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ABSTRACT:  Conventional blasting for rock and concrete demolition in sensitive environments inevitably 
generates adverse effects such as excessive noise, vibration, and flying rocks. To avoid these problems, 
static cracking agents (SCAs) provide a safer and more practical alternative by fracturing rock or concrete 
through the substantial volumetric expansion associated with the hydration of CaO to Ca(OH)2. How-
ever, conventional SCA suffers from inherent drawbacks, including relatively rapid hydration reaction 
rates and unstable expansion performance. To address these limitations, this study focuses on regulating 
the hydration reaction process and expansion performance of SCA by adjusting the proportion of cemen-
titious materials in their composition. The experimental results show that a cement content of 12% 
provides the optimal expansion performance, with a volumetric expansion ratio of approximately 600%. 
Meanwhile, the hydration reaction is effectively moderated, and the peak temperature occurs at approx-
imately 15 min. The mixture containing 10% cement exhibited the earliest crack initiation and the high-
est average crack-width development rate of 4.50 mm/min, whereas the mixture containing 12% 
cement achieved the highest volumetric expansion ratio and an average crack-width development rate 
of 2.35 mm/min. In summary, compared with conventional SCAs, adjusting the proportion of cementi-
tious materials enables effective control over the hydration reaction rate and expansion performance of 
SCAs. This research provides valuable theoretical support for the design and application of high-
performance SCA in rock and concrete demolition under complex engineering conditions.

KEYWORDS:  Static cracking agent; hydration reaction regulation; expansion performance; cement 
content effect; concrete cracking behavior

1 Introduction

In recent decades, static cracking agent (SCA) 
has emerged as a greener and safer alternative 
to explosive blasting methods for demolitions of 
rock and concrete in engineering fields, owing to 
its advantages of low noise, minimal vibration, 
and absence of fly rock [1, 2]. This method is par-
ticularly valuable when rock or concrete must be 
demolished in densely populated or environmen-
tally sensitive areas since conventional blasting, 
while efficient, often leads to excessive noise, 
vibration, and fly rock, posing severe safety and 
environmental risks [3, 4].

Mechanistically, CaO is generally the principal 
reactive component of SCA, and the hydration of 
CaO can produce immense expansive pressure to 
internally fracture surrounding rock or concrete 
[5]. Existing studies revealed that the composi-
tion and the hydration environment are the two 

crucial factors in influencing the breaking effi-
ciency of SCA. It has been reported by Li et al. [6] 
that the optimal CaO content was approximately 
70%, producing an expansion pressure 25–30% 
higher than that of the other mixtures in their 
orthogonal experiments. Li et al. [7] found that 
in addition to CaO, the cementitious components 
also play an important role. Experimental results 
showed that when the water–binder ratio was 
decreased from 0.35 to 0.25, the peak expansive 
pressure of SCA increased from about 28 MPa to 
nearly 36 MPa. In addition, other admixtures can 
also affect the efficiency of SCA. For instance, 
Maneenoi et al. [8] reported that adding 2% CaCl2 
as an accelerator increased the early expansive 
pressure of SCA by approximately 40% within the 
first 6 h. Natanzi et al. [9] reported that the reac-
tion rate decreased by up to 64% at an ambient 
temperature of 2°C, indicating that higher tem-
peratures are more favorable for SCA hydration. 
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Liu et al. [1] further proposed a hydration accel-
erating method for SCA through microwave. It 
showed that the application of microwave can 
greatly speed up the hydration of CaO to produce 
stronger expansion stress and improved breaking 
efficiency.

Among all the components of SCA, cement 
plays a critical role in influencing the perfor-
mance of SCA, in addition to CaO. It has been 
revealed that the hydrated cement can provide a 
stable and uniform stress-transmitter with suit-
able strengths [10, 11]. In addition, the presence 
of cement can also induce benefits like regulate 
the hydration reaction rate and control the release 
rhythm of expansion pressure [2, 10]. One can 
thus find that the content of cement should be a 
critical factor to adjust the performance of SCA, 
considering that a low content of cement may fail 
to generate a good synergistic effect with CaO to 
well transfer expansion stress, while an excessive 
content of cement would impede the expansion 
of CaO, causing internal structural failure of the 
hydrated SCA matrix [10]. However, although 
previous studies have examined the effects of 
CaO content, water–binder ratio, admixtures, and 
environmental conditions, the systematic role of 
cement dosage in regulating the coupled hydra-
tion–mechanical behavior of CaO-based SCA 
systems remains insufficiently clarified. In par-
ticular, the interaction among water competition, 
hydration rate modulation, skeleton formation, 
and expansion stress transmission has not been 
comprehensively elucidated. A clear mechanistic 
understanding of this coupled regulation is essen-
tial for designing SCAs with controllable reaction 
kinetics and optimized expansion efficiency.

Accordingly, this study investigates the effects 
of cement dosage on the fresh properties, reaction 
rate, expansion pressure, volumetric expansion, 
hydration products, and microstructure of SCA. 
The cracking behavior of concrete with SCA is 
also studied to reveal the mechanism.

2 Materials and methods

2.1 Materials
Ordinary Portland cement (P·O 42.5) with a 
Brunauer–Emmett–Teller (BET) area of 1652 m2/kg  
and an apparent density of 3100 kg/m3 was pur-
chased from Anhui Conch Cement Co., Ltd. CaO of 
analytical purity was used as the expansive agent. 
Analytical reagent grade gypsum with a particle 
size of 75 μm, together with analytical reagent 

grade citric acid, were obtained from commercial 
suppliers in Tianjin, China, and served as addi-
tives. Bentonite containing not less than 85% 
montmorillonite and having a specific surface 
area of 600 m2/g, as well as class F fly ash with a 
particle size of 75 μm, were supplied from Jiangxi 
and Hebei, China, respectively, and used as water 
retention agents and fillers. A RHEOPLUS 411 
polycarboxylic superplasticizer with a water-re-
ducing rate of 30%–40% was provided by Jiangsu 
Subo New Materials Co., Ltd. The mixing water 
was ordinary tap water.

2.2 Mix proportion and sample preparation
Five SCA mixtures were designed, as shown in 
Table 1. The w/b for all SCAs was 0.3 with a good 
flowability. The control, named Con, has a cement 
content accounting for 6% of the total solid mass. 
The control mixture (Con) was designed based on 
mixture proportions commonly reported in pre-
vious studies on conventional CaO-based static 
cracking agents, and therefore represents a typ-
ical baseline formulation in existing literature  
[7, 12, 13]. For the other SCA with more cement, 
cement was added as the substitution of fly ash, 
named Aac20, Aac40, Aac60, and Aac80. During 
a typical mixing process, cement, gypsum, ben-
tonite, and fly ash were first mixed using a Har-
bor mixer. Then, superplasticizer and citric acid 
were added and mixed for 3 min. In final, CaO 
was added by stirring 1 min. All mixing proce-
dures were conducted under controlled laboratory 
conditions (20 ± 2°C; relative humidity 60 ± 5%) 
to reduce environmental variability.

2.3 Experimental methods
2.3.1 Setting time and fluidity
The initial setting times of SCA were determined 
using a Vicat needle apparatus under standard 
environmental conditions [7].

The fluidity of SCA was measured by the mini-
slump method. The average spread in two perpen-
dicular directions was recorded [7].

For each mixture, three independent specimens 
were tested, and the reported values represent the 
average of parallel measurements.

2.3.2 Reaction rate
The reaction rate of SCA was assessed by moni-
toring the temperature evolution of a 500 g SCA 
(w/b = 0.30) placed in a foam insulation box and 
measured at the center with a HIOKI LR8431-30  
data acquisition system. Temperature was recorded  

Table 1  Mixing proportions of SCA/kg/m3

Mixture CaO Cement Gypsum Bentonite Fly Ash Superplasticizer Citric Acid Water

Con 1752 144 72 96 264 48 24 698
Aac20 1752 192 72 96 216 48 24 698
Aac40 1752 240 72 96 168 48 24 698
Aac60 1752 288 72 96 120 48 24 698
Aac80 1752 336 72 96 72 48 24 698
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every 3 min until stabilization, and the time to 
peak temperature and maximum temperature 
rise were taken as indicators of reaction rate and 
hydration intensity.

Each test was conducted in triplicate to ensure 
reproducibility, and consistent temperature evolu-
tion trends were observed among parallel samples. 
The presented curves correspond to representative 
results, while peak values were averaged.

2.3.3 Expansion pressure
According to AQ 1108-2014 [14], customized cold-
worked Q235 steel pipes with an outer diameter  
of 48 mm, an inner diameter of 40 mm, and a 
total height of 300 mm were adopted, with one 
end welded to a 4 mm thick steel plate. Strain 
gauges were arranged at heights of 250 mm (two 
gauges) and 150 mm (one gauge) from the bot-
tom, and the average readings were used to cal-
culate the radial expansion pressure of the SCA 
according to the specified formula:

P = [εθ / (2 – ν)] 	 E 

= [εθ / (2 – ν)](K 2 – 1)E� (1)

where P denotes the radial expansion pressure 
produced by SCA, εθ denotes the circumferential 
strain of steel pipe, ν denotes the Poisson’s ratio 
of steel pipe, with the value of 0.3, rθ denotes the 
outer diameter of steel pipe, ri denotes the inner 
diameter of steel pipe, K denotes the diameter 
coefficient of steel pipe, with the value of rθ/ri, 
E denotes the elasticity coefficient of steel pipe, 
with the value of 2.06 × 105 MPa.

2.3.4 Volumetric expansion ratio
The prepared samples were placed in a beaker; 
after the reaction was complete, the samples in 
the beaker were crushed and compacted to elimi-
nate voids, the volume change was measured, and 
calculations were performed according to Equa-
tion (2) [15].

β
 
=

0

Ah
V

×100% � (2)

where β denotes the volumetric expansion ratio 
(%), A denotes the bottom area of the vessel, V0 
denotes the volume of the SCA before the reac-
tion, and h denotes the leveling height of the SCA 
after the reaction.

Three parallel tests were performed for each 
mixture to ensure measurement stability, and the 

reported volume expansion ratio represents the 
average value.

2.3.5 XRD
The hydration products of the SCA were analyzed 
using a Rigaku SmartLab high resolution X-ray 
diffractometer with Cu-Kα radiation, tube set-
ting of 40 kV and 30 mA. The scanning rate and 
scanning range were 2°/min and 2θ = 15°–75°, 
respectively.

2.3.6 SEM
A Hitachi Flex1000 scanning electron microscope 
(SEM) was used to examine the surface morphol-
ogy of the hydrated SCA samples. The observa-
tions were conducted in secondary electron (SE) 
imaging mode to obtain morphological informa-
tion of hydration products on fractured surfaces. 
The SEM was operated at an accelerating voltage 
of 15 kV with a working distance of approximately 
10 mm, using a secondary electron detector.

2.3.7 Crack evolution law
A C30 graded concrete was proportioned with a 
28-day compressive strength over 30 MPa. Table 2  
shows the mixing proportion. The concrete was 
cast into cubic specimens measuring 150 mm × 
150 mm × 150 mm, and PVC pipe was inserted 
in the middle of specimen to fabricate a hole with 
a diameter of 40 mm and a depth of 105 mm [7]. 
The concrete specimen was cured under standard 
conditions (20 ± 2°C, relative humidity >95%) for 
28d. Thereafter, 500 g SCA was mixed and placed 
in the hole to verify the cracking process of con-
crete sample.

The crack initiation time (ti) was defined as the 
elapsed time from SCA placement to the first vis-
ible crack on the concrete surface. The complete 
failure time (tf) was defined as the time at which 
the specimen reached the final recorded cracking 
state or complete failure. The crack-development 
duration was calculated as (Δt = tf − ti).
To quantitatively characterize crack-width devel-
opment after crack initiation, the average crack-
width development rate (vc) was calculated as:

vc
w f wi

t f ti
=

−

−
� (3)

where (wi) and (wf) are the crack widths at crack 
initiation and at the final recorded stage, respec-
tively. For each mixture, the reported values were 
obtained from three parallel specimens and are 
expressed as the mean ± standard deviation.

Similarly, the cracking tests were conducted 
with three parallel specimens for each mixture. 

r
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
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Table 2  Mixing proportion of C30 concrete (kg/m3)

Water Cement Fly Ash Superplasticizer Sand Gravel

163 250 63 3.7 729 1189
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The presented results correspond to the average 
performance of repeated tests, and consistent 
cracking behavior was observed among replicates.

3 Results and discussion

3.1 Fresh properties of SCA
Figure 1 presents the fluidity and initial setting 
time of SCA with different cement dosages. The 
fluidity of the fresh SCA mixtures was measured 
using the mini-slump method in accordance with 
GB/T 8077-2023 [16]. It shows that all mixtures 
display a similar fluidity around 23 cm, indicat-
ing adequate workability for practical application. 
As the cement content increased, the fluidity of 
SCA slightly decreased from 23.0 cm to 22.5 cm, 
which is probably due to the differences of cement 
and fly ash in the particle size and shape [17].

A corresponding trend was observed in the ini-
tial setting time. As can be seen that increasing 
the cement content accelerated the setting of SCA 
as the initial setting time decreased from 24 min 
to 19 min with increasing cement dosage.

increases rapidly during the initial stage, reflect-
ing the rapid hydration of CaO [18]. By adding 
more cement, increasing the cement content pro-
gressively retarded the temperature rise in SCA 
mixture, where the increasing rate of reaction 
temperature tends to decrease with cement con-
tent, as typically indicated by the slope of curve 
during the first minutes. Moreover, the time to 
reach the peak temperature for each mixture 
has been delayed associated with cement con-
tent, although the mixtures exhibit similar peak 
temperatures. This trend suggests that cement 
addition affects the early hydration environment 
of the CaO-rich SCA system. From a qualitative 
perspective, this effect may be associated with 
the competition for available water between CaO 
hydration and cement hydration. As part of the 
mixing water is consumed by cement hydration, 
the rapid heat release caused by CaO hydration 
may be moderated. In addition, early cement 
hydration products may partially cover some CaO 
particles, further slowing the early heat-release 
process [19–21].

Therefore, when excessive cement has been 
added, Aac80, the reaction temperature of SCA 
mixture can be greatly influenced, characterized 
by a more pronounced retarding effect [22].

3.3 Expansion pressure
Figure 3 presents the expansion-pressure devel-
opment of the SCA mixtures over 140 min. As can 
be seen that the expansion pressure of each mix-
ture increases quickly during the first 100 min, 
thereafter tends to level off over time. Despite 
of the different values of expansion pressure in 
each mixture, the turning point, where the expan-
sion pressure starts to level off over time, have 
been delayed when more cement dosage has been 
added. This is consistent with the findings from 
Figure 2, and emphasizes the role of cement in 
influencing the expansion performance of SCA 
[23].

The expansion-pressure curves can be divided 
into three stages: Phase I, Phase II, and Phase III.  

Figure 1  Fluidity and initial setting time of SCA 

Figure 2  Reaction temperature of SCA Figure 3  Expansion pressure of SCA 

3.2 Reaction temperature
Figure 2 presents the temperature evolution 
of the SCA mixtures over a period of 40 min. 
It shows that the reaction temperature of Con 
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As marked in this figure. During Phase I, the 
expansion pressures of all SCAs are very close 
over time. Since CaO hydrates much faster than 
cement, the similar values of expansion pressure 
during this phase reveals that CaO hydration may 
dominate the overall expansion behavior of SCA 
as all SCA mixtures have the same CaO content. 
During Phase II, the effect of cement dosage on 
the expansion pressure of samples becomes more 
pronounced as the differences in expansion pres-
sure among the mixtures become increasingly 
pronounced.

It can be found that cement dosage is an 
important factor in influencing the develop-
ing rate of expansion pressure, where a larger 
cement dosage has induced a slower increase in 
expansion pressure as indicated by the slope of 
the ascending part in this phase. This behavior 
can be qualitatively interpreted as being asso-
ciated with the gradual formation of cement 
hydration products within the SCA matrix. 
These hydration products may improve the con-
tinuity of the hydrated matrix and introduce a 
certain degree of internal confinement, thereby 
influencing the stress accumulation and trans-
mission process during CaO hydration [19, 20, 
24–26]. Under this condition, part of the expan-
sive stress generated by CaO hydration may be 
consumed in overcoming the internal restraint 
of the matrix before being effectively trans-
mitted outward, leading to a slower pressure 
development rate [27–29]. Moreover, the turn-
ing point in Phase II is delayed with increasing 
cement content, suggesting that the stress accu-
mulation process becomes more gradual when 
the internal confinement of the hydrated matrix 
increases. For instance, with the addition of 8% 
to 12% cement, the expansion pressure of SCA 
increases by approximately 2%–11%. This result 
indicates that a moderate degree of structural 
confinement associated with cement hydration 
may be beneficial for the effective develop-
ment and transmission of expansion pressure. 
Nevertheless, the dosage of cement should be 
optimized as an excessive cement dosage may 
impose excessive internal constraint that the 
expansion behavior of SCA is heavily affected. 
For instance, the expansion pressure of Aac80 
is the lowest one within both Phase II and  
Phase III.

This reduction cannot be simply attributed to 
delayed hydration. Instead, it may be related to 
excessive internal confinement within the SCA 
matrix. With high cement content, the hydrated 
matrix may become relatively denser, which could 
restrict the effective conversion of CaO-induced 
expansion into radial expansion pressure [25, 26, 
30, 31]. Under such conditions, part of the expan-
sion effect may be internally constrained within 
the matrix rather than being fully transmit-
ted to the surrounding steel pipe. Consequently, 
the measured macroscopic expansion pressure 
decreases in Aac80.

The SEM observations discussed in Section 3.5 
provide auxiliary morphological information that 
is qualitatively consistent with this interpretation.

3.4 Volumetric expansion ratio
Figure 4 shows the volumetric expansion ratio of 
SCA, which represents a critical property to crack 
concrete or rock. It shows that cement dosage is 
an influencing factor in the expansion behavior 
of SCA. By increasing cement dosage from 6% 
to 12%, the expansion ratio of SCA increases 
significantly. A maximum expansion ratio of as 
high as around 600% has been gained when the 
cement content reaches 12%. Further increasing 
the cement dosage to 14%, the expansion ratio 
drops to be the smallest one with a value of 400%. 
Therefore, among the investigated mixtures, a 
cement content of 12% is optimal specifically for 
maximizing the volumetric expansion ratio, but it 
does not necessarily provide the highest concrete 
cracking efficiency.

The expansion behavior of SCA is mainly gov-
erned by CaO hydration and is also influenced 
by the presence of cement hydration products. 
The hydration of CaO produces Ca(OH)2, which is 
the principal source of volumetric expansion in 
the present CaO-rich system. Meanwhile, cement 
hydration can generate hydration products such 
as C–S–H gel, which may improve the continuity 
of the hydrated matrix and influence stress trans-
mission during expansion [22, 32].

When the cement dosage is within a moderate 
range, the hydration-product structure formed 
with cement addition may be beneficial for trans-
ferring the expansive stress generated by CaO 
hydration. This interpretation is consistent with 
the increase in volumetric expansion ratio from 
Con to Aac60. However, when the cement content 
becomes excessive, additional cement hydration 
may consume more available water and produce 
a relatively denser matrix, which could restrict 
the effective expansion of Ca(OH)2 and reduce the 
macroscopic volumetric expansion ratio [33, 34].

It should be noted that the water-competition 
and stress-transfer effects discussed here are 
qualitative explanations based on the observed 

Figure 4  Volumetric expansion ratio of SCA 
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macroscopic behavior and established hydration 
theory.

3.5 Composition and microstructure analysis of 
SCA
3.5.1 XRD
Figure 5 presents the XRD patterns of SCA pre-
pared with different cement dosages. The main 
crystalline phases identified from the diffraction 
patterns are Ca(OH)2, calcite, C2S, C3S, and CaO, 
based on the relevant JCPDS reference patterns 
and literature [1]. In addition, C–S–H is also 
indicated in Figure 5, as it is one of the prin-
cipal hydration products formed during cement 
hydration [35, 36]. Owing to its poorly crystal-
line or quasi-amorphous nature, C–S–H cannot 
be accurately identified or quantified as an inde-
pendent crystalline phase using conventional 
XRD techniques. Nevertheless, its formation is 
an inevitable consequence of cement hydration 
and plays a critical role in the development of 
the microstructure and mechanical properties of 
the system [37, 38]. Therefore, the C–S–H label 
is retained in Figure 5 to indicate the presence 
of cement hydration products and to facilitate 
interpretation of the hydration process, rather 
than to represent a direct quantitative phase 
identification.

The XRD results show that all SCA samples 
exhibit highly similar diffraction patterns, with 
no obvious differences in their qualitative min-
eral compositions. Ca(OH)2 and CaO are identi-
fied as the dominant crystalline phases in the 
system. Overall, the phase assemblage remains 
nearly unchanged despite variations in cement 
content, indicating that cement incorporation 
does not introduce new major crystalline phases 
into the SCA matrix. Nevertheless, slight differ-
ences can still be observed in the relative inten-
sities of several diffraction peaks. In particular, 
the diffraction peaks of Ca(OH)2 become more 
pronounced as the cement content increases to 
12%, indicating a stronger crystalline response 
of Ca(OH)2 in the hydrated SCA system. This 
trend suggests that moderate cement addition 

may improve the hydration environment of the 
CaO-rich matrix, which is consistent with the 
higher volumetric expansion ratio and expan-
sion pressure observed for Aac60. However, 
when the cement dosage further increases to 
14%, no further enhancement of the Ca(OH)2 
diffraction peaks is observed, indicating that 
excessive cement addition does not continue to 
improve the crystalline response of the hydrated 
products. This may be related to the increased 
water consumption of cement hydration and the 
denser matrix structure formed at higher cement 
contents. Therefore, the XRD results are used 
here to identify the main crystalline phases and 
compare the relative diffraction features of SCA 
mixtures with different cement dosages, provid-
ing phase-related support for the discussion of 
the hydration–mechanical behavior.

3.5.2 SEM
Figure 6 presents typical SEM images of SCA 
after 1 day of hydration. The SEM observations 
were used to examine the internal morphology 
of the hydrated SCA matrix and to compare the 
morphological evolution of samples with dif-
ferent cement dosages. Compared with Con, the 
hydrated matrix gradually becomes more contin-
uous as the cement dosage increases. In Aac40 
and Aac60, the hydration products appear more 
continuously distributed within the CaO-rich 
matrix, indicating that an appropriate increase in 
cement dosage improves the local continuity of 
the hydrated structure. This morphological fea-
ture is consistent with the higher expansion pres-
sure and volumetric expansion ratio observed for 
these mixtures.

For Aac80, the matrix exhibits relatively denser 
hydration-product accumulation compared with 
Aac40 and Aac60. This denser morphology sug-
gests that excessive cement addition may intro-
duce stronger internal confinement within the 
hydrated SCA matrix. As a result, the effective 
macroscopic expansion generated by CaO hydra-
tion may be partially restricted, which is con-
sistent with the reduced expansion pressure and 
volumetric expansion ratio of Aac80 [10].

Overall, the SEM results show that cement dos-
age affects the morphology of the hydrated SCA 
matrix. The observed morphological evolution is 
consistent with the proposed interpretation that 
moderate cement addition improves matrix conti-
nuity and expansion-stress transmission, whereas 
excessive cement addition may lead to exces-
sive internal confinement and restrict effective 
expansion.

3.6 Cracking of concrete with SCA
The cracking performance of the SCA mix-
tures was evaluated using single-hole C30 con-
crete specimens. Aac40, Aac60, and Aac80 were 
selected as representative mixtures to investigate 
the influence of cement content on crack initi-
ation and subsequent crack-width development. Figure 5  XRD patterns of SCA 
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The cracking processes are shown in Figure 7, and 
the corresponding quantitative parameters are 
summarized in Table 3.

For Aac40, the first visible crack appeared at 
approximately 60 min, and the specimen reached 
its final cracking state at approximately 70 min. 
During this 10 min crack-development period, the 
crack width increased from approximately 2 mm 
to 47 mm, corresponding to an average crack-
width development rate of 4.50 mm/min. When 
the cement content increased to 12%, Aac60 
initiated cracking at approximately 80 min and 
reached its final cracking state at approximately 
100 min. Its final crack width was approximately 
49 mm, and the average crack-width development 
rate decreased to 2.35 mm/min. Aac80 exhib-
ited the latest crack initiation, at approximately  
120 min, and required approximately 40 min to 
reach its final cracking state at 160 min. Although 

its final crack width reached approximately 47 mm,  
its average crack-width development rate was 
only 1.125 mm/min.

These quantitative results demonstrate that in
creasing the cement content delays crack initiation 
and prolongs the subsequent crack-development  
process. Aac40 provides the earliest crack ini-
tiation and fastest crack-width development, 
whereas Aac60 develops cracks more gradually 
while exhibiting the highest volumetric expan-
sion ratio. Aac80 shows an excessively delayed 
and slow cracking response, which may reduce 
construction efficiency in practical engineering 
applications.

In addition, the stress generated by SCA expan-
sion must be transferred from the SCA matrix to 
the surrounding concrete through their contact 
interface. From a mechanical viewpoint, this inter-
facial region (often referred to as the interfacial 

Figure 6  SEM images of SCA: (a) Con; (b) Aac20; (c) Aac40; (d) Aac60; (e) Aac80 
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Figure 7  Cracking process of single-hole specimen: (a–c) Cracking process of specimens C30 with the injected Aac40; 
(d–f) Cracking process of specimens C30 with the injected Aac60; (g–i) Cracking process of specimens C30 with the 
injected Aac80 

Table 3  Cracking data of single-hole specimens with different cement dosages

Group Crack Initiation 
Time ti (min)

Complete Failure 
Time, tf (min)

Crack-Development 
Duration Δt (min)

Final Crack 
Width wf (mm)

Average Crack-Width 
Development Rate vc 
(mm/min)

Aac40 60.0 ± 2.0 70.0 ± 2.5 10.0 ± 0.5 47.0 ± 0.8 4.500 ± 0.150
Aac60 80.0 ± 3.0 100.0 ± 4.0 20.0 ± 1.0 49.0 ± 1.0 2.350 ± 0.070
Aac80 120.0 ± 4.0 160.0 ± 6.0 40.0 ± 2.0 47.0 ± 0.9 1.125 ± 0.035

transition zone, ITZ) affects the efficiency of stress 
transmission. An appropriate cement dosage may 
improve the continuity and stiffness of the SCA 
matrix, thereby facilitating stress transfer to the 
concrete wall. In contrast, excessive cement may 
delay stress accumulation, leading to postponed 
crack initiation. From a mechanical perspective, 
the crack evolution induced by SCA expansion can 

be regarded as a stress-driven fracture process in 
concrete. Numerical approaches such as phase-
field or damage-based modelling may provide fur-
ther insight into this mechanism in future studies.

A comparison of the cracking results indicates 
that the appropriate cement dosage depends on 
the targeted engineering performance. Aac40, 
containing 10% cement, exhibits the earliest 
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Figure 8  Schematic illustration of the three-stage hydration– 
mechanical evolution mechanism of cement-modified SCA 

crack initiation and the shortest time to com-
plete failure, and is therefore more favorable 
when rapid cracking efficiency is the primary 
requirement. In contrast, Aac60, containing 
12% cement, develops cracks more gradually but 
exhibits the highest volumetric expansion ratio. 
Consequently, 10% cement is preferable for rapid 
concrete cracking, whereas 12% cement is more 
suitable for maximizing volumetric expansion 
and improving reaction controllability. These 
results demonstrate that no single cement dos-
age simultaneously optimizes all performance 
indicators.

3.7 Mechanism summary
Based on the above analysis, the role of cement 
in the performance of SCA can be qualitatively 
interpreted through the following two coupled 
effects:

•	 Hydration retarding effect: The incorporation of 
cement introduces additional hydration reac-
tions into the CaO-rich SCA system. As cement 
content increases, part of the mixing water may 
be consumed by cement hydration, thereby 
influencing the water availability for CaO 
hydration and affecting the rate at which 
expansion develops. This effect provides a qual-
itative explanation for the observed changes in 
reaction temperature, expansion pressure, and 
volumetric expansion ratio with cement dosage.

•	 Stress transporting effect: Cement hydration 
may contribute to the formation of a relatively 
continuous hydration-product structure within 
the SCA matrix, which could influence the 
transmission of expansion stress generated by 
CaO hydration. At moderate cement contents, 
this structural continuity may be beneficial for 
distributing and transferring expansion stress, 
whereas excessive cement content may result 
in a relatively denser matrix and stronger 
internal confinement, thereby reducing effec-
tive expansion.

Overall, these two effects act simultaneously, 
and the appropriate cement dosage depends on 
the targeted performance. A cement content of 
12% provides the maximum volumetric expan-
sion ratio, whereas 10% results in earlier crack 
initiation and faster concrete failure. Therefore, 
a cement dosage range of 10–12% represents a 
practical compromise between expansion capac-
ity, reaction controllability, and cracking effi-
ciency, rather than a single universally optimal 
composition.

It should be emphasized that the water-
competition effect, structural-confinement effect, 
and stress-transfer effect proposed in this study 
are qualitative explanations of the observed 
macroscopic behavior. Therefore, the mechanism 
proposed in Figure 8 should be regarded as a con-
ceptual interpretation rather than a quantitatively 
verified model.

4 Conclusions

This study investigated the feasibility of regulating 
the hydration rate and expansion characteristics 
of SCA by adjusting cement content. The results 
suggest that a moderate amount of cement may 
improve the continuity of the hydrated matrix, 
thereby facilitating the transmission of expan-
sion stress and producing controllable concrete 
cracking. In contrast, insufficient cement pro-
duced a weakened structural support for hydrated 
CaO, while excessive cement consumed too much 

ZKG X 2026   9

MATERIALS



water and restricted the expansion of SCA. As the 
cement dosage increases from 6% to 14%, the vol-
ume expansion ratio of SCA initially increases and 
subsequently decreases with the dosage of cement, 
reaching its maximum at 12%. In terms of reaction 
rate, an appropriate cement dosage (10–12%) effec-
tively delays the reaction rate without weakening 
the reaction intensity, thereby providing improved 
control over the cracking time. However, excessive 
cement (≥14%) leads to a sharp decline in peak 
temperature and a smoother temperature evolution 
curve, indicating an insufficient reaction rate and 
reduced expansive performance. For crack evolu-
tion, SCAs with 10–12% cement content exhibited 
the most favorable performance, achieving rapid 
but controllable cracking of concrete specimens. In 
contrast, insufficient cement resulted in premature 
cracking, while excessive cement significantly pro-
longed the initiation and failure times, reducing 
efficiency. Overall, adjusting cement dosage pro-
vides an effective approach to balance expansion 
efficiency and reaction controllability. A cement 
dosage range of 10–12% is recommended as a 
practical application range rather than as a single 
optimum, with the specific dosage selected accord-
ing to the required balance between maximum 
expansion and rapid cracking efficiency.
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