

(1) The cement is Jidong P·O42.5 grade cement, 28 d fcc is
54.2 MPa, density is 3,030 kg/m2, and volume stability is
qualified.

(2) Metakaolin was produced by Inner Mongolia Super Brand
Building Materials Co., Ltd., with a density of 2.67 g/cm3.

(3) The fineness of fly ash is 9.1% and the water requirement ratio
is 92%.

(4) The coarse and fine aggregates are all produced by Inner
Mongolia Lutong Stone Co., Ltd. The parent rock is basalt.
The MS is sieved and washed by a 75 μm square-hole sieve. The
fineness modulus is 3.5, the bulk density is 1,582 kg/m3, the
crushing index is 16.3%, and the stone powder content is 1.6%.

(5) Mud powder used in Zhuozi Mountain gravel field local soil,
through 75 μm square hole sieve, liquid limit WL=40%, plastic
limit WP=19%.

(6) Additives used in Inner Mongolia Hengzhong Engineering
Materials Co., Ltd. Polycarboxylate superplasticizer, water
reduction rate of 30%.

(7) The mass fraction of methylene blue (C16H18ClN3S·3H2O) was
greater than 95%.

2.2 Test scheme

Experiment to explore the effect of clay powder content on the
performance and fractal characteristics of MSC, five different
concrete proportions of MSC with different clay powder content
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were designed as shown in Table 1 Proportion of MSC The mud
powder contents selected in the experiment were 0%, 0.5%, 1.0%,
1.5%, and 2.0%, respectively. The MB values under the
corresponding conditions were 0.85, 1.10, 1.35, 1.70, and 2.00,
respectively, measured by the methylene blue test. In addition,
Table 1 Proportion of MSC also shows the fcc and tensile
strength (fts) of MSC at 28 d age under the above five mixing ratios.

Based on this, this paper carried out macro tests such as chloride
ion penetration test, salt freezing test, and drying shrinkage test of
MSC under the abovemix ratio, and used SEM technology to test the
microstructure of MSC at 28 d. Among them:

(1) Anti-chlorine ion penetration test using rapid chloride
migration coefficient method (or RCM method). The
specimen was a cylinder of Φ100 mm × 50 mm. Under
standard maintenance conditions for 84 d, the anti-chlorine
ion permeation grade is set to RCM-Ⅴ. The voltage selected
during the test was 60V, and the test lasted for 96 h.

(2) Fast freezing method was used in the salt-freezing test, and the
specimen was a prism of 100 mm × 100 mm × 400 mm. The
salt-freeze test was carried out after curing for 28 days under
standard curing conditions. The freezing and thawing medium
was 3% NaCl solution, and the freezing resistance grade was
F300. The η and P were measured every 25 times.

(3) Shrinkage test using contact method, the specimen is 100 mm ×
100 mm × 515 mm prism. The length of specimens was
measured at 3 d, 7 d, 14 d, 28 d, 60 d, 90 d, and 120 d.

(4) For microstructure tests, field emission scanning electron
microscopy was used to observe the microscopic morphology

of hydration products in concrete specimens with five groups of
MB values at 28 d age.

3 Test result analysis

3.1 Workability

Table 2 Test results of workability of MSC under different MB
values. Indicates the fresh concrete workability at different MB
values. Table 2 test results of workability of MSC under different
MB values. Indicates that both the slump and extension of fresh
concrete mixes show an overall trend of gradual decrease with the
MB value. When the MB value increased from 0.85 to 2.00, the
slump decreased by 25% from 220 mm to 165 mm. The expansion is
reduced by 16% from 500 mm to 420 mm. Hence, the higher the MB
value, the worse the flowability of the fresh concrete mix. Table 2 test
results of workability of MSC under different MB values. Reveals
that the higher the MB value, the greater the cohesiveness of the
fresh concrete mix increases, while the water retention remains
largely unchanged.

The main reasons for this phenomenon are: Firstly, the mud
powder itself has strong water absorption; Secondly, the mud
powder can adsorb the molecules of the polycarboxylate
superplasticizer into its interlayer structure, reducing the
molecular weight of the superplasticizer, which weakens the
water-reducing efficiency of the water-reducing agent. In the case
of unchanged water consumption and water-reducing agent dosage,
with the increase of mud powder content, the free water inside the

TABLE 1 Proportion of MSC.

Group
name

MP
content
(%)

MB
value

C
(kg·m-3)

FA
(kg·m-3)

MK
(kg·m-3)

MP
(kg·m-3)

MS
(kg·m-3)

CS
(kg·m-3)

Water
(kg·m-3)

WR
(kg·m-3)

fcc
(MPa)

fts
(MPa)

MP0 0 0.85 410 50 40 0 777 1,073 150 6 96.6 5.92

MP0.5 0.5 1.10 410 50 40 3.89 773.11 1,073 150 6 97.4 6.06

MP1 1.0 1.35 410 50 40 7.77 769.23 1,073 150 6 95.3 5.98

MP1.5 1.5 1.70 410 50 40 11.66 765.34 1,073 150 6 93.5 5.75

MP2 2.0 2.00 410 50 40 15.54 761.46 1,073 150 6 92 5.57

Note. MP, is mud powder; C is cement; FA, is fly ash; MK, is metakaolin; MS, is manufactured sand; CS, is crushed stone; WR, is water reducer.

TABLE 2 Test results of workability of MSC under different MB values.

Group name MB value (g/kg) Slump (mm) Expansion degree (mm) Working performance

Cohesiveness Moisture retention Liquidity

MP0 0.85 220 500 good excellent excellent

MP0.5 1.10 210 500 good excellent good

MP1 1.35 200 480 excellent excellent good

MP1.5 1.70 185 460 cxcellent cxcellent fair

MP2 2.00 165 420 excellent excellent poor
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slurry gradually decreases, and the effective water consumption for
fresh concrete mixing also decreases accordingly, and the
cohesiveness of the mix increases. At this time, the flow
resistance between the materials inside the slurry increases, which
leads to the deterioration of its fluidity. Therefore, The more the
content of mud powder (MB value), the slump and expansion of
fresh concrete mixes are gradually reduced.

3.2 Resistance to chloride ion penetration

The impermeability of concrete refers to the difficulty of
resisting the diffusion, penetration, or migration of liquids, gases,
or ions in concrete by external effects such as pressure, ion
concentration differences, and electric fields. Most studies use the
concrete chloride migration coefficient to characterize its
impermeability, and the chloride migration coefficient is also an
important indicator to describe the compactness of concrete. In
general, the smaller the chloride migration coefficient, the better the
permeability of the concrete and the higher the degree of
compactness. The chloride migration coefficient of concrete
obtained using the RCM method can be calculated according to
Eq. 1.

DRCM � 0.0239 × 273 + T( )L
U − 2( )t Xd − 0.0238

������������
273 + T( )LXd

U − 2

√( ) (1)

where DRCM is the chloride permeability coefficient of concrete (m2/
s), U is the absolute voltage (V), T is the average value of the initial
temperature and the end temperature of the anode solution (°C), L is
the thickness of the specimen (mm), Xd is the chloride penetration
depth (mm), t is the test duration (h).

The specific results that can be obtained using Eq. 1 are shown in
Figure 1 Test results of chloride permeability coefficient of MSC.
After analysis, the chloride migration coefficient increased from
0.884 × 10−12 m2/s to 1.408 × 10−12 m2/s when the MB value

increased from 0.85 to 2.00, which increased by 59.28%. That is
the chloride migration coefficient of the MSC gradually increases
with increasing MB value, which is consistent with the conclusion
obtained by Xia et al. (2021).

The above phenomenon shows that the MB value, the more
permeable the concrete is, and the less dense it becomes. This is
because the mud powder is an expansive clay, the mixing of mud
powder will make the concrete wet expand and dry shrinkage,
thus affecting the bonding of cementitious materials and
aggregates, causing micro-cracks inside the concrete, which in
turn makes the concrete less compact and more permeable (Liu
et al., 2015).

3.3 Salt freezing resistance

P and η are the main indicators of the frost resistance of
concrete. Salt freeze resistance tests were carried out on concrete
specimens (age 28 days) at different MB values using the fast freeze
method; the P and η of the specimens were measured every 25 cycles,
and the results are shown in Figure 2. The P and η can be calculated
according to Eqs 2, 3.

P � f2
n

f2
0

× 100% (2)

where P is the relative dynamic elastic modulus after n cycles of
freezing and thawing, f0 and fn are the initial transverse fundamental
frequency and the transverse fundamental frequency (Hz) after n
cycles of freezing and thawing, respectively.

η � m0 −mn

m0
× 100% (3)

where η is the mass loss rate,m0 andmn are initial mass andmass (g)
after n cycles of freezing and thawing, respectively.

From Figure 2A, it can be seen that the P can be divided into two
stages in general as the number of freeze-thaw cycles n increases. (1)
For n ≤ 125 cycles, the internal pore structure of the specimen is
unaffected by the n, and thus the P does not change with the increase
in the n. (2) For n > 125 cycles, the P decreases gradually with the
increase of the n. This indicates that after a certain n (125 cycles), the
specimens gradually produce microcracks caused by freeze-thaw
action, and the number of microcracks gradually increases with the
increase of the n. In addition, after 300 freeze-thaw cycles, the P of
the specimens showed an overall increase with the increase of MB
value and reached the maximum value at the MB value of 1.10, and
then gradually decreased.

From Figure 2B, it can be seen that the η, in general, can be
divided into three stages as the n increases. Stage I: negative
decreasing stage. n ≤ 125 times, the η is negative, and its absolute
value increases with the increase of the n. From the previous
analysis, it can be seen that when n ≤ 125 times, the internal pore
structure of the specimen is basically not affected by the freeze-
thaw cycle, so the quality of the specimen does not change with
the increase in the n. On the contrary, due to the existence of
water absorption of mineral admixture and the initial tiny pores
inside the specimen, the specimen continuously absorbs the
water in the environment during the freeze-thaw process, and
its quality gradually increases with the increase of the n, which

FIGURE 1
Test results of chloride permeability coefficient of MSC.
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leads to the increasing absolute value of the specimen quality loss
rate. Stage II: Negative increase stage. 125 < n < 200 times, the
quality loss rate is still negative, but its absolute value gradually
decreases with the increase in the n. This is because after the n
exceeds 125, the surface of the specimen starts to shed due to the
freeze-thaw action, which leads to the reduction of the specimen
quality. However, the mass of the specimen shedding at this stage
is relatively small, and the mass after the freeze-thaw cycle is still
larger than its initial mass. Therefore, the η in this stage is still
negative. Stage III: positive increasing stage. n ≥ 200 times, the
mass of the specimen after freeze-thaw cycles is less than its
initial mass, and the total mass shed in this stage increases
gradually with the increase of the n. Therefore, the η at this
stage is positive and increases gradually with the n. In addition,

after 300 freeze-thaw cycles, the η of the specimens showed an
overall decrease with the increase of MB value and reached the
minimum value at the MB value of 1.10, and then gradually
increased again. It indicates that the surface of the MSC at
different MB values showed some peeling phenomenon after
300 freeze-thaw cycles, but the surface morphology remained
relatively intact, as shown in Figure 3.

The changes in P and η can be seen that the appropriate amount
of mud powder can effectively improve the salt freezing resistance of
the mechanism sand concrete, but the content of mud powder will
reduce the salt freezing resistance of the machine when it exceeds a
certain value. From the test results, the best MB value can be
determined as 1.10 for the ratio designed in this paper, and the
corresponding mud powder content is 0.5%.

FIGURE 2
Variation of P and η of MSC with freeze-thaw cycles: (A) P, (B) η.

FIGURE 3
Surface morphology of MSC after 300 cycles of salt freezing: (A) MB=0.85, (B) MB=1.1, (C) MB=1.35, (D) MB=1.7, (E) MB=2.0.
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3.4 Contractility

Concrete is prone to shrinkage during hardening, leading to
cracking. Cracking not only accelerates the entry of corrosive
substances into the material but also causes the overflow of
hydration products within the material. Especially in the
northern region, long-term seasonal freeze-thaw cycles will
accelerate the development of material microstructure damage,
resulting in a decline in the overall stability and durability of
concrete. Research on concrete shrinkage mostly revolves around
drying shrinkage, and the drying shrinkage rate is commonly used to
evaluate its shrinkage.

Figure 4 shows the variation of drying shrinkage of concrete
specimens with age under different mixing ratios. As the age
increases, the shrinkage evolution process of concrete under
different MB values can be divided into three stages: rapid
shrinkage, slow shrinkage, and shrinkage balance (Zhao et al.,
2018). ① In the rapid shrinkage stage (age ≤ 28 d), the drying
shrinkage rate of this stage is relatively large, and the shrinkage
amount can account for 75% of the total shrinkage, or even
higher. Therefore, the drying shrinkage of concrete mainly occurs
in the early stage.② Slow shrinkage stage (28 d < age < 90 d), the
shrinkage deformation rate of this stage is slow, and the
shrinkage process lasts longer. ③ Shrinkage balance stage
(age ≥ 90 d), the shrinkage process of this stage is close to
stability, and the relative humidity inside the concrete and the
environment reaches equilibrium. When the ambient humidity is
lower than the internal relative humidity of concrete, the
shrinkage process will restart until the internal and external
relative humidity balance is reached again.

In addition, when the age is the same, the drying shrinkage of
concrete decreases first, and reaches the minimum value when
the MB value is 1.10 (mud powder content is 0.5%), and then
gradually increases. This shows that an appropriate amount of
mud powder can inhibit the drying shrinkage process of concrete;

on the contrary, when the mud powder content is too high, it will
promote the development of the concrete drying shrinkage
process. The reasons for this phenomenon can be explained
from the following two aspects: 1) an Appropriate amount of
mud powder can fill the pores between aggregates, which has
played a certain optimization role in the internal porosity,
thereby reducing the drying shrinkage of concrete; 2)
However, mud powder belongs to clay minerals, which is
loose and porous, and has good water absorption
performance. The excessive content of mud powder will make
cement absorb too much water in the hydration process, and the
water content of concrete after hardening is relatively large.
When the internal relative humidity of concrete is greater
than the environmental humidity, the surface moisture
evaporates, the internal moisture diffuses to the surface, and
the moisture adsorbed by mud powder is released, increasing the
dry shrinkage of concrete.

To study the timeliness of concrete shrinkage deformation,
based on a large number of test results, scholars have established
many prediction models for calculating the shrinkage strain of
concrete under different conditions (An et al., 2001). Among
them, the hyperbolic prediction model given by the China
Academy of Construction Sciences is the most widely used (Lv
et al., 2004), and its expression is:

εs t( ) � t

a + bt
(4)

where, εs(t) is the drying shrinkage of concrete at time t; a and b are
the material test constants.

Eq. 4 is used to fit the dry shrinkage rate of MSC under different
MB values in Figure 4, and the results are shown in Table 3 Analysis
results of shrinkage of MSC (hyperbolic function) under different MB
values. The predicted results are close to the experimental results,
with a large correlation coefficient R and the error is relatively small.
It indicates that the relationship between the dry shrinkage rate of

FIGURE 4
Variation of drying shrinkage rate of MSC with age and MB value: (A) age, (B) MB value.
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MSC and age under the condition of mix proportion in this test can be
described by the hyperbolic function expressed in Eq. 4.

4 Fractal feature analysis

4.1 Method of fractal dimension theory

Fractal is a method for characterizing or describing irregular,
self-similar, and scale-invariant objects or phenomena. The
quantitative parameters characterizing the fractal properties of
objects or phenomena are generally called fractal dimensions.
The spatial distribution of concrete microstructure can be
qualitatively seen from SEM images, but it cannot be
quantitatively described. Combined with fractal theory, the
distribution of concrete microstructure satisfies a certain fractal
law, and the fractal analysis can effectively quantify and compare the
complexity of the microstructure. Therefore, based on the
information contained in SEM images, the spatial distribution of
concrete microstructure can be quantitatively characterized by
fractal dimension. At present, the methods for calculating fractal
dimension mainly include box dimension, Hausdorff dimension,
similarity dimension, Brownian motion algorithm, and differential
box dimension (Yang et al., 2009). Because differential box
dimension DB has good accuracy and applicability and can meet
the requirements of computational efficiency and dynamic
characteristics, it is often used as a measure of image surface
texture roughness.

The digital image obtained by using the scanning electron
microscope equipment is a grayscale image, which can be
regarded as a three-dimensional space (x, y, z). Where x and y
denote the position of the pixel in the image plane and z denotes the
grayscale value of the pixel. Therefore, the gray values constitute a
concave and convex surface, and the spatial distribution of each
pixel color can reflect the texture characteristics of the image.
According to the fractal theory, the fractal dimension is an
important parameter for the quantitative portrayal of non-
smooth, non-regular, broken, and other extremely complex
fractals, characterizing the complexity and roughness of the
fractals. That is to say, the larger the fractal dimension, the more
complex and rough the fractals are; conversely, the smaller the
fractal dimension, the simpler and smoother the fractals are. The
fractal dimension combines spatial information and color

information of images simply and organically, which effectively
reflects the complexity of material structure.

When calculating fractal dimension based on a grayscale SEM
image, the traditionalmethod is to convert it into a black andwhite pixel
image by binarization. For SEM images, each gray value in the image
represents the corresponding information. After binarization
processing, the characteristics of cementitious materials, hydration
products, holes, and cracks cannot be effectively expressed, which
affects the data analysis results. Therefore, this paper directly
calculates the fractal dimension by using the difference box
dimension based on the gray image of concrete SEM. The main
idea of this method is as follows (Sarkar and Chaudhuri, 1994): For
an M × M image, it can be regarded as a surface (x, y, z) in three-
dimensional space, where (x, y) represents the position in the surface
and z is the gray value at that position. The plane is divided into several
grids of L× L, let r=L/M, and each grid is a box of L× L× h. h represents
the gray value of each box and satisfiesG/h=M/L. G represents the total
gray level. Assuming that in the (i, j) grid, the maximum andminimum
image gray levels are box l and box k respectively, then:

nr i, j( ) � l − k + 1 (5)
The total number of boxes needed to cover the whole image is:

Nr � ∑
i,j

nr i, j( ) (6)

The fractal dimension is:

D � lim
logNr

log 1/r( ) (7)

For a series of L, the specific values of logNr and log (1/r) can be
obtained, and then the least square method is used for linear regression
analysis in the double logarithmic coordinate system. The linear slope
obtained by regression is the difference box dimension DB.

4.2 Fractal characteristics analysis of SEM
images

Figure 5 shows the SEM images of MSC under different MB values
(5,000 ×) and the difference box dimension DB calculated by a double
logarithmic coordinate system. When the MB value is small, the
hydration degree of MP0 and MP0.5 groups is high, and the structure

TABLE 3 Analysis results of shrinkage of MSC (hyperbolic function).

Group name MB value (g/kg) Regression
coefficient

120 d measured value 120 d calculated value R

a b

MP0 0.85 0.0132 0.0035 302 277.0083 0.9471

MP0.5 1.10 0.0149 0.0035 294 275.9255 0.9538

MP1 1.35 0.0162 0.0035 297 275.1032 0.9489

MP1.5 1.70 0.0132 0.0034 310 284.9003 0.9423

MP2 2.00 0.0142 0.0033 318 292.5402 0.9487
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formed by hydration is close, containing C-S-H gel, which makes the
cement particles and other hydration products closely connected to form
a dense whole with a strong spatial structure. The degree of hydration of
the MP1~MP2 group gradually decreases with the increase of MB value,
and the mineral components such as fly ash that have not completed
hydration inside gradually increase, and cracks appear on the concrete
surface. This is because the clay powder itself is not active, and the
addition of too much clay powder has an inhibiting effect on the
hydration of the cementitious material, resulting in an increase in
unhydrated fly ash particles. Due to the poor bonding effect between
fly ash and hydration products, which in turn causes cracks to appear at
the junction of the two, affecting the overall structural compactness.

In addition, it can be seen from Figure 5 that the fractal dimensions
of MSC under different MB values are between 2.3202 and 2.3952, and
the fitting degree of the differential box dimensionmethod to the fractal
dimension of theMSC surface is above 0.996, indicating that the surface

morphology of MS coagulation under different MB values has good
fractal characteristics. When the MB value is 0.85 and 1.10, the
hydration degree of the MP0 and MP0.5 groups is higher, the
microscopic appearance is relatively flat, and the texture of the SEM
image is simple. The fractal dimension of these two groups of images is
relatively small and close to 2.3222 and 2.3202, respectively. Then, with
the increase of MB value, the hydration degree of the MP1.0 →
MP2.0 group decreased gradually, and there were a large number of
unhydrated fly ash in the concrete, and the internal began to appear
micro cracks. At this time, the SEM image showed complex texture, and
the fractal dimension of the image was larger, which were 2.3783,
2.3872, and 2.3952, respectively.

The above analysis shows that the fractal dimension can
quantitatively explain the changing trend of MSC structure under
different MB values, and can better reflect the influence of mud
powder on the hydration degree and structure of concrete. The

FIGURE 5
SEM images and fractal dimension of MSC: (A) MP0, (B) MP0.5, (C) MP1, (D) MP1.5, (E) MP2.0.
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hydration degree of concrete not only affects the microstructure of
concrete but also affects its macroscopic mechanical properties. To
quantitatively analyze the influence of the microstructure of
concrete on its strength, Figure 6 shows the variation of fcc of
MSC with fractal dimension. It can be seen that as an important
feature of geometric objects, fractal dimension can not only
quantitatively describe the microstructure of concrete hydration
products, but also show a good correlation with the variation law of
fcc. After fitting, the relationship between the fractal dimension and
fcc of concrete can be described by the exponential function
represented by Eq. 8, and the correlation coefficient is 0.9772.

fcc � 97.1059 − 0.0149 exp
DB − 2.2898

0.018
( ) (8)

5 Conclusion

(1) With the increase of MB value, theMSC collapse and extension are
gradually decreased, and the cohesiveness is gradually increased,
while the water retention is unchanged. In addition, with the
increase of MB value, the migration coefficient of chloride ions
of MSC increases gradually. After 300 freeze-thaw cycles, the P first
increased and then gradually decreased, while the η and drying
shrinkage rate first decreased and then gradually increased, and the
MB values corresponding to the turning points of the P, η, and
drying shrinkage rate were 1.10.

(2) With the increase of n, the change law of P can be divided into two
stages basically unchanged and gradually decreased. The change
process of η can be divided into three stages: negative value
reduction, negative value increase, and positive value increase.
At the same time, with the increase of age, the shrinkage
evolution process of concrete can be divided into three stages:
rapid shrinkage, slow shrinkage, and shrinkage balance, and the
drying shrinkage mainly occurs in the rapid shrinkage stage, which
accounts for more than 75% of the total shrinkage.

(3) When the MB value is 0.85 and 1.10, the hydration degree of
concrete is high, and hydration forms a large number of C-S-H gel,

whichmakes cement particles and other hydration products closely
connected to form a solid dense whole of spatial structure.With the
increase of MB value, the hydration degree of concrete gradually
decreases, and the mineral components such as fly ash that are not
hydrated in the interior gradually increase, cracks appeared at the
junction of fly ash and hydration products, and the overall
structural compactness gradually decreased.

(4) The fractal dimension can quantitatively characterize the effect
of MB values on the hydration and structure of concrete and
shows a good correlation with the variation pattern of its fcc.
When the MB value is small, the SEM image texture of concrete
is relatively simple, the fractal dimension value is small, and the
corresponding fcc is large. When the MB value is large, the
texture of the SEM image is complex, the fractal dimension is
large, and the corresponding fcc is small.
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