
Exploring the Mechanical Properties, Shrinkage and Compensation Mechanism
of Cement Stabilized Macadam-Steel Slag from Multiple Perspectives

Wei Zhang1, Mulian Zheng1,*, Yifeng Li2 and Wuxi Zheng3

1Key Laboratory for Special Area Highway Engineering of Ministry of Education, Chang’an University, Xi’an, 710064, China
2Rizhao Transportation Management Center, Rizhao, 27680, China
3Central-South Safety & Environment Technology Institute Co., Ltd., Wuhan, 43000, China
*Corresponding Author: Mulian Zheng. Email: zhengml@chd.edu.cn

Received: 03 July 2022 Accepted: 16 August 2022

ABSTRACT

Steel slag is characterized by high strength, good wear resistance and micro-expansion. This study aims at explor-
ing the potential of steel slag in cement stabilized aggregates, mainly including mechanical properties, shrinkage
and compensation mechanisms. For this purpose, the compressive strength and compressive resilient modulus of
cement stabilized aggregates with different steel slag contents (CSMS) were initially investigated. Subsequently,
the effects of steel slag and cement on dry shrinkage, temperature shrinkage, and total shrinkage were analyzed
through a series of shrinkage test designs. Additionally, in combination with X-ray diffraction (XRD) and Scan-
ning electron microscope (SEM), the characteristic peaks and microscopic images of cement, steel slag and
cement-steel slag at different hydration ages were analyzed to identify the chemical substances causing the expan-
sion volume of steel slag and reveal the compensation mechanism of CSMS. The results show that the introduc-
tion of 20% steel slag improved the mechanical properties of CSMS by 16.7%, reduced dry shrinkage by 21%,
increased temperature shrinkage by 5.8% and reduced its total shrinkage by 19.2%. Compared with the hydration
reaction of cement alone, the composite hydration reaction of steel slag with cement does not produce new
hydrates. Furthermore, it is noteworthy that the volume expansion of the f-CaO hydration reaction in steel slag
can compensate for the volume shrinkage of cement-stabilized macadam. This research can provide a solid the-
oretical basis for the application and promotion of steel slag in cement-stabilized macadam and reduce the pos-
sibility of shrinkage cracking.
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1 Introduction

Steel slag is a by-product of the steel industry mainly composed of silica, magnesium oxide, calcium
oxide, aluminum and iron [1,2]. After generation, steel slag is intended to be disposed of in landfills, not
only occupying massive land but also destroying the ecological environment due to the leakage of
harmful components [3,4]. Due to the excellent wear resistance, high strength and hardness, the reuse of
steel slag as a complete or partial substitute for aggregates can improve the environmental effect and is
therefore of great interest in practice and research [5,6]. As for the supply of aggregates, it is increasingly

This work is licensed under a Creative Commons Attribution 4.0 International License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original
work is properly cited.

DOI: 10.32604/jrm.2023.025275

ARTICLE

echT PressScience

mailto:zhengml@chd.edu.cn
https://www.techscience.com/journal/JRM
http://dx.doi.org/10.32604/jrm.2023.025275
https://www.techscience.com/
https://www.techscience.com/doi/10.32604/jrm.2023.025275


difficult to obtain high-quality aggregates in many regions of the world due to environmental protection
policy requirements and mining restrictions [7,8]. Thereafter, the use of steel slag instead of mineral
materials has a huge demand prospect in engineering applications, especially in the field of road construction.

The United States, Japan, Germany and other developed countries have conducted extensive research on
the use of steel slag and formed a systematic and stable application of specifications in road engineering.
Most of the steel slag can be recycled and used for road bases, with the utilization rate being over 80%
[9–11]. In China, the research on steel slag started late. Although there are some applications in road
subgrade, micro-surface, gravel seal, and surface layer, it lacks a certain depth and fails to form a more
unified system specification. So the application and promotion scope is relatively small [12,13].

Steel slag is widely used in road bases with low moisture exposure due to its porous nature and water
absorption [14,15]. Maslehuddin et al. [16] applied steel slag to cement stabilized aggregates and declared
that the mechanical properties of CMSM were superior to those of ordinary semi-rigid bases. Netinger
et al. [17] announced that replacing partly coarse aggregates with larger-size steel slag could significantly
improve the compressive strength, elastic modulus, and durability of cement concrete. In the shrinkage
study of steel slag, Wang et al. [18] proposed a method to solve its expansion issue and a grading
formula applicable to steel slag base material, thus establishing the relationship between void ratio and
expansion rate. Due to the changes in temperature and humidity, cement stabilized aggregates are prone
to volume shrinkage, resulting in shrinkage cracking in the roadbed, which seriously damages road
performance [19–21]. Using the expansion property of steel slag to compensate for the shrinkage of
cement-stabilized macadam has been a research hotspot in recent years [22,23]. Liu et al. [5] conducted a
feasibility study on the application of steel slag in road subgrade and determined the optimum aggregate
dosage. The results showed that steel slag performed well in improving the mechanical strength and
shrinkage resistance of cement stabilized aggregates, and the optimal dosage of cement and steel slag
were 4% and 50%, separately. Li et al. [24] investigated the dry shrinkage and temperature shrinkage of
CMS and confirmed that the use of steel slag instead of aggregates could reduce the dry shrinkage and
temperature shrinkage of semi-rigid base materials. Numerous studies on CSMS have demonstrated that
its mechanical properties and shrinkage resistance are better than those of ordinary cement aggregates
[25,26]. However, the current research is mainly focused on temperature shrinkage or dry shrinkage,
while fewer studies have been done on dry-temperature comprehensive shrinkage, which is inconsistent
with the actual application environment. Moreover, the studies of shrinkage mainly consider the dosage
of steel slag or cement and lack the analysis of the shrinkage compensation mechanism from the
microscopic perspective.

Consequently, based on the above issues, the objective of this study is to investigate the mechanical
properties, shrinkage and shrinkage compensation mechanisms of CMS. To achieve this goal, a series of
laboratory tests are conducted to explore the temperature shrinkage, dry shrinkage and dry-temperature
comprehensive shrinkage of CMS with different steel slag and cement contents. Additionally, the
crystalline phase, micrographs and hydration products of CMS are analyzed by XRD and SEM
techniques to reveal its expansion compensation mechanism.

2 Materials and Methods

2.1 Materials
In this study, P⋅O 42.5 cement was used. Its properties and chemical components are shown in Tables 1

and 2, respectively. The mineral aggregates were limestone. According to the Test Methods of Aggregate for
Highway Engineering (hereafter named JTG E42-2005), the properties such as mineral density, water
absorption and crushing value were tested, and the values are shown in Table 3. The steel slag (see
Fig. 1) used was taken from the Rizhao Steel Mill and has been stably treated by a thermal sedimentation
process. Fig. 2 shows the SEM image of steel slag, from which it can be found that its surface is uneven
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and porous. The natural grading curve of steel slag can be obtained by a sieving test, as shown in Table 4. Its
properties and chemical compositions are shown in Tables 2 and 3 separately.

2.2 Mixing Proportion and Sample Preparation

2.2.1 Mixing Proportion
Discontinuous grading type C-B-3 was adopted for CMS, and the steel slag content was controlled by

volume ratio. Through calculation, the gradation curves of CMS with 0%, 10%, 20% and 30% steel slag were
shown in Fig. 3. Meanwhile, the proportion of aggregates for each grade with different steel slag contents are
illustrated in Table 5.

Table 1: Properties of P⋅O 42.5 cement

Test items Technical requirements Test results

Fineness (%) ≤10.0 2.3

Stability (mm) ≤5.0 1.5

Setting time (min) Initial setting time ≥45 246

Final setting time ≤600 458

Compressive strength (MPa) 3 d ≥17.0 24.8

28 d ≥42.5 47.5

Flexural strength (MPa) 3 d ≥3.5 4.9

28 d ≥6.5 7.7

Table 2: Chemical components of P⋅O 42.5 cement and steel slag

Sample Components (%)

CaO SiO2 Al2O3 SO3 Fe2O3 MgO T-Fe Others

Cement 58.44 23.61 6.04 2.18 3.35 1.91 – 4.47

Steel slag 38.29 14.03 2.92 – 30.33 8.12 2.42 3.89

Table 3: Properties of aggregate and steel slag

Test items Aggregate Steel slag Technical requirements

4.75∼16 mm Apparent density (g/cm3) 2.725 3.248 ≥2.6

Water absorption (%) 0.71 1.3 ≤2

2.36∼4.75 mm Apparent density (g/cm3) 2.733 3.281 ≥2.6

Water absorption (%) 0.94 1.7 ≤2

Crushing value (%) 19.3 13.2 ≤22

Los Angeles abrasion value (%) 15.2 17.4 ≤26

Needle flake content of coarse aggregate (%) 12.1 2.1 ≤18

Content with particle size less than 0.075 mm (%) 1.9 2.4 ≤1.0
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2.2.2 Sample Preparation
The mixing process of CSMS is similar to that of ordinary cement stabilized macadam and the mixing

equipment is a forced horizontal shaft mixer with the container of 0.06 L. Based on previous research
experience, the mixing process of CSMS was presented below. ①: Weighing the mass of aggregates, steel
slag, cement and water, respectively; ②: Adding the aggregates and steel slag to the mixer container and
mixing for 5 min; ③: Adding the cement to the mixer container and mixing for 3 min; ④: Adding the

Figure 1: Image of steel slag

Figure 2: SEM image of steel slag

Table 4: Particle size of steel slag

Sieve size (mm) Mass percentage through the following mesh (%)

13.2 9.5 4.75 2.36 1.18 0.60 0.30 0.15 0.075

Passing rate 95.86 85.36 51.30 25.40 16.30 11.10 6.60 4.94 3.40
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water to the mixer container and mixing for 5 min, the fresh CSMS was prepared; ⑤: According to the test
requirements of optimal moisture content, dry density, mechanical properties and shrinkage, CSMS
specimens with different sizes were formed and cured.

2.3 Experimental Methods
A series of laboratory experiments were conducted to investigate the shrinkage properties of CMS and

reveal its shrinkage compensation mechanism. The research projects and methods are presented in Fig. 4.
Firstly, the mechanical properties tests were conducted to verify the mechanical strength of CMS and the
feasibility of engineering applications. Then, the effects of cement and steel slag contents on the
shrinkage properties (dry shrinkage strain, temperature shrinkage strain and total shrinkage strain) of
CMS were investigated by shrinkage test designs. Finally, XRD and SEM technologies were selected to
study the properties of hydration products of cement and steel slag at different ages and reveal the
shrinkage-expansion mechanism of CMS.

2.3.1 Optimal Moisture Content and Density
Table 3 shows that the density and water absorption of steel slag are different from that of aggregates.

These properties of steel slag cause the CMS to exhibit different optimal moisture content and dry density
depending on different steel slag contents. According to the Test Methods of Materials Stabilized with
Inorganic Binders for Highway Engineering (hereafter named JTG E51-2009), the optimum moisture
content and dry density of CMS with different steel slag and cement contents were investigated by heavy
compaction tests. The results are presented in Figs. 5 and 6.
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Figure 3: Grading curve of the mixtures with different steel slag contents

Table 5: Aggregates contents of each grade with different steel slag contents

Steel slag 20∼30 mm 10∼20 mm 5∼10 mm 0∼5 mm

0% 0 52% 21% 27%

10% 1% 50% 17% 22%

20% 2% 48% 11% 19%

30% 3% 45% 5% 17%
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Figure 4: Research projects and methods
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2.3.2 Mechanical Properties
CMS is typically used in road subgrade to perform load-bearing functions. Therefore, it needs to have

great compressive strength and compressive resilience modulus. In this study, 7 d unconfined compressive
strength and 90 d compressive resilience modulus of CMS with different cement and steel slag contents were
tested according to JTG E51-2009. The result is shown in Fig. 7.
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Figure 7: Mechanical properties of CMS with different steel slag and cement contents
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2.3.3 Dry Shrinkage
The dry shrinkage of CMSwas tested according to JTG E51-2009 (T0854). The size of the test specimen

is 100 mm × 100 mm × 400 mm. The test temperature should be controlled at about 20°C, and the height of
the specimen was recorded daily using a micrometer. Based on the test results, water loss and dry shrinkage
strain of the specimens can be calculated according to Eqs. (1)–(3).

Water loss rate:wi ¼ ðmi � miþ1Þ
mp

(1)
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Dry shrinkage: di ¼ Xi � Xiþ1 (2)

Shrinkage strain: ei ¼ di
l

(3)

where: wi—The ith water loss rate (%);

mi—Weighing mass of the ith standard test piece (g);

mp—Mass of standard test piece after drying (g);

di—Dry shrinkage of the nth observation (mm);

Xi—The value of the dial indicator at the ith test (mm);

ei—The ith shrinkage strain (%);

l—The length of the standard test piece (%).

2.3.4 Temperature Shrinkage
The temperature shrinkage test was conducted following JTG E51-2009 (T0855). The specimen of size

100 mm × 100 mm × 400 mm with 7 days curing age was used for the temperature shrinkage test. When the
temperature rose to 40°C, data were collected and recorded at a frequency of 5 min/time. Thereafter, the
temperature was cooled at a rate of 0.5 °C/min. When the temperature dropped to 30°C, it was held for
3 h, and then the temperature was reduced to −10°C as described above until the end of the test. The
temperature shrinkage of the specimens could be obtained by a computer and the temperature shrinkage
strain was calculated according to Eq. (4).

Temperature shrinkage strain: ei ¼ li � liþ1

L0
(4)

where: ei—The average shrinkage strain at nth temperature (%);

li—The displacement value of the ith temperature range (mm);

L0—The initial length of the test piece (mm).

2.3.5 Dry-Temperature Shrinkage
To conduct the dry-temperature shrinkage test, specimens need to contain moisture and be cured in a

temperature-varying environment. The specimen of size 100 mm × 100 mm × 400 mm was used and the
water curing age was 7 days. After drying their surface, the lengths of the specimens were measured. The
subsequent operation is similar to the temperature shrinkage test. The total shrinkage was calculated
according to Eq. (5).

Total shrinkage rate: d ¼ DL

L0
(5)

where: d―Total shrinkage rate (%);

DL―Total shrinkage (mm);

L0―Length of the test piece (mm).

2.3.6 XRD
X-ray diffraction test is a commonly used phase analysis method, by which the diffraction pattern of the

sample can be obtained. Combined with the position of the characteristic peak in the diffraction pattern, the
material composition of the sample can be analyzed. After 7 and 28 days of hydration reaction, steel slag was
dried and then ground into a powder with the maximum particle size of 0.075 mm. The diffraction intensity
was measured by a Rigaku Ultimate IV X-ray diffractometer, using a Cu target with an operating voltage of
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40 kVand a current of 40 mA. The sampling was performed in a continuous scanning mode with a scanning
speed of 5°/min, a step size of 0.02, and a 2θ range of 10° to 70°.

2.3.7 SEM
SEM can observe the microscopic appearance of CMS through image scanning amplification

technology. In this paper, SEM was used to observe the morphology of steel slag, cement slurry and steel
slag-cement at different hydration ages. For this purpose, broken specimens with the size of 5 mm ×
5 mm × 3 mm were collected after mechanical properties tests, then they were gold coated and SEM
images were observed using a Zeiss Sigma 300 microscope.

3 Results and Discussions

3.1 Optimal Moisture Content and Density
Fig. 5 illustrates the result of optimal moisture content while Fig. 6 shows the result of density. From

Figs. 5 and 6, it can be found that the optimum moisture content and dry density of CMS increased with
the increase of cement contents for the same amount of steel slag. Likewise, with the increase of steel
slag content, the optimal moisture content and dry density of CMS showed a similar growth trend.
Compared with cement, steel slag has a greater influence on the optimal moisture content and dry density.
This is because the water absorption and density of steel slag are larger than that of limestone aggregates.
The more aggregates replaced with steel slag tended to endow CMS with higher optimal moisture content
and dry density. This conclusion is consistent with Baalamurugan et al. [27] and Miah et al. [28]. For
example, Baalamurugan et al. [27] declared that replacement of 40% as coarse aggregate and 100% as
fine aggregate of steel slag in concrete increases the density and compressive strength of conventional
concrete from 2.38 to 2.85 g/cm3.

3.2 Mechanical Properties
Fig. 7 presents the mechanical properties of CMS with different steel slag and cement contents. Under

the same cement content, higher steel slag content increased the 7 days compressive strength of CMS.
Compared with CMS without steel slag, the 7 days compressive strength of CMS with 10%, 20% and
30% steel slag increased by 7.2%, 16.7% and 22.0%, respectively. Therefore, it can be concluded that the
introduction of steel slag has a beneficial effect on the compressive strength. Meanwhile, the compressive
resilient modulus of CMS exhibited a similar increasing trend with the increase of steel slag content. It
can be interpreted that the active substances such as C3S, C2S in steel slag would participate in the
hydration reaction and the products increased the mixture’s denseness. Similar results were reported by
Xiao et al. [29] and El-Didamony et al. [30]. Besides, the products also enhanced the adhesion between
the aggregates and increased the strength and resilient modulus. Biskri et al. [31] announced that the best
mechanical behavior obtained by HPC with steel slag aggregates was mainly due to the high strength of
steel slag aggregates themselves and the cement paste-aggregates adhesion.

3.3 Dry Shrinkage

3.3.1 With Different Steel Slag Contents
Fig. 8 shows the water loss rate and dry shrinkage strain of CMS with different steel slag contents. It was

noted that the water loss rate of CMS gradually increased with the increase of exposure time, and the rate of
water loss was faster in the early stage. Especially in the first 7 days, the accumulative water loss accounted
for 80%∼90%. Likewise, an increase in steel slag content also led to an increase in the water loss of the CMS.
Compared with CMS without steel slag, the accumulative water loss of CMS with 10%, 20% and 30% steel
slag increased by 5.9%, 12.2% and 15.7%, respectively. This is because the water absorption rate of steel slag
is large. After soaking, the higher content of steel slag led to elevated moisture of the CMS, resulting in a
relative increase in water loss during the curing period. Therefore, CMS containing a large amount of
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steel slag increased the total water loss rate. In terms of dry shrinkage strain (Fig. 8b), higher steel slag would
reduce the dry shrinkage strain. Likewise, with the increase in exposure time, the dry shrinkage strain also
increased gradually. An earlier study by Lim et al. [32] also concluded that the inclusion of steel slag tended
to improve the mechanical strength of the concrete, while reducing the dry shrinkage.

3.3.2 With Different Cement Contents
Fig. 9 gives the dry shrinkage results of CMS with different cement contents. It can be found in Fig. 9a

that the accumulative water loss rate of CMS was negatively correlated with cement contents. That is, the
cumulative water loss rate of CMS with 4%, 5% and 6% cement were 4.13%, 3.85% and 3.62%,
respectively. Compared with CMS with 4% cement, the cumulative water loss rate of CMS with 5% and
6% cement decreased by 6.5% and 12.3% respectively indicating that higher cement content would
reduce the accumulative water loss. With the increase of cement contents, the voids in the mixture
gradually decreased, and the mixture tended to be denser. Additionally, as the exposure time increased,
the hydration products produced by cement would gradually fill the voids. Thereafter, the mixture with
higher cement content had smaller voids and greater density and absorbed less moisture when the
specimens were immersed in water. While an important observation in Fig. 9b is that the dry shrinkage
strain was positively correlated with the cement content, suggesting that an increase in cement content
increased the dry shrinkage. In this case, although the total amount of water absorbed by the material
decreased, the interlayer water in the material increased. When CMS was dried and shrunk, the volume
shrinkage caused by adsorbed water, interlayer water and other bound water was greater than the free
water in the voids, thereafter greater cement content would lead to a larger dry shrinkage strain.

3.4 Temperature Shrinkage

3.4.1 With Different Steel Slag Contents
Fig. 10 demonstrates the temperature shrinkage strain of CMS with different steel slag contents. As

shown in Fig. 10, the temperature shrinkage strain of CMS decreased as the temperature decreased.
While the higher content of steel slag caused an increase in temperature shrinkage strain. Compared with
the CMS without steel slag, the temperature shrinkage strain of CMS with 10%, 20% and 30% steel slag
increased by 2.3%, 5.8%, and 9.5%, respectively, which indicates that the incorporation of steel slag
increased the temperature shrinkage strain, but the increased range was not significant. Among the CMS,
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the temperature shrinkage strain is the largest for new products, followed by cement mortar, steel slag and
limestone aggregate. That is, more hydration products correspond to a larger temperature shrinkage strain.
The hydration reaction of active substances in steel slag increased the new products, so the temperature
shrinkage strain of CMS was larger than that of common cement-stabilized macadam.

3.4.2 With Different Cement Contents
Fig. 11 illustrates the temperature shrinkage strain of CMS with different cement contents. It can be

concluded that the shrinkage strain of CMS tended to be smaller as the temperature decreased. Besides,
the higher the cement content, the more obvious the temperature shrinkage. Compared with the CMS
with 4% cement, the temperature shrinkage strain of CMS with 5% and 6% cement increased by 10.9%
and 18.3% respectively indicating that the influence of cement on temperature shrinkage was smaller.
While the effect of cement content was more obvious than steel slag on the temperature shrinkage of
CMS. This was because there were more active substances in the cement than in the steel slag, and more
hydration products were produced by the hydration reaction.
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3.5 Dry-Temperature Shrinkage
The total shrinkage strain of CMS with different steel slag contents was presented in Fig. 12. With the

increase of steel slag content, the total shrinkage strain of CMS decreased, and that with 0%, 10%, 20% and
30% steel slag was 365 × 10−6, 320 × 10−6, 295 × 10−6 and 273 × 10−6, respectively. Thereafter, it could be
concluded that the addition of steel slag could effectively reduce the total shrinkage and improve the
shrinkage cracking resistance. As mentioned above, the hydration reaction of active material in steel slag
increased the volume of products, thus compensating for the shrinkage deformation due to the change in
water and temperature. Although the hydration reaction of active substances in steel slag increases the
product content, the number of hydration products produced by steel slag was much less than that of
cement. Therefore, the addition of steel slag had little effect on the dry-temperature shrinkage.
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3.6 Analysis of Shrinkage Compensation Mechanism

3.6.1 XRD Images
The XRD images of steel slag at different hydration ages were given in Fig. 13. It is noteworthy that steel

slag contains Ca(OH)2, CaCO3, C3S, C2S, f-CaO, RO phase and Ca2(Fe, Al)2O5, etc. The characteristic
peaks of C3S, C2S, RO phase, and Ca2(Fe, Al)2O5 phase were higher, indicating that the contents of these
substances were higher in the steel slag. With the increase in hydration time, the characteristic peaks of
C3S, C2S, and f-CaO gradually decreased, while that of Ca(OH)2 and CaCO3 gradually increased.
Therefore, it can be concluded that C3S, C2S, and f-CaO in steel slag have been hydrated to produce
Ca(OH)2 and CaCO3, while Ca2(Fe, Al)2O5, RO, and C2F were not involved in the hydration reaction.
Although cement contains C3S and C2S, the hydration reaction did not cause its volume expansion.
Therefore, it could be considered that the hydration reactions of C3S and C2S were not the cause of the
volume expansion of steel slag.

Fig. 14 shows that there were no new characteristic peaks at 28 days of co-hydration of steel slag and
cement, which implied that there were no new hydration products when steel slag and cement were co-
hydrated compared with steel slag or cement alone. In addition, it was found that the characteristic peaks
of the RO phase of the steel slag-cement hydration did not change much from those of the steel slag
hydration alone, indicating that the RO phase was not involved in the hydration reaction. Therefore, it
can be concluded that the main component causing the volume expansion of steel slag is f-CaO in the
steel slag, and it was the volume expansion of Ca(OH)2 produced by the hydration of f-CaO that offset
and compensated for the volume shrinkage.

3.6.2 SEM Images
Fig. 15 gives the SEM images of steel slag at different hydration ages. As can be seen from Fig. 15a,

white flocculated hydrated calcium silicate hydrate (C-S-H) and cubic Ca(OH)2 were distributed on the
surface of steel slag after 7 days of hydration reaction. C-S-H is gelatinous and does not show diffraction
peaks in X-ray, so no characteristic peak of C-S-H was found in the XRD images. Besides, Fig. 15b
showed the image of steel slag after 28 days of hydration reaction. It can be noted that the surface of
steel slag was almost occupied by various hydration products, and therefore the surface of the original
slag cannot be seen directly. Compared with the hydration products formed after 7 days, numerous
hydration products especially scattered Ca(OH)2 crystals piled up on the steel slag surface.

Figure 13: XRD images of steel slag at different hydration ages
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Fig. 16 is the SEM images of cement and steel slag after 28 days of hydration reaction. As shown in
Fig. 16a, the hydration products of cement contain Ca(OH)2 in the form of irregular hexagonal sheet
crystals, C-S-H in the form of wheat bundles and flocs, and calcium alumina (AFt) in the form of similar
pine needles. Fig. 16b illustrates the hydration products of steel slag-cement after 28 days. The hydration
products were mainly white flocculent C-S-H, needle-like AFt, and a large amount of accumulated
Ca(OH)2. Whereas Ca(OH)2 produced by the hydration reaction of cement was mostly dispersed or
aggregated, and that from steel slag-cement was densely packed. This is because the distribution of f-CaO
in steel slag was relatively concentrated, so the Ca(OH)2 from its hydration reaction was also aggregated
and piled up with each other, increasing the volume of CMS. In addition, the images of XRD and SEM
indicate that the hydration reactions of C3S, C2S, f-CaO, and other components in steel slag produced
C-S-H and Ca(OH)2. Among them, the hydration of f-CaO to form Ca(OH)2 was the main reason for the
volume expansion of steel slag and also the main material to compensate for the volume shrinkage of CMS.

Figure 14: XRD images of each sample at 28 days of hydration reaction
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Figure 15: SEM images of steel slag at different hydration ages
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4 Conclusions

This study investigates the mechanical properties, shrinkage (dry shrinkage, temperature shrinkage, dry-
temperature comprehensive shrinkage) and shrinkage-expansion mechanisms of CSMS with different steel
slag and cement contents. Based on the experimental results, the following conclusions are drawn:

(1) The 7 d compressive strength of CSMS with 10%, 20% and 30% steel slag increase by 7.2%, 16.7%
and 22.0% respectively. This is because the active substances in steel slag participate in the
hydration reaction, and the products increase the denseness of CMS.

(2) The introduction of 20% steel slag in CSMS reduces the dry shrinkage by 21%, and increases
temperature shrinkage by 5.8%, while the addition of cement increases the dry shrinkage and
temperature shrinkage.

(3) On the aspect of dry-temperature comprehensive shrinkage, the addition of steel slag reduces the
total shrinkage by 19.2% and improves its shrinkage cracking resistance.

(4) Compared with the hydration reaction of cement alone, the composite hydration reaction of steel
slag with cement does not produce new hydrates. Among them, the hydration of f-CaO to form
Ca(OH)2 was the main reason for the volume expansion of steel slag and also the main material
to compensate for the volume shrinkage of CSMS.
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