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In this paper, dry-mixed recycled cement concrete gravel (CCG) piles and dry-mixed cement macadam gravel (CMG) piles were
analyzed. CCG and CMG were prepared by using recycled concrete aggregate (RCA) with different substitution rates, recycled
macadam aggregate (RMA) from waste bricks and tiles, and fly ash, respectively. Mechanical properties, hydration heat release
performance, and frost resistance were used as evaluation factors. The compressive strength, hydration heat, relative dynamic
elastic modulus, and mass loss rate were tested. Based on the requirements of subgrade reinforcement on the material strength,
hydration heat release, and frost resistance of dry-mixed CRA piles, TOPSIS analysis method was used to conduct a com-
prehensive evaluation. The results show that the mechanical properties and frost resistance of CCG and CMG gradually de-
teriorate with the increase of RCA and RMA replacement rates. At the same time, the hydration heat release of CCG and CMG
increases with the increase of the replacement rate. The fly ash instead of cement can improve the compressive strength and frost
resistance of CCG and CMG and reduce the hydration heat and material cost. When the CCG replacement rate reaches 20%, the
CCG composite score of 20% fly ash is higher than that of traditional dry-mixed cement gravel pile and has better

comprehensive performance.

1. Introduction

In recent years, with the large-scale construction of high-
grade highway, the problems encountered in the project have
become more frequent and complex. Soft soil foundation has
the characteristics of high compressibility, large settlement,
and poor stability of drainage consolidation. Before building
high-grade highway on such foundations, if the foundations
are not treated or improper treatment, the quality of the
highway will be reduced or even destroyed [1]. As a result, a
series of problems such as pavement subsidence, muddying,
pulping, bridge jumping, and roadbed slippage appear [2].
Dry-mixed cement gravel pile is a new trenchless rapid re-
inforcement technology for highway subgrade developed
based on gravel pile and cement fly-ash gravel (CFG) pile [3].
This technology has the advantages of simple process, low
equipment requirements, local materials for raw materials,
high overall strength formed with the original topography,

and effective suppression of the unstable settlement of
roadbed. Along with the rapid development of highway traffic
construction, construction engineering, water conservancy,
and other infrastructure construction industry, the rapid
development of engineering construction in the aggregate
supply gap is gradually expanding [4]. However, a series of
environmental problems will be caused in the process of
large-scale construction. In order to solve the problem of
environmental pollution caused by aggregates shortage in
engineering construction, waste aggregates recycling has
become an effective solution [5].

The research on recycled waste concrete materials has
become a hot topic for scholars in related fields. Many
scholars have studied the properties of recycled aggregate
(RA) and recycled concrete. Bai et al. investigated the
characteristics of RA and the mechanical properties of
recycled concrete [6]. Some scholars have conducted
comparative studies on the mechanical properties of
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FIGURE 1: Macroscopic view of RA. (a) RCA, (b) RMA.

ordinary concrete and recycled concrete [7]. The research
results generally show that the properties of RA are often
somewhat degraded compared with natural aggregate. The
improvement of the physical and mechanical strength of
recycled concrete has become a hot issue in the research of
recycled concrete. Accelerated carbonation can effectively
improve the strength of concrete, and steam curing can
improve the impermeability of recycled concrete [8, 9]. Deng
et al. applied recycled coarse aggregate to cement stabilized
base and studied the influence of RA homogeneity on ce-
ment stabilized base [10]. Many scholars have also carried
out corresponding studies on the application and rein-
forcement of RA. Among them, fly ash as industrial waste is
also a concern by many scholars. Some scholars have found
that fly ash pore refinement is beneficial to offset the higher
porosity of RA by means of microscopic tests. In addition, fly
ash has a positive effect on the erosion resistance of recycled
concrete [11, 12]. The research of most scholars has shown
that the appropriate addition of fly ash is helpful for the
application of RA in engineering. To sum up, although there
are many related researches on the application of RA in
China, these researches are mainly focused on non-load-
bearing concrete and semirigid base materials. The char-
acteristics of different road engineering materials are quite
different. Although the existing research results have certain
reference significance, it is difficult to directly apply to
roadbed reinforcement projects.

Several  production  technologies  capable  of
manufacturing high-quality RA have been developed, and
the recycled coarse aggregate concrete were applied to the
upper structure of buildings on a trial basis particularly in
Japan [13, 14]. In some Southern European countries, most
RA are used in road construction and unpaved rural roads
[15]. These uses have little added value but are a good al-
ternative for RA with medium or low quality [16]. High-
quality RA with high recycling potential can be obtained
using selective dismantling techniques [17]. The use of these
high-quality aggregates in the manufacture of concrete and
mortar gives more added value to these recycled materials.
In addition, the TOPSIS analysis method can comprehen-
sively analyze the optimal solution of each parameter under
multifactor conditions [18].

TaBLE 1: Physical properties of RCA and RMA.

Apparent Micro Ne.edle- Crush Water
Aggregate densi powder  like .
ensity value absorption
type kg/m?) content content o
(gm)  CRst RS o))
RCA 2.59 1.5 53 27.3 5.8
RMA 2.39 2.1 6.1 40.8 11.2

In this paper, recycled concrete aggregate (RCA) and
recycled macadam aggregate (RMA) are the research objects.
The compressive strength, hydration characteristics, and frost
resistance were used as evaluation indexes to analyze the in-
fluence of RA content on the material properties of dry-mixed
cement RA pile. At the same time, based on the characteristics
of low hydration heat and durability improvement of fly ash,
this paper systematically studied the influence of different fly
ash content on compressive strength, hydration characteristics,
and frost resistance of dry-mixed cement RA pile. Based on the
requirements of roadbed reinforcement on the material
strength, hydration heat release, and freezing resistance of dry-
mixed cement RA piles, TOPSIS analysis method was used to
comprehensively evaluate dry-mixed cement recycled piles
prepared from different types of RA, and to explore the re-
generation of dry-mixed cement. The optimal composition of
aggregate piles provides corresponding reference for its engi-
neering application.

2. Materials and Test Methods

2.1. Raw Materials. The raw materials used for preparing the
CCG and CMG included ordinary Portland cement, mineral
admixture, fine aggregates, RCA, and RMA. The mor-
phology of RCA and RMA is shown in Figure 1, and the
physical performance indicators of RCA and RMA are
shown in Table 1. The physical properties of Portland cement
are shown in Table 2. The chemical composition of indus-
trial-grade fly ash (FA) is shown in Table 3. The fineness
modulus of fine aggregate is 3.3, and its performance in-
dicators are shown in Table 4.

In order to study the effect of RA content on the per-
formance of CCG and CMG, the content of RCA and RMA
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TaBLE 2: Physical properties of cement.

. Flexural
S Compressive
Setting time strength o
Cement fineness (%) strength (MPa) (MPa) Stability (mm)
Initial setting (min) Final setting (h) 3d 28d 3d 28d
2.3 165 5.5 12.6 35.0 2.9 6.1 1.5
TaBLE 3: Chemical composition of considered FA (wt. %).
A1203 SIOZ MgO KzO CaO Fe203 P205 SO3 NazO
22.0 52.68 0.6 1.98 8.53 11.8 0.94 1.12 0.35

TaBLE 4: Physical properties of fine aggregate.

. Bulk Apparent  Void Stone Crush
Fineness densi densi . powder . dicat
modulus ens1t3y ens1t3y ratio . indicator

(kg/m)  (kg/m”) (%) (%) (%)
3.3 1447 2700 40 4.1 13

was 0, 20%, 40%, 60%, 80%, and 100%, numbered NC, RCA-
20, RCA-40, RCA-60, RCA-80, RCA-100, RMA-20, RMA-
40, RMA-60, RMA-80, and RMA-100, respectively. The
mixing proportion of CCG and CMG is shown in Table 5. In
order to study the effect of FA content on the performance of
CCG and CMG, the content of FA was 0, 10%, 20%, and
30%, numbered RCA20F10, RCA20F20, RCA20F30,
RMA20F10, RMA20F20, and RMA20F30, respectively. The
mixing proportion of CCG and CMG is shown in Table 6.

2.2. Specimen Preparation. The test process includes the
following steps: (1) the suitable amount coarse and fine
aggregates are placed in a rectangular pan with a size of
400 mm x 600 mm x 70 mm; (2) the dry materials are mixed
evenly for 3 min; (3) the water is poured into the dry in-
gredients and whisk quickly for 5min; (4) add the suitable
amount cement to the stuffed mixture and mix well for
6 min; (5) put the wet material into a square test mould with
a side length of 100 mm; (6) according to the specification
“Testing Methods of Cement and Concrete for Highway
Engineering” [19], cure for 1d and then demould.

2.3. Test Methods

2.3.1. Compressive Strength. According to the specification
“Standard for Test Method of Concrete Physical and Me-
chanical Properties” [20], the compressive strength test was
carried out on the samples of standard curing 7d, 28 d, and
90 d respectively, and each sample was tested 3 times, and
the average value was calculated as the final result.

2.3.2. Heat of Hydration. 'The heat of hydration of CCG and
CMG was obtained by curing a specimen with a moulding
size of 100 mm x 100 mm x 100 mm using box curing for
24d, under the temperature of 20°C +2°C and a relative
humidity of 90% +5%, according to the standard “Test

Methods for Heat of Hydration of Cement” [21]. The PTS-12S
hydration heat tester was used in the experiment.

2.3.3. Mass Loss Rate. Cubes with a side length of 150 mm
were subjected to freeze-thaw cycles according to the
specification “Standard for Test Methods of Long-term Per-
formance and Durability of Ordinary Concrete” [22]. The
mass of exfoliation (,) and the mass loss rate (y) of the
specimen are computed using the formula below for the
specimen after freeze-thaw cycles.

mg=my, —my (1)
mS
y=_ (2)

where m, is mass of exfoliation of specimen. 1, is the total
mass of filter paper and peel after drying; m; is the filter
paper quality; m is the mass of the dried specimen.

2.3.4. Relative Dynamic Elastic Modulus. The relative dy-
namic elastic modulus of the samples was tested according to
specification “Test Methods of Cement and Concrete for
Highway Engineering” [19]. The test was carried out with a
cuboid specimen of 100 mm x 100 mm x 400 mm, and the
frequency was set to 100 Hz.

3. Results and Discussion
3.1. Effects of RA Substitution Rate on Material Properties

3.1.1. Compressive Strength. The test results of different
substitution rates on the compressive strength of CCG and
CMG are shown in Figure 2. It can be seen from Figure 2
that, with the increase of the replacement rate, the strength
of the dry-mixed cement aggregate pile decreases gradually.
This may be related to the old mortar in the outer layer of RA
[13, 14]. There are a lot of micro-cracks in the old mortar,
and the internal structure is more easily damaged when it is
subjected to external pressure. It can be seen from Table 4
that the crushing value of RCA is 27.3%; the crushing value
of MCA is 40.8%. The aggregate acts as a scaffold in the dry-
mixed cement aggregate pile, and the destruction of the
aggregate reduces the overall compressive strength [15].
Therefore, the compressive strength of the dry-mixed
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TaBLE 5: The mixing proportion of CCG and CMG.
No. Cement (kg/m’)  Effective water (kg/m®)  Additional water (kg/m®) W/C  Stone chips (kg/m®)  Gravel kg/m’
NC 240.0 0 0.5
RCA-20 259.2 6.65 0.54
RCA-40 273.3 13.31 0.57
RCA-60 292.8 19.96 0.61
RCA-80 312.0 26.61 0.65
RCA-100 480 331.2 33.26 0.69 1297 1584
RMA-20 259.2 6.65 0.54
RMA-40 273.3 13.31 0.57
RMA-60 292.8 19.96 0.61
RMA-80 312.0 26.61 0.65
RMA-100 331.2 33.26 0.69
TaBLE 6: The mixing proportion of CCG and CMG.
No. FA content (%) Cement (kg/m3) Sand (kg/m3) Gravel (kg/m3) Additional water (kg/m3) Free water (kg/m3)
RCA20F10 26 228
RCA20F20 52 202
RCA20F30 77 177
RMA20F10 2% 228 595 1103 113 194
RMA20F20 52 202
RMA20F30 77 177
30 30
25 25
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FIGURE 2: The effect of RCA and RMA with different dosages

cement recycled aggregate pile gradually decreases with the
increase of the amount of recycled aggregate. In contrast, the
compressive strength of CMG is lower than that of CCG due
to the lower crush value of RMA and the higher water
absorption of RMA, which is about two times that of RCA.

3.1.2. Heat of Hydration. The experimental results of the
heat of hydration of CCG and CMG with different
substitution rates are shown in Figure 3. According to

(®)

on compressive strength of CCG and CMG. (a) CCG, (b) CMG.

Figure 3, with the increase of the replacement rate of RA,
the heat of hydration of CCG and CMG also increases. It
can be found from Table 5 that, due to the high water
absorption of RA, a part of additional water is required
for prewetting treatment [16]. Besides, with the increase
of the replacement rate of RA, the required water con-
sumption is also increasing, resulting in an increasing
water-cement ratio. The cement paste with low water-
cement ratio has smaller porosity and smaller pore size,
so the cement paste is denser. In order for cement to be
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FIGURE 3: The effect of RCA and RMA with different dosages on hydration heat of CCG and CMG. (a) CCG, (b) CMG.
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FIGURE 4: The effect of RCA and RMA with different dosages on mass loss rate of CCG and CMG. (a) CCG, (b) CMG.

fully hydrated, sufficient water diffusion in the slurry is
required [17]. Therefore, the heat of hydration of the
sample with a smaller water-cement ratio is also smaller;
in other words, the heat of hydration of the sample with a
higher replacement rate of recycled aggregate is also
larger. Compared to CCG, CMG has a higher heat of
hydration. The hydration exotherm is not only affected by
the degree of hydration, but also closely related to the
initial water content [18]. It can be seen from Table 4 that
the water absorption rate of RCA is 5.8%, and that of
RMA is 11.2%. Due to the high water absorption, the
additional water gives the CMG a higher initial water
content, resulting in a higher heat of hydration for the
CMG. In conclusion, CCG shows better performance in
terms of heat of hydration.

3.1.3. Frost Resistance. The test results of different RA sub-
stitution rates on the mass loss rate of CCG and CMG are shown
in Figure 4. Figure 4 shows that when the replacement rate of
recycled aggregate increases, the mass loss rate increases as well.
This is owing to recycled aggregates’ high crushing value and low
apparent density, which makes them more prone to damage
[23, 24]. On the one hand, the high water absorption rate of RA
causes it to absorb part of the water, and frost heave occurs
during the freezing and thawing process, resulting in structural
damage and loss. On the other hand, the bonding strength of RA
is weaker than that of natural aggregate, and it is not easy to bond
with old and new mortar, so the frost resistance is worse [25].

The experimental results of the relative dynamic elastic
modulus of RCA and RMA with different RA substitution rates
are shown in Figure 5. The relative dynamic elastic modulus
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FiGure 5: The effect of RCA and RMA with different dosages on relative dynamic elastic modulus of CCG and CMG. (a) CCG, (b) CMG.
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FIGURE 6: The compressive strength of CCG and CMG with different content of fly ash. (a) CCG, (b) CMG.

rapidly falls as the RA content increases, as seen in Figure 5. The
high crushing value and low apparent density of RA, like the
mass loss rate, render the interior structure of CCG and CMG
prone to destruction. RMA has a rougher surface and more
pores than RCA, as seen in Figure 1. Table 4 shows that RCA
has a higher apparent density than RMA, as well as a lower
crush value and water absorption. In conclusion, CCG has a
higher relative dynamic elastic modulus than CMG.

3.2. Effect of fly Ash Content on the Performance of Dry Mix
Cement RA Pile

3.2.1. Compressive Strength. The compressive strength of
CCG and CMG with different content of fly ash is shown in

Figure 6. From Figure 6, the compressive strength of CCG
and CMG decreases at 7 d and 28 d due to the slow hydration
of fly ash in the early stages, which cannot provide enough
strength for CCG and CMG [26]. However, the AFt crystals
and CH crystals are generated after the secondary hydration
reaction of fly ash, contributing to an increase in com-
pressive strength at 90 d [27]. Furthermore, with the increase
of fly ash, the compressive strength of CCG and CMG at 90 d
shows a trend of first increasing and then declining. The high
fly ash content can cause problems such as low strength and
carbonation of concrete at an early stage [28]. Meanwhile,
excessive amounts of fly ash can decrease the workability
and compressive strength of concrete (Temesge et al.) [29].
The reason for this phenomenon is the excessive water
requirement of fly ash in large content, and the secondary
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FIGURE 8: The mass loss rate of CCG and CMG with different content of fly ash. (a) CCG, (b) CMG.

hydration is incomplete. It can be found that the com-
pressive strength is higher when the CCG replacement rate is
20%, and the fly ash content is 10%.

3.2.2. Hydration Heat. The results of fly ash content on the
hydration heat of CCG and CMG are shown in Figure 7. The
hydration heat of CCG and CMG will gradually decrease
with the increase of fly ash [30]. The generation of hydration
heat mainly comes from the heat release from the cement
hydration reaction. The cement content of the hydration
reaction in the early stage and the hydration heat is reduced
by using fly ash instead of cement, and this result is con-
sistent with the conclusion of other studies [27, 31].

3.2.3. Frost Resistance. Figures 8 and 9 show the test results of
fly ash content on the frost resistance of CCG and CMG.
According to Figures 8 and 9, the mass loss rate decreases and

then increases with the increase of fly ash content, and the
relative dynamic elastic modulus exhibited a trend of rising and
then falling. Moreover, using fly ash as the filler will help fill gaps
in the dry-mixed cement recycled aggregate pile, improving
structural compactness and providing frost resistance [32, 33].
As a result, too much fly ash will reduce the strength of CCG
and CMG in the early stage, resulting in higher water demands
and a more vulnerable internal structure to freeze-thaw damage.
The internal structure is not tight enough, and the frost re-
sistance is reduced. RCA with 20% fly ash content has a lower
mass loss rate and a higher relative dynamic elastic modulus.

3.3. The Comprehensive Performance Evaluation of Dry-
Mixed RA Piles

3.3.1. The Analysis of TOPSIS. TOPSIS analysis method first
normalizes the original data matrix and then determines the
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FIGURE 9: The relative dynamic modulus of elasticity of CCG and CMG with different content of fly ash. (a) CCG, (b) CMG.

optimal and inferior solutions among a finite number of so-
lutions through the optimal vector and inferior vector. Then, it
determines the closeness of each study factor of the object of
investigation relative to the optimal solution by comparing the
object of investigation with the optimal and inferior solutions
and then evaluates the superiority and inferiority of the object
of investigation [34, 35]. The specific steps are as follows.

In the first step, a decision matrix needs to be con-
structed, and the raw data can be represented by matrix
X = (Xij)pxm> where n and m represent the number of
evaluation objects and evaluation indicators, respectively.
The resulting raw data are matrixed by

X..

Zoo=—
0T em o (3)
Zi:l X12]

In the second step, the above obtained matrix is nor-
malized by Eq. (4) and Eq. (5); then, determine the optimal
vector and the worst vector.

Y'= (Ymax I8 YmaxZ’ T Ymaxm) (4)

Y = (Yminl’Y "Yminm) (5)

min2> "’

In the third step, the difference distance between the i
examined object and the optimal solution and the worst
solution is then determined by Eq. (6) and Eq. (7).

D} \
D;:\

In the fourth step, the similarity between each examined
object and the optimal solution is calculated by Eq. (8) and
ranked for comparison to determine the optimal solution.

(Xmaxj - Yij)2 (6)

L

Il
—_

(Xminj - Yij)2 (7)

NgE

[
—_

CI=D;/(D{ +D;)1<i<n (8)

3.3.2. Analysis of Calculation Results. Compressive strength,
hydration heat, and frost resistance are used as the inves-
tigating factors to achieve a comprehensive evaluation of
CCG and CMG. The results of experimental values of
compressive strength, the heat of hydration, mass loss, and
relative dynamic modulus of elasticity are shown in Table 7.

(1) The above experimental data are matrixed by Eq. (3),
and the resulting standard matrix is as follows:
0.2850 0.3466 0.3241 0.2715
0.2726 0.2687 0.2927 0.2605
0.2550 0.2140 0.2614 0.2521
0.2390 0.1707 0.2300 0.2448
0.2254 0.1060 0.1568 0.2296
0.2062 0.0604 0.0523 0.1842
0.2460 0.2277 0.2509 0.2490
0.2347 0.1609 0.1882 0.2307
0.2196 0.1019 0.1150 0.2067 9)
0.2028 0.0738 0.0418 0.1914
0.1677 0 0 0.1651
0.2976 0.3188 0.3241 0.2605
0.2760 0.3646 0.3659 0.2769
0.2650 0.3877 0.2823 0.2872
0.2481 0.2277 0.2718 0.2609
0.2306 0.2616 0.3032 0.2673
0.2143 0.3450 0.2509 0.2448

(2) The optimal vector and the worst vector obtained by
Eq. (4) and Eq. (5) are as follows:
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TABLE 7: Factor values for CCG and CMG.

o0d . The heat of Mass Relatlv.e
Number COMmPressive hydration  loss dynamic
strength (J/kg) (%) modulus of
(MPa) 8 ? elasticity (%)
NC 25.12 291.1 3.2 71.2
RCA20 24.03 325.3 3.5 68.3
RCA40 22.48 349.3 3.8 66.1
RCA60 21.11 368.3 41 64.2
RCA80 19.87 396.7 4.8 60.2
RCA100 18.18 416.7 5.8 48.3
RMA20 21.68 343.3 3.9 65.3
RMA40 20.69 372.6 4.5 60.5
RMAG60 19.36 398.5 52 54.2
RMAS0 17.88 410.8 5.9 50.2
RMA100 14.78 443.2 6.3 43.3
RCA20F10 26.23 303.3 3.2 68.3
RCA20F20 24.33 283.2 2.8 72.6
RCA20F30 23.36 273.1 3.6 75.3
RMA20F10 21.87 343.3 3.7 68.4
RMA20F20 20.33 3284 34 70.1
RMA20F30 18.89 291.8 3.9 64.2

TaBLE 8: Sorting index values for different types of recycled ag-
gregate materials.

Aggregate type D* D Similarity CI
NC 0.0619 0.5003 0.8899
RCA20 0.1444 0.4219 0.7450
RCA40 0.2101 0.3596 0.6312
RCA60 0.2659 0.3059 0.5349
RCA80 0.3628 0.2081 0.3646
RCA100 0.4737 0.0907 0.1607
RMA20 0.2072 0.3577 0.6332
RMA40 0.3002 0.2648 0.4686
RMAG60 0.3965 0.1674 0.2969
RMAS80 0.4708 0.0956 0.1687
RMA100 0.5621 0 0
RCA20F10 0.0848 0.4823 0.8504
RCA20F20 0.0332 0.5395 0.9421
RCA20F30 0.0898 0.5043 0.8489
RMA20F10 0.1939 0.3760 0.6598
RMA20F20 0.1571 0.4181 0.7268
RMA20F30 0.1542 0.4365 0.7390

Y* = (0.2976,0.3877,0.3659, 0.2872) (10)

Y™ =(0.1677,0,0,0.1651) (11)

The difference distance and similarity between each
examined object and the optimal solution are obtained by
Eq. (7) and Eq. (8). The obtained results are shown in Table 8.

Table 8 shows that, through the TOPSIS analysis method,
the piles with 20% fly ash added scored the highest, even
exceeding the score of natural aggregates after a compre-
hensive analysis of compressive strength, exothermic hy-
dration, and frost resistance indexes. In comparing the
properties of recycled materials, it is concluded that
RCA>RMA considering the compressive strength, exo-
thermic hydration, and frost resistance.

4. Conclusion

(1) The mechanical properties and freezing resistance of
CCG and CMG gradually deteriorate with RCA and
RMA substitution rates. Meanwhile, the exothermic
hydration of CCG and CMG increases continuously
with the increase of the substitution rate.

(2) RCA has a higher crushing value and lower water
absorption than RMA. CCG prepared by RCA has
higher compressive strength, frost resistance and
lower hydration heat than CMG prepared by CMG.

(3) The use of fly ash to replace part of cement improves
the late compressive strength and frost resistance of
CCG and CMG and lowers the hydration heat and
material cost.

(4) TOPSIS analysis of dry-mix cement recycled ag-
gregate piles based on mechanical properties, frost
resistance, and exothermic hydration capacity
demonstrated that the comprehensive score initially
increases and then decreases with fly ash. When the
CCG substitution rate reaches 20%, the composite
score of CCG mixed with 20% fly ash is higher than
that of the conventional dry-mix cement aggregate
pile material, which has better performance.
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