
R E S E A R C H Open Access

International Journal of Geo-
Engineering

Liu and Fall International Journal of Geo-Engineering           (2026) 17:17 
https://doi.org/10.1186/s40703-026-00273-9

Cement-stabilized marine clay under thermal 
cycling: strength, suction, and microstructure
Zhe Liu1 and Mamadou Fall1*

*Correspondence:
Mamadou Fall
mfall@uottawa.ca
1Department of Civil Engineering, 
University of Ottawa, 161 Colonel 
By, Ottawa, ON K1N 6N5, Canada

© The Author(s) 2026. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, 
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this article 
are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included in the 
article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to 
obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

Abstract
This study investigates the influence of realistic summer daily thermal cycles on the 
mechanical, hydraulic, and microstructural properties of cement-stabilized sensitive 
marine clay (SMC), a problematic marine soil widely found in Eastern Canada. SMC 
samples treated with 5% and 20% cement were subjected to two curing regimes: 
constant temperature (20 °C) and simulated daily thermal cycles, and tested after 
1, 3, 7, and 28 days of curing. Unconfined compressive strength (UCS) and secant 
modulus tests were performed to assess mechanical performance, while matric 
suction monitoring, thermogravimetric analysis (TG/DTG), and mercury intrusion 
porosimetry (MIP) were used to evaluate hydration behavior and microstructural 
evolution. Results show that daily thermal cycles significantly accelerate strength 
and stiffness development at early curing stages by enhancing cement hydration, 
leading to finer pore structures and higher matric suction due to rapid self-
desiccation. However, a “crossover effect” was observed in TG/DTG results, where 
prolonged thermal cycling reduced hydration product formation at later stages. MIP 
results, in contrast, showed continued microstructural densification, likely due to a 
dilution effect associated with high water-to-cement ratios. These findings provide 
practical insights for optimizing curing strategies and binder dosages in road and 
infrastructure projects involving sensitive marine clays under fluctuating thermal 
conditions.

Keywords  Daily thermal cycles, Cement stabilization, Sensitive marine clay, Hydration, 
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Introduction
Sensitive marine clays (SMCs), such as those found in Eastern Canada—particularly in 
Quebec, Ontario, and the Maritime provinces—are problematic soils known for their 
high sensitivity and tendency to lose significant strength upon disturbance. These clays, 
typically formed in glaciomarine or post-glacial marine environments, also occur in 
other parts of the world, including Scandinavia, Japan, Russia, Chile, Alaska, northern 
China, and New Zealand [32, 42]. In Canada, large urban areas such as Ottawa, Mon-
treal, and Quebec City are underlain by SMC deposits, commonly referred to as Leda 
clay [2, 11, 56, 57]. These clays often form the subgrade for road infrastructure, which 
plays a fundamental role in supporting pavement systems [65]. However, due to their 
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low shear strength, high compressibility, and sensitivity, untreated SMCs are unsuit-
able for direct use in pavement subgrades. In regions such as Ottawa, SMC deposits can 
reach depths of 600 feet and thicknesses of up to 200 feet [16], necessitating the use of 
stabilization techniques to enhance their engineering properties.

Cement stabilization is one of the most widely used methods to improve the strength, 
stiffness, and durability of SMCs [33]. The primary mechanism involves the hydration 
of cement, leading to the formation of cementitious products such as calcium silicate 
hydrate (C–S–H), ettringite, and portlandite (CH), which bind clay particles and refine 
the pore structure [19, 52]. Several researchers have explored the effectiveness of various 
binders, including lime, fly ash, and ground granulated blast furnace slag (GGBFS), in 
stabilizing problematic soils [67]. For instance, lime has been shown to improve strength 
significantly through pozzolanic reactions [61], while fly ash and GGBFS have been used 
to enhance long-term performance [3, 34].

In particular, slag-based composite binders and supplementary cementitious materials 
have attracted increasing attention due to their improved sustainability, lower carbon 
footprint, and potential economic advantages compared to ordinary Portland cement. 
These alternative binders have demonstrated promising long-term strength develop-
ment and durability in stabilized soils.

Nevertheless, cement remains the most widely adopted stabilizer in road and infra-
structure projects due to its rapid reactivity, predictable performance, and widespread 
availability, particularly for large-scale infrastructure applications [4, 49]. In practi-
cal pavement construction, cement is often preferred as an industry-standard binder 
because it provides reliable early-age strength gain, which is critical for construction 
scheduling and early traffic loading. Moreover, cement serves as a baseline reference 
material for understanding stabilization mechanisms, against which the performance 
of alternative binders can be meaningfully compared. Therefore, cement was selected 
in this study as a representative and practical stabilizer to establish fundamental under-
standing of thermal cycling effects on stabilized sensitive marine clays.

The strength development of cement-stabilized soils is influenced not only by binder 
content but also by curing conditions, especially temperature [39]. Elevated tempera-
tures accelerate the rate of cement hydration, leading to rapid early strength gains [37]. 
However, prolonged curing at high temperatures may lead to the formation of dense 
hydration product layers that hinder further hydration—a phenomenon known as the 
“crossover effect” [14, 40]. This effect has been explained by the Protective Layer Theory, 
which suggests that the rapid precipitation of hydration products around unhydrated 
cement particles impedes continued reaction [31, 55].

Most prior studies investigating the influence of curing temperature on cement-sta-
bilized soils have employed constant temperature regimes, which may not reflect the 
fluctuating conditions experienced in real field environments. In practice, subgrades are 
subjected to diurnal temperature variations, especially during summer months when soil 
surface temperatures can exceed air temperatures due to solar radiation [62]. These daily 
thermal cycles could affect hydration kinetics, pore water distribution, self-desiccation, 
and ultimately the mechanical performance of stabilized subgrades. Yet, the effects of 
realistic summer daily thermal cycles on the behavior of cement-stabilized SMC have 
not been thoroughly explored, representing a critical knowledge gap.
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Therefore, the objective of this study is to experimentally investigate the influence of 
daily summer thermal cycles on the strength development, stiffness evolution, matric 
suction, and microstructural changes of cement-treated sensitive marine clay. Under-
standing these effects is vital for optimizing binder usage and curing practices, and 
for developing durable and cost-effective pavement systems on thermally affected 
subgrades.

Materials and experimental program
Materials

Sensitive marine clay

This study focuses on SMC from Eastern Canada, also known as Leda or Champlain Sea 
clay, which was collected from the Canadian Geotechnical Research Site in Gloucester, 
Ottawa, Ontario, at a depth of 3 m below the ground surface. The main constituents of 
this clay are identified as quartz, feldspars, illite, chlorite, along with amorphous mate-
rials. Mineralogical analyses indicate that clay minerals (primarily illite and chlorite) 
account for approximately 87% of the total mineral composition of the soil. Carbonate 
minerals, such as calcite and dolomite, accounts for about 1–2% of the total weight of the 
clay [8, 43, 47]. In contrast, grain size distribution analysis based on sieve and hydrom-
eter methods (Fig. 1) shows that the clay-size fraction (< 2 μm) represents approximately 
12% of the total soil mass, with the remainder consisting of silt- and sand-sized parti-
cles. Furthermore, key index properties of the clay were determined according to ASTM 
standards, and the results are summarized in Table 1.

Cement and mixing water

In this study, Portland cement Ⅰ (PCI) was utilized as the sole binder, and its compo-
sition is presented in Table 2. For the mixing process, tap water was employed, main-
taining a water-to-cement ratio of 1:1. Two different binder content levels, specifically 
5% and 20%, were selected. The selected binder dosages were chosen to represent two 
practical stabilization levels commonly encountered in soil improvement applications. 
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The lower dosage of 5% corresponds to a minimal stabilization range aimed at achiev-
ing basic strength enhancement and workability improvement, while the higher dosage 
of 20% represents a high-strength stabilization level typically adopted when substan-
tial strength and stiffness gains are required. Together, these two levels define practical 
lower and upper bounds of cement content in field stabilization, allowing assessment of 
daily thermal cycling effects across a wide performance range.

Sample preparation and curing

Sample preparation

In this study, the wet mixing method was employed. This approach is widely used in both 
laboratory studies and field deep mixing applications for soft and high-moisture marine 
clays, where slurry-based binder injection and intensive mixing are commonly adopted 
to achieve uniform stabilization. Dry mixing is also common but is only applicable to 
soils with a natural moisture content exceeding 60% [12]. The sample preparation fol-
lowed the Federal Highway Administration Manual [12], which recommends wet mixing 
procedures for soft cohesive soils to ensure effective binder dispersion and homogene-
ity. First, the required amount of SMC was determined. Binder content was defined as 
the mass percentage of Portland cement I (PCI) relative to the dry mass of SMC, and 
two levels of binder content (5% and 20%) were adopted in this study. Since the binder 
consisted entirely of PCI, the PCI content was 100% for all mixtures. The correspond-
ing masses of SMC, PCI, and mixing water for each mixture are summarized in Table 
3. The clay was then placed in a mixer for 3 min to blend and ensure the homogeneity. 
The mixer bowl was covered to prevent evaporation during blending. Subsequently, the 
required amounts of PCI and water were determined, and the mixture was blended in 

Table 1  Properties of SMC
Properties Value/classification ASTM standards
Unified soil classification system CH

Natural moisture content (%) 53.6 ASTM D2216

Liquid limit, LL (%) 48 ASTM D4318

Plastic limit, PL (%) 21.5 ASTM D4318

Plastic index, PI (%) 26.5 ASTM D4318

Liquidity index, LI (%) 1.2

Clay fraction (%) 87

Activity 0.3

Optimum water content, OMC (%) 26 ASTM D698

Maximum dry unit weight (g/cm3) 1.5 ASTM D698

Specific gravity 2.67 ASTM D 854

Table 2  Main chemical and physical characteristic PCI
Element SO3 Fe2O3 Al2O3 SiO2 CaO MgO Relative density
PCI (%) 3.82 2.70 4.53 18.03 62.82 2.65 3.2

Table 3  Mix proportions of cement-treated SMC samples
Sample Dry SMC (g) PCI (g) Water (g) W/C ratio
SMC5% 1000 50 50 1:1
SMC20% 1000 200 200 1:1
 PCI mass corresponds to 5% and 20% of the dry SMC mass, respectively. Mixing water was added at a constant water-to-
cement ratio of 1:1 following FHWA recommendations
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another mixer for 3 min, maintaining a water-cement ratio of 1:1 [12]. This water-to-
cement ratio was selected to account for the high natural moisture content of sensitive 
marine clay and to produce a workable cement slurry that facilitates uniform mixing and 
effective binder dispersion within the soil matrix. Such slurry consistency is commonly 
adopted in field deep mixing and soft ground stabilization practices to ensure homoge-
neity and reliable strength development. The cement slurry was then slowly added along 
the inner walls of the mixing bowl while the mixer was running. The mixture of SMC, 
PCI and water was mixed for another 9 min. This wet mixing process replicates field 
slurry mixing techniques used in soft ground improvement and deep soil stabilization 
projects, thereby enhancing the practical relevance of the laboratory procedure. Follow-
ing mixing, the prepared mixture was placed into cylindrical molds with a diameter of 
50 mm and height of 100 mm. Each mold was filled in three layers, and external vibra-
tion was applied to remove air bubbles and ensure uniformity. The filling process was 
completed within 30 min to avoid discrepancies in moisture content due to evaporation. 
The samples prepared were sealed to prevent moisture loss and cured under two differ-
ent temperature conditions: a constant temperature of 20 °C and daily thermal cycles, as 
summarized in Table 4. Samples were cured for 1, 3, 7, and 28 days prior to testing.

Sample curing

In this study, the cement-stabilized SMC samples were subjected to different thermal 
curing conditions to investigate their effects on the mechanical and physical properties. 
The curing process is crucial as it significantly influences the hydration of cement and, 
consequently, the performance of the treated SMC. Two modes of thermal curing were 
employed for the prepared samples:

(i)	 Constant laboratory temperature (control samples): One group of samples was 
cured under a constant laboratory temperature of 20 °C. These samples served as 
the reference control group for comparing with the sample group cured under daily 
thermal cycle conditions.

(ii)	 Daily thermal cycle (simulating field conditions in Ontario, Canada): Another 
group of samples was subjected to curing conditions with temperature fluctuations 
to investigate the effect of daily thermal cycles on the performance of cement-
stabilized SMC. The samples in this study were cured under simulated summer daily 
thermal cycles. The highest recorded temperature in Ontario, 42.2 °C, occurred in 
1936 [15, 21]. In field conditions, soil surface temperature is typically higher than 
air temperature due to solar radiation. Continuous exposure to intense sunlight 
during summer significantly elevates surface temperature [7]. The peak daily soil 

Table 4  Summary of curing condition of samples
Sample nomenclature Binder content* 

(%)
Curing times (days) PCI content 

(%)
Curing 
tempera-
ture (oC)

SMC5%-20 °C 5 1, 3, 7 and 28 100 20

SMC5%-Daily Thermal Cycle 5 1, 3, 7 and 28 100 Daily ther-
mal cycles

SMC20%-20 °C 20 1, 3, 7 and 28 100 20

SMC20%-daily thermal cycle 20 1, 3, 7 and 28 100 Daily ther-
mal cycles

* Binder content is defined as the mass percentage of PCI relative to the dry mass of sensitive marine clay (SMC). Since the 
binder consists entirely of PCI, the PCI content is 100% for all mixtures
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temperature is determined by the models which consider the factors including air 
temperature and solar radiation [5, 53].  

Figure 2(a) presents the maximum daily temperature applied to the samples during the 
28-day curing period. Cement hydration progresses rapidly in the initial stages, and the 
hydration reaction is highly sensitive to temperature during this period [38, 41]. There-
fore, the highest curing temperatures were arranged within the first few days of curing. 
Figure 2(b) illustrates the application of daily thermal cycles throughout the 28-day cur-
ing period. It is worth noting that only the highest temperatures are shown in the figure, 
as these are of particular interest. Additionally, the thermal cycles extended beyond the 
three cycles depicted in the figure.

(a) Maximum daily temperatures applied to samples

(b) Thermal cycles with maximum temperatures applied to samples
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After preparation, the samples were sealed and placed in an oven for curing. Tempera-
ture regulation during curing was conducted by an Inkbird ITC-608T temperature con-
troller, with a control range of -40  °C to 100  °C and a precision of 0.1  °C. During the 
curing process, temperature increases and decreases were adjusted stepwise in a gra-
dient manner. Each daily thermal cycle was divided into six stages to simulate realistic 
fluctuations.

Testing and monitoring method

Mechanical test

The UCS test was conducted on cement-stabilized SMC samples after curing for 1, 3, 
7, and 28 days, in accordance with the guidelines of ASTM C39/C39M-21. The test was 
performed using the ELE Digital Tritest 50 Load Frame, with a loading rate set to 1 mm/
min. The load frame has a maximum capacity of 50 kN. Throughout the UCS tests, pic-
tures of the samples were taken to observe and compare different failure modes. All test 
data was collected via an internal linear variable differential transformer connected to 
an electronic data acquisition system. The secant modulus was determined from the 
recorded stress–strain curves as the slope of the line connecting the origin and the point 
corresponding to 50% of the peak UCS value, providing a representative measure of 
sample stiffness during loading.

Monitoring program

Matric suction monitoring experiments were conducted to investigate the suction of 
cement-stabilized SMC samples with varying cement content and curing conditions. 
The monitoring was carried out using the ECH2-MPS-6 dielectric water potential sen-
sor, which has a measurement range from − 9 kPa to -100,000 kPa and an accuracy of ± 
(10% of reading + 2 kPa) within the range of -9 kPa to -100 kPa. Prior to testing, the sen-
sors were calibrated following the manufacturer’s recommended procedures and verified 
under controlled moisture conditions to ensure reliable measurements. To ensure accu-
rate measurements, molds with larger dimensions (100 mm in diameter × 200 mm in 
height) were used, providing ample space for sensor. The sensors were carefully embed-
ded at the center of the specimens to minimize boundary effects, and the molds were 
properly sealed to prevent moisture loss during curing and monitoring. Data was col-
lected by an EM50 data logger, and matric suction was monitored over a 28-day curing 
period.

Microstructural analysis

MIP test was employed to analyze the pore structure of cement-stabilized SMC sam-
ples. The test was conducted using the Micromeritics AutoPore IV 9500 Series poro-
simeter. In this analysis, mercury was intruded into the samples at various pressure 
levels because the pressure required for intrusion is inversely proportional to the pore 
size. The samples were dried in an oven at 45 °C for 4 days as a low-temperature drying 
procedure commonly adopted to minimize microstructural disturbance in soil–cement 
materials compared to higher oven-drying temperatures. This approach was selected to 
reduce the risk of shrinkage and microcracking while still ensuring sufficient moisture 
removal prior to mercury intrusion. The samples were then cut into 10 mm × 10 mm × 
5 mm cubes for MIP test.
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Thermogravimetric analysis and derivative thermogravimetry (TG/DTG) test was 
conducted on cement paste samples cured under the same conditions as the cement-sta-
bilized SMC samples to evaluate the cement hydration level. Cement paste was selected 
instead of cement-treated SMC to isolate the hydration behavior of the binder, since 
direct TG/DTG analysis on stabilized clay is strongly influenced by the thermal decom-
position of clay minerals, carbonates, and bound water within the soil matrix, which can 
overlap with cement hydration signals and obscure the interpretation of hydration prod-
ucts. The cement paste samples were placed in an oven at 45  °C for 4 days until their 
weight stabilized, before being ground into a fine powder and sieved through a No. 200 
mesh sieve. The TG/DTG measurements were performed using a Q5000 TG analyzer 
which monitored weight loss as the furnace temperature was gradually increased up to 
1000 °C at a heating rate of 10 °C/min. These analyses provided insights into the hydra-
tion characteristics of the cement paste under the given curing conditions.

Results and disscussion
Effect of daily thermal cycles on strength and modulus development

The effects of daily thermal cycles on the development of the UCS of SMC samples 
with 5% and 20% cement content are illustrated in Fig. 3. The four strength develop-
ment curves in Fig. 3 demonstrate a general increasing trend throughout the 28 day cur-
ing period, regardless of cement content (5% or 20%) and curing temperature (20 °C or 
daily thermal cycles). This reflects the progressive hydration of cement, which gener-
ates hydration products, such as C-S-H, CH and ettringite, that enhance the cohesion by 
bonding soil aggregates and filling capillary pores [26, 28, 36, 59, 64]. Moreover, under 
the same curing time, the samples with 20% cement content exhibit higher strength than 
the ones with 5% cement content. This is because a higher cement content leads to more 
cement participating in the hydration reaction, generating a greater amount of hydra-
tion products. These products form more effective bonds between the clay particles 
and fill more pores within the samples, leading to a denser structure and, consequently, 
improved the strength [3].
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As shown in Fig. 3, the strength of samples with cement content of 5% and 20% cured 
under daily thermal cycle conditions is higher than that of samples cured at room tem-
perature. This strength difference is most pronounced on the first day of curing. For 
instance, the 1-day strength of the SMC20%-Daily Thermal Cycle samples is 1020 kPa, 
which represents a 113% increase compared to the control group (480 kPa). Similarly, 
the 1-day strength of the SMC5%-Daily Thermal Cycle samples is 627 kPa, showing a 
265% increase compared to the control group (172 kPa). This strength difference gradu-
ally diminishes over the curing period. After 28 days, the strength of the samples with 
cement content of 20% and 5%, cured under daily thermal cycle conditions, is 30% 
and 31% higher, respectively, compared to those cured at 20 °C. The observed strength 
enhancement can be attributed to the promotion of the hydration reaction by the high 
temperature [13]. In this scenario, hydration products are rapidly formed, filling the cap-
illary pores of the samples and effectively reducing their porosity [6, 10, 17, 22, 25, 29, 
45, 46, 54]. Moreover, strong bonds are quickly formed between the clay particles within 
a relatively short period, creating an interlocking structure that significantly enhanced 
the strength of the samples [66]. Moreover, the UCS increase rate follows a general trend 
of gradual decline as curing progresses, regardless of cement content and curing temper-
ature conditions. This can be attributed to the consumption of reactants as the hydration 
reaction proceeds, leading to a gradual slowdown in the reaction rate and a correspond-
ing reduction in the rate of strength increase [23]. However, the rate of strength devel-
opment varies significantly under different curing temperature conditions, as shown in 
Fig. 4. It can be observed that from day 1 to day 7, the strength development rate of the 
samples cured under daily thermal cycling is higher than that of the control group cured 
at 20 °C. This difference is most pronounced from day 1 to day 3. However, from day 7 to 
day 28, the strength development rate of the samples cured under daily thermal cycling 
is significantly lower than that of the samples cured at 20 °C. Under the curing condi-
tions of daily thermal cycles, the strength of the samples increases significantly in the 
early curing stage, reaching a relatively high level within the first seven days. This has 
important implications for shortening construction period and controlling costs.

The failure modes of SMC samples cured for 28 days under different conditions 
are depicted in Fig. 5. The observed failure patterns reveal the significant influence of 
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curing temperature on the mechanical behavior of the samples. Samples cured under 
daily thermal cycles exhibit more prominent and widely distributed cracks compared 
to those cured at a constant temperature of 20  °C. Failure in the samples cured under 
daily thermal cycles occurred more rapidly. The SMC20%-Daily Thermal Cycle samples 
demonstrated a sudden failure accompanied by an audible brittle fracture. This behav-
ior indicates that higher curing temperature leads to stiffer samples with reduced plas-
tic deformation, resulting in a predominantly brittle failure mode, especially in samples 
with higher cement content. In contrast, samples cured at a constant temperature of 
20 °C display a classic ductile failure mode, characterized by a prolonged plastic defor-
mation before failure.

Figure 6 shows the effects of daily thermal cycles on the development of the secant 
modulus of SMC samples with 5% and 20% cement content. During the 28-day cur-
ing period, the development of the secant modulus follows a pattern similar to that of 
strength. The secant modulus increases with curing time, but the rate of increase slows 
down over time, which is independent of curing temperature and cement content. 
Under the daily thermal cycles, the secant modulus of the samples is higher than that of 

                 

(a) SMC5%-20°C                   (b) SMC5%-Daily Thermal Cycle

                 

     (c) SMC20%-20°C                 (d) SMC20%-Daily Thermal Cycle

Fig. 5  Failure modes of samples cured for 28 days
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samples cured at 20 °C. This is similar to the effect of daily thermal cycles on the strength 
of the samples and can be explained by the promotion of cement hydration due to higher 
curing temperatures. Additionally, a higher cement content significantly enhances stiff-
ness, as evidenced by the substantially higher secant modulus values in samples with 
20% cement content. The mechanisms behind this increase in modulus are similar to 
those responsible for the increase in UCS of the samples with higher cement content, as 
described earlier. However, the effect of daily thermal cycles on stiffness development 
appears to be more significant. For samples with 20% cement content, the 3-day stiffness 
reaches 70% of the 28-day value under daily thermal cycle curing conditions, while for 
samples with 5% cement content, the 3-day stiffness reaches 75% of its 28-day stiffness. 
In comparison, at 20 °C, the 3-day stiffness for samples with 20% and 5% cement content 
is only 39% and 43% of their respective 28-day values. The secant modulus, which quan-
tifies the stiffness of a material, reflects its capacity to resist deformation under applied 
stress. A higher secant modulus indicates a more rigid and stable structure, which is 
critical for the subgrade subjected to long-term loads [24]. For samples cured under 
daily thermal cycle conditions, a relatively high stiffness is achieved by the third day of 
curing. This indicates that daily thermal cycles enable the samples to quickly attain a 
higher resistance to deformation. This allows the subgrade to meet construction require-
ments more quickly, which is crucial for shortening the construction period.

These mechanical trends indicate that daily thermal cycles accelerate early hydration 
and promote faster formation of C-S-H, CH and ettringite, which densify the cement-
treated clay fabric by filling capillary pores [28, 66]. This early densification is expected 
to increase capillary effects and self-desiccation, thereby increasing matric suction [18] 
and contributing to the higher early-age UCS and stiffness, which is further examined in 
the following suction and microstructural analyses.

Effect of daily thermal cycles on the matric suction

The results of matric suction monitoring are presented in Fig. 7. Generally, for all sam-
ple groups, matric suction increases with curing time, regardless of cement content and 
curing temperature. This increase is attributed to the cement hydration process, during 
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which the water within the samples is consumed continuously [18]. In addition, during 
the hydration process, hydration products such as C-S-H, CH and ettringite precipitate 
within the voids, which results in a finer structure. As the pore size decreases, capillary 
action is enhanced, which contributes to the development of negative pore pressure [44]. 
The higher suction observed in samples with 20% cement content compared to those 
with 5% cement content can be explained by the more intensive hydration reactions, 
which consume more water. More intensive water consumption in these samples causes 
a significant increase in pore water pressure, thereby resulting in higher matric suction 
[60].

The matric suction of samples cured under daily thermal cycles is significantly higher 
than that of samples cured at 20 °C with the same cement content. This difference is most 
evident during the early stage of curing. For the 3-day samples with 20% cement content, 
the matric suction under daily thermal cycles and 20 °C conditions are 460 kPa and 270 
kPa, respectively. For the 3-day samples with 5% cement content, the matric suction val-
ues under the two conditions are 178 kPa and 48 kPa, respectively. This difference in 
matric suction is attributed to the rapid self-desiccation of the samples or cement hydra-
tion due to high curing temperature. Under high curing temperature during the early 
stage, the self-desiccation in the samples occurs more intensively and rapidly, resulting 
in a faster and more significant consumption of pore water [63]. Figure 8(a), the TG/
DTG test results of the 3-day cement paste sample also clearly demonstrate that daily 
thermal cycles promote hydration and increase the consumption of capillary pore water 
in the early-stage. It can also be seen from Fig. 7 that the difference in matric suction of 
the samples cured under the two different thermal conditions gradually decreases with 
curing time. In other words, the influence of daily thermal cycles on the matric suction 
of the samples declines over time. On day 28, for the samples with 20% cement con-
tent, the matric suction under daily thermal cycles and 20 °C curing conditions are 725 
kPa and 690 kPa, respectively. For the samples with 5% cement content, the values are 
578 kPa and 518 kPa, respectively. It can be observed that on day 28, the matric suction 
of samples with the same cement content shows slight difference under the two differ-
ent curing temperature conditions. As discussed earlier, during the early stage of curing, 
daily thermal cycles significantly accelerate the self-desiccation of the samples, leading 

0 

100 

200 

300 

400 

500 

600 

700 

800 

0 5 10 15 20 25 30

SMC20%-Daily Thermal Cycle

SMC5%-Daily Thermal Cycle

SMC5%-20°C

SMC20%-20°C

S
u
ct

io
n
 (

k
P

a)

Curing time (days)

Fig. 7  The development of matric suction of cement-treated SMC

 



Page 13 of 21Liu and Fall International Journal of Geo-Engineering           (2026) 17:17 

to the rapid consumption of water and a large amount of hydration reactants. Accord-
ing to hydration reaction kinetics, as the degree of hydration increases, the content of 
reactants decreases, the apparent activation energy of the reactants gradually decreases, 
and the hydration reaction gradually slows down [30, 58]. During the late stage, the sam-
ples cured under daily thermal cycle conditions have a lower cement content. Therefore, 
for the samples cured under daily thermal cycles, the apparent activation energy of the 
reactants is lower, resulting in a slower progression of self-desiccation and slower con-
sumption of pore water, compared to the samples cured at 20 °C. Thus, the difference 
in matric suction of the samples cured at two different thermal conditions significantly 
decreases in the later stage of curing.

The findings about the impact of daily thermal cycles on the self-desiccation of 
cement-stabilized SMC may have significant engineering implications. The stability 
and safety of subgrade are among the most important factors in pavement design and 
construction. Moreover, the rapid development of subgrade strength helps shorten the 
construction period and control costs. The strength, safety, and opening time of the 
subgrade are significantly influenced by pore pressure. Daily thermal cycles accelerate 
the self-desiccation process of cement-stabilized SMC samples. This leads to a faster 
increase in suction and a more rapid increase in strength, ultimately resulting in an ear-
lier subgrade activation time.
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The suction evolution provides a hydro-mechanical explanation for the strength trends 
in Sect. ''Effect of Daily Thermal Cycles on Strength and ModulusDevelopment''. Accel-
erated hydration under daily thermal cycles increased water consumption and promoted 
pore refinement, which enhanced capillary action and led to higher matric suction [18, 
44]. The higher suction levels, especially at early ages and higher cement contents, indi-
cate stronger self-desiccation and a denser pore network [60], which is consistent with 
the higher UCS and secant modulus observed. These mechanisms are further supported 
by the TG/DTG and MIP microstructural results presented in the next section.

Effect of daily thermal cycles on microstructure

The results of the microstructural analyses are presented in Figs. 8, 9 and 10. The ther-
mal analysis (TG/DTG) results of cement paste samples cured under different condi-
tions and durations are shown in Fig. 8. The DTG curve represents the rate of change 
of TG values with temperature, with significant fluctuations or peaks corresponding 
to rapid weight loss in the TG curve. The weight loss observed between 25 °C and 100 
°C primarily results from the evaporation of free or bound water [51]. In the 100 °C to 
200 °C range, weight loss is attributed to the dehydration of hydrated products such as 
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C-S-H, gypsum, ettringite, and carboaluminates. For example, CSH undergoes dehy-
dration, ettringite decomposes via a heterogeneous mechanism, carboaluminates expe-
rience partial dehydration and water loss, and gypsum decomposes through a double 
endothermic reaction [1]. The second major peak, observed between 425 °C and 525 °C, 
corresponds to the dihydroxylation of portlandite. The third peak, occurring between 
650 °C and 900 °C, is attributed to the decarbonation of calcium carbonate [35, 50]. It 
should be noted that although specimens were carefully handled and dried at low tem-
perature prior to testing, minor carbonation during storage or drying cannot be com-
pletely excluded. Such carbonation may contribute to the mass loss observed in this 
temperature range; however, its influence is expected to be limited and does not alter the 
comparative trends between curing conditions.

In Fig. 8(a), the 3-day cement paste sample subjected to daily thermal cycles exhibits 
a greater mass loss and a more pronounced peak in the 75–200 °C temperature range 
compared to the sample cured at a constant 20 °C. This slightly higher weight loss and 
intensified peak suggest that a greater quantity of hydration products—such as calcium 
silicate hydrate (C–S–H) and ettringite—were formed during the early stages of hydra-
tion, likely due to elevated temperatures accelerating the hydration reaction [55]. In 
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contrast, the more prominent peak observed in the control sample within the 400–500 
°C range is attributed to a higher content of calcium hydroxide (CH). This is consistent 
with the understanding that CH, also known as portlandite, can be consumed through 
pozzolanic reactions in clay soils, particularly when the soil contains reactive silica 
(SiO₂) and/or alumina (Al₂O₃)—both commonly found in sensitive marine clays (e.g., 
Boardman et al. [9], Khemissa, [27]. The quantitative CH estimates in Table 5 further 
confirm that samples cured under daily thermal cycles exhibit lower portlandite content, 
supporting enhanced CH consumption through pozzolanic reactions.

In contrast, Fig. 8(b) shows that after 28 days, the total weight loss is 24.2% for the 
sample cured under daily thermal cycles, compared to 24.8% for the sample cured at 20 
°C, with the latter also exhibiting a more pronounced peak in the 75–200 °C temperature 
range. This indicates that the sample cured at 20 °C developed more hydration products 
over the 28-day period. The first peak, observed around 130 °C and associated with the 
decomposition of C–S–H, reflects this difference. The greater weight loss in this range 
for the 20 °C sample suggests the formation of a larger quantity of C–S–H, the primary 
hydration product [20, 40]. These findings demonstrate that, although daily thermal 
cycles enhance hydration in the early stages, they appear to inhibit continued hydration 
at later stages compared to constant curing at 20 °C. This phenomenon is also referred 
as “crossover effect” which is mentioned in the introduction. In the early stage of cement 
hydration, high curing temperatures promote the hydration reaction, leading to the 
rapid formation of hydration products. Due to the low solubility and diffusivity of the 
hydration products, they cannot effectively spread in the time allowed by rapid hydra-
tion. As a result, the rapidly formed hydration products precipitate quickly on the anhy-
drous cement particles, forming a dense layer. This layer slows down or even obstructs 
further hydration, ultimately leading to a lower degree of hydration of the anhydrous 
cement [14, 18, 20, 40, 55].

The MIP results presented in Figs. 9 and 10 illustrate the evolution of pore structure in 
samples containing 20% cement, cured under different thermal conditions for 3 and 28 
days, respectively. Figures 9(a) and 10(a) present the cumulative pore volume per gram 
of sample, while Figs. 9(b) and 10(b) show the pore size distribution. After 3 days of cur-
ing, as shown in Fig. 9(a), the sample of SMC20%-Daily Thermal Cycle shows a lower 
cumulative pore volume of 0.2675 ml/g compared to 0.2849 ml/g for the sample cured 
at 20  °C. This reduction in total pore volume indicates early-stage densification under 
daily thermal cycles, which contributes directly to the enhanced strength and modulus 
observed in the mechanical tests. The pore size distribution in Fig.  9(b) further dem-
onstrates that samples cured under daily thermal cycles exhibit a smaller proportion of 
medium-sized pores (10–0.05 μm), indicating pore refinement and a finer microstruc-
ture compared to samples cured at 20  °C. The MIP test results of the 28-day samples 
reveal a similar trend. In Fig.  10(a), the cumulative pore volume of the sample cured 

Table 5  Estimated portlandite (CH) content from DTG peak integration (425–525 °C)
Curing condition Δm₄₂₅–₅₂₅ (wt% H₂O

of dry sample)*
CH content
(wt% of dry sample)

20 °C curing 2.30 9.47

Daily thermal cycles 1.90 7.82
*Δm₄₂₅–₅₂₅ was obtained by graphical digitization of TG curves over the temperature range 425–525 °C, corresponding to 
portlandite dehydroxylation. Values represent approximate estimates due to digitization from plotted curves; the same 
extraction procedure was applied to both curing conditions to ensure consistent comparison
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under daily thermal cycles is 0.2248 ml/g, lower than the 0.2312 ml/g observed for the 
20  °C cured sample. This continued reduction in porosity confirms that daily thermal 
cycles promote sustained microstructural densification. The pore size distribution in 
Fig. 10(b) shows that samples cured at 20 °C contain a greater proportion of medium-
sized pores, resulting in a relatively coarser structure, whereas daily thermal cycling 
leads to a finer pore network.

At both early and late stages of curing, the samples subjected to daily thermal cycles 
exhibit lower porosity, a finer pore structure, and a reduced proportion of medium-sized 
pores. These microstructural refinements enhance load transfer within the cement-
treated matrix and are consistent with the higher UCS and stiffness values measured in 
the strength tests. However, the “crossover effect” observed in the TG/DTG test results 
is not reflected in the MIP test results. This discrepancy may be attributed to the high 
water content in sensitive marine clay, which leads to an elevated water-to-cement (w/c) 
ratio in cement-stabilized SMC, resulting in a “dilution effect”. Unlike traditional con-
crete—where the w/c ratio typically ranges between 0.4 and 0.6—the cement-stabilized 
SMC incorporates significantly more water. As a result, cement particles are surrounded 
by a larger volume of water, facilitating the long-distance diffusion of hydration prod-
ucts. This diffusion reduces the likelihood of hydration products precipitating directly 
around unhydrated cement particles [18], potentially altering the microstructural evolu-
tion. The absence of the crossover effect in the pore structure, as indicated by the MIP 
results, represents another noteworthy finding of this study.

Overall, the TG/DTG results confirm that daily thermal cycles accelerated early hydra-
tion (greater early-stage dehydration-related mass loss), while the MIP results show 
persistent pore refinement and reduced cumulative pore volume under thermal cycling. 
These microstructural changes provide a mechanistic basis for the higher early-age UCS 
and secant modulus (Sect. ''Effect of Daily Thermal Cycles on Strength and Modulus-
Development '') and the higher early-age matric suction (Sect. ''Effect of Daily Thermal 
Cycles on the Matric Suction''), since accelerated hydration increases water consump-
tion [18] and refined pore networks intensify capillary effects [44]. Together, the coupled 
hydration–pore refinement–suction evolution explains why daily thermal cycling pro-
duced faster early-age strengthening and stiffening, while the later-age hydration trend 
reflected the crossover effect discussed in the TG/DTG analysis [14, 40, 55].

Summary and conclusion
This study examined the effects of realistic summer daily thermal cycles on the mechani-
cal, hydraulic, and microstructural behavior of cement-stabilized sensitive marine clay 
(SMC), a problematic subgrade material common in Eastern Canada. Laboratory experi-
ments were conducted on samples stabilized with 5% and 20% cement and subjected to 
either constant curing at 20  °C or daily thermal cycles over a 28-day period. The evo-
lution of strength, stiffness, matric suction, and microstructure was examined using 
unconfined compressive strength (UCS), secant modulus tests, matric suction monitor-
ing, thermogravimetric analysis (TG/DTG), and mercury intrusion porosimetry (MIP).

The key findings are as follows:

 	• Daily thermal cycles significantly accelerated the early-age strength and stiffness 
development of cement-stabilized SMC. Strength differences between thermal 
curing regimes were most pronounced during the first week of curing, with thermal 
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cycling enabling up to 265% higher UCS at day 1 compared to constant-temperature 
curing. However, this early advantage diminished over time, leading to comparable 
or slightly lower strength values at later stages due to reduced hydration rates—a 
phenomenon consistent with the “crossover effect.”

 	• TG/DTG analyses confirmed that thermal cycling promotes greater early-stage 
formation of hydration products such as C–S–H and ettringite. However, after 28 
days, samples cured at 20  °C exhibited higher overall hydration levels, confirming 
the delayed strength gain associated with steady curing. Interestingly, MIP results 
showed that thermal cycling consistently produced denser microstructures with 
lower porosity and finer pore size distribution at both early and late curing stages, 
indicating complex interactions between thermal curing, hydration kinetics, and 
microstructural refinement.

 	• Thermal cycling significantly increased matric suction during early curing due to 
accelerated self-desiccation driven by faster hydration. Suction differences between 
the two curing conditions narrowed over time, indicating a deceleration of hydration 
under thermal cycling at later stages.

Overall, the findings demonstrate that summer daily thermal cycles play a dual role in 
the performance of cement-stabilized SMC: they enhance early strength and stiffness 
development, which can be beneficial for accelerating subgrade readiness and reducing 
construction delays, but may limit long-term hydration and strength gain due to the for-
mation of hydration product layers that hinder further cement reaction. These results 
offer valuable insights for optimizing curing strategies and binder dosages in road and 
infrastructure projects involving sensitive marine clays under fluctuating thermal condi-
tions. However, this study is limited to laboratory-scale specimens, a single cement type, 
and simulated summer thermal cycles over a 28-day curing period, which may not fully 
capture longer-term behavior, seasonal variability, and field-scale boundary conditions. 
Future work should include field validation, extended curing durations, and the use of 
alternative or blended binders to assess long-term durability and to mitigate the late-age 
hydration limitations observed under thermal cycling.
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