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Abstract: Roller-compacted concrete (RCC) pavements have been the subject of studies focused on
their increasing deterioration over time due to the influence of vehicular loading and ambient factors
in humidity and temperature conditions ranging from medium to low (40% relative humidity and
25 ◦C temperature). Therefore, it is necessary to understand how they behave under various relative
humidity and temperature conditions since these parameters vary in each geographic region. In this
context, this research focused on analyzing the effect of drying shrinkage on RCC pavements under
the influence of vehicular loading using a computational model calibrated with data obtained under
typical ambient conditions. For this purpose, laboratory experiments were performed, numerical
modeling was used, and the results for RCC pavements were validated using statistical analysis. The
results revealed validated models providing moisture content and drying shrinkage curves. These
results also underline the importance of considering ambient effects when calculating pavement
stresses as a response variable in structural designs. In particular, these effects are highlighted as they
can generate changes in pavement stresses of up to 10%, emphasizing the relevance of the models
proposed in this study as they consider this phenomenon when predicting the performance and
durability of RCC pavements.

Keywords: modeling; temperature; relative humidity; shrinkage strain; roller-compacted concrete pavement

1. Introduction

Pavements are fundamental structures that have significantly contributed to improving
the quality of life in society, facilitating connections between communities with reasonable
travel times, especially compared with unpaved roads. Research in this field has been
crucial, leading to notable developments, such as using sustainable and environmentally
friendly materials with self-repairing capabilities, de-icing during winter properties [1],
and the ability to receive signals that identify vehicle speeds and loads [2]. In addition,
progress has been made in the in situ evaluation of the mechanical properties of pavements
using non-destructive techniques, allowing the determination of their remaining service
life and the appropriate methods for their rehabilitation [3,4].

Research has also focused on improving surface characteristics to ensure user comfort
and safety and exploring construction alternatives to reduce the carbon footprint [5]. A
wide variety of pavements exist, each with its advantages and limitations depending on
its application. For example, flexible pavements are the most widely used worldwide
on high-speed roads but have slow or static load limitations [6]. Slab, continuous, and
roller-compacted concrete (RCC) pavements are often more effective [7,8].

The latter has obtained a noticeable trend worldwide because many countries are
inclined to implement RCC for pavements, adopting this modality in different categories.
Precisely, areas such as ports, intermodal facilities [9,10], heavy industrial areas, light indus-
trial areas, airport service areas, arterial streets, and local streets have positioned themselves
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as favorites for such incorporation. This preference suggests that these areas are considered
vital or conducive for RCC. In contrast, the categories of widening (over-widening) and
shoulders [11] and timber facilities, composting areas, and storage yards have been notice-
ably less popular, which could be linked to technological and infrastructural particularities,
or individual countries’ priorities.

The study of RCC for pavements has gained relevance in the last decades, specifically
in its shrinkage behavior, exploring the analysis of RCC with blast furnace slag additions
as a partial replacement for cement and its repercussions on shrinkage with different
aggregate origins, finding better behavior in limestones [12]. In addition, the long-term
shrinkage of RCC with granulated blast furnace slag (GGBFS) addition under various
temperature exposures has been found [13] to significantly affect the strength development
of concrete. At 14 days, concrete cured at 50 ◦C and 70 ◦C showed higher strength than
that cured at 25 ◦C due to the acceleration in the kinetics of strength development at
higher temperatures. Moreover, adding GGBFS showed a more significant variation in
early-age strength, especially at higher temperatures. At low temperatures, the mix with
GGBFS gained strength more slowly than the ordinary Portland cement mix. However, at
higher temperatures, early-age strength development was rapid, particularly with higher
levels of GGBFS. In addition, the results showed that temperature considerably impacted
the development of shrinkage strain during early exposure to drying. Finally, there is a
multivariate model for predicting the shrinkage strain of concrete based on temperature,
time, and the percentage of GGBFS. This model can estimate the shrinkage strain within
the 95% prediction range.

On the other hand, not all possible solutions to shrinkage are promising, as in the case
of adding tire rubber, which did not help but increased drying shrinkage slightly more
compared with the control RCC without tire rubber [14]. However, adding modified rubber
particles to RCC improved its plasticity, mechanical properties, and freezing resistance
and reduced the pore volume. The authors established that the optimum volume of
modified rubber particles to add to the RCC mix was 5%, and they analyzed the working
performance, mechanical properties, and durability of rubber RCC, compressive strength,
flexural strength, drying shrinkage, and freezing resistance [15].

When analyzing the mechanical and permeability properties of RCC pavements
reinforced with different types of synthetic fibers and crimped steel fiber, the authors
found that increasing the fiber volume from 0.5 to 1% can reduce the drying shrinkage rate
and improve the flexural strength of fiber-reinforced RCC. However, water sorptivity and
porosity increased with the substitution of fibers in RCC blends. The water sorptivity of the
samples was highly dependent on the type and surface geometry of the fibers. In addition,
the porosity increased when fibers with a high aspect ratio were used [16].

Conversely, in situ thermal properties and early-stage RCC pavement performance
have been studied in Louisiana, USA, aiming to develop a mechanistic–empirical-based
RCC thickness design procedure to quantify the combined effect of traffic and ambient
loading on RCC. The key findings include the following: (i) RCC is less susceptible to early-
stage cracking due to a lower water–cement ratio, reduced shrinkage, and early strength
gain from roller compaction, and (ii) optimal shear joint spacing to prevent shrinkage
cracking and become cost-effective is required [17].

The background on the subject presents some significant incidences in the performance
of RCC for pavements in the short [18] and long terms [19]. Also, climate actions and traffic
loading influence the RCC shrinkage phenomenon, causing curling that results in slab
elevation and loss of contact with the ground. Likewise, studies have demonstrated that
the stress increases to up to 500% for a crack width of 0.5 mm under 40% relative humidity
and a 25 ◦C temperature [20,21]. Nonetheless, this stress depends on the climate conditions,
i.e., the relative humidity and temperature variations, which are particular to each zone,
and the medium–low values (40% relative humidity and 25 ◦C temperature) or the fact
that the conditions most studies focus on are not always present. Therefore, there is a need
to know the behavior of RCC for pavement at a range of relative humidity values since
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the variation in this parameter is particular to each zone, and the medium–low relative
humidity and temperature conditions are not always present.

Currently, the design of concrete pavements, specifically RCC for pavements, does
not consider in its sizing criteria the decrease in performance due to concrete drying
shrinkage [8], leading to a lack of knowledge of its impact on the pavements [22]. This is
counterproductive for an RCC pavement [23], since its reparation is usually greater than
that of conventional concrete pavements [24], i.e., the North American standard for jointed
plain concrete pavement (JPCP) [24,25] or the French standard, including BC (Chaussées á
delles non armées et non goujonnées (unreinforced and ungrooved slab pavements)) and BCg
(Chaussées á delles non armées et goujonnées (unreinforced and doweled slab pavements)) [26].
It must be noted that joints usually used to anticipate shrinkage cracks in JPCP pavements
(BC or BCg) are infrequent in RCC for pavements [8,27].

Hence, the alternative approach that is able to represent reality is using physical
models at a 1:1 scale or computational modeling. The latter has historically achieved
reliable results in highway engineering, such as bridges, tunnels, and pavements [28–30].
Furthermore, when the correct method was chosen, it was applied successfully to find the
calibration constants necessary to study a real structure.

Finally, the study of drying shrinkage in RCC has been an area of interest for a long
time. However, until now, no notable response has been identified at different times,
such as at advanced stages of material maturity, especially under relative humidity and
temperature variations. Accordingly, this study aims to address this gap, focusing on how
these ambient conditions specifically influence the drying shrinkage of RCCs for pavements.
Furthermore, it also aims to contribute to the knowledge of the structural design of RCC
pavements, as there are uncertainties regarding their behavior under conditions different
from the typical ones, i.e., in situations where the relative humidity differs from 40% and
the temperature varies from 25 ◦C [20,21].

2. Methodology

The methodology is divided into three main steps:

1. Materials and laboratory tests: This step describes the materials used and the labora-
tory test procedures in detail. These tests are essential to calibrate the results obtained
under controlled conditions.

2. Computational modeling of laboratory tests: In this phase, computational modeling
replicates and analyzes the laboratory test results. It allows for a deeper understanding
of the data obtained.

3. Computational modeling and validation of RCC pavement results: In this last step,
computational modeling is used to evaluate the performance of an RCC pavement [31]
under different conditions, including corner loading and various ambient conditions,
such as (i) 85% relative humidity at 25 ◦C, (ii) 10% relative humidity at 40 ◦C, and
(iii) 20% relative humidity at 25 ◦C. These conditions reflect specific water vapor levels
in the air (17, 5, and 4 g of water vapor per kilogram of air, respectively) (Figure 1).
This step aims to determine the maximum stresses experienced by the pavement
under corner loading.

Finally, the RCC pavement results are validated using inferential statistical methods.
This validation allows the establishment of the effect of the ambient setting on the structural
design of the RCC pavement.
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ticle size distribution specified in the PCA construction standards [37–39] (Figure 2). 

The cement was a Portland composite (CEM II/A-M (L-V 42.5 R)) [40,41], constituted 
of > 80% clinker, < 13% fly ash, > 6% limestone, and between 0 and 1% minor components. 
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sequent computational modeling requirements. Modeling was performed using the 
ABAQUS software focused on analyzing RCC shrinkage in pavements under various cli-
matic conditions and vehicular loads at corners. The following tests were performed: 
• A moisture content test; 
• A free shrinkage strain test; 
• A compressive strength test; 
• A flexural strength test; 
• An elastic modulus test. 

These tests were carried out after curing the RCC mix submerged in water for 90 days 
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intervals of 0, 1, 4, 7, 14, 28, 42, 56, 70, 84, and 90 days. Three specimen replicates were 
employed per ambient condition. 

Figure 1. Relative humidity (RH), temperature (T), and g of water vapor/kg of air behavior.
Source: [32].

2.1. Materials and Laboratory Tests

The investigation was carried out using a standard RCC pavement mix. This mix had
an optimum moisture content (OMC) of 5.65% [33] and a maximum dry density (Mdd)
of 2.583 g/cm3, determined with a Proctor compaction test (ASTM D1557-12) [34]. The
aggregates used were of the limestone type, with a specific gravity of 2.775 (ASTM C128-15)
(ASTM. ASTM C127-15) [35,36] and an absorption of 0.472%, and complied with the particle
size distribution specified in the PCA construction standards [37–39] (Figure 2).
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Figure 2. Gradation for roller-compacted concrete (RCC) pavement.

The cement was a Portland composite (CEM II/A-M (L-V 42.5 R)) [40,41], constituted
of >80% clinker, <13% fly ash, >6% limestone, and between 0 and 1% minor components.

The laboratory tests were carried out (as shown in Figure 3), complying with the
subsequent computational modeling requirements. Modeling was performed using the
ABAQUS software focused on analyzing RCC shrinkage in pavements under various
climatic conditions and vehicular loads at corners. The following tests were performed:

• A moisture content test;
• A free shrinkage strain test;
• A compressive strength test;
• A flexural strength test;
• An elastic modulus test.
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Figure 3. Laboratory procedures.

These tests were carried out after curing the RCC mix submerged in water for 90 days
and then subjecting it to various climatic conditions for different periods of exposure with
intervals of 0, 1, 4, 7, 14, 28, 42, 56, 70, 84, and 90 days. Three specimen replicates were
employed per ambient condition.

Following the laboratory procedures, specimens with dimensions of 100 mm × 300 mm
× 300 mm were fabricated following a series of well-defined steps:

• The preparation of the molds;
• The preparation of the RCC mix;
• Compaction in two equal phases, with 1 min consolidation per layer, totaling at

4 min with the maneuvers. The compaction was performed using a plate compactor
(Universidad de Granada, Spain) with a contact surface equal to the mold [42,43].

Once the RCC mixture reached the desired consistency, the specimens were subjected
to a curing period underwater at a temperature of 23 ± 2 ◦C for 90 days [20,21,44]. Subse-
quently, they were placed in various controlled ambient conditions that maintained specific
relative humidity and temperature levels according to the required time intervals.

The moisture content [44,45] (Figure 4) of each specimen was determined with a
gravimetric test at intervals of 0, 1, 4, 7, 14, 28, 42, 56, 70, 84, and 90 days in replicates of three
samples for each ambient condition. This measurement was performed on 10 mm thick
pieces (now categorized as thin sections) cut from cubes (100 mm × 100 mm × 100 mm)
obtained from specimens of 100 mm × 300 mm × 300 mm. Therefore, the procedure
continued with the following steps: (1) The thin section was weighed. (2) The thin section
was sealed with gray American adhesive tape on the four sides, the top and bottom faces
remaining free. (3) The thin section was weighed with gray American adhesive tape. (4) The
remaining 10 mm high section was sealed with gray American adhesive tape on five sides,
except the top surface, as it has to be in contact with the bottom side of the thin section.
(5) The two parts of the cube were joined together with yellow polyvinyl tape to keep it as
a complete cube and to allow regular moisture content transit. Ayano et al. [46] conducted
a study on the impact of voids on moisture transfer in sliced specimens. They compared
the moisture diffusion coefficient between a stack of these sliced specimens and a solid
sample, concluding that the effect of the gap between the slices is minimal. (6) The cubes
were placed in climatic chambers (Universidad de Granada, Spain). (7) The cubes were
removed from the climatic chambers to measure the weight of the thin sections. For this
purpose, the yellow polyvinyl tape was removed, and the weights of the thin sections were
registered. (8) The pieces were then retaped with new tape and placed in the chambers
again. (9) The steps from point 7 were repeated until the measurement on day 90 was
completed. (10) Then, after point 9, the weights of the thin sections were measured without
American gray adhesive tape. (11) The thin sections were dried in an oven at 110 ◦C
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(INDELAB, Spain) until they reached a constant weight. (12) Finally, the daily moisture
content (C(xi − t)) in the thin sections was calculated according to Equation (1), as follows:

C(xi − t) =

1 − (Mti − Mt(i − 1))

p ∗
(

Woi−W f i
p∗hi

)
∗ hi

 (1)
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The difference between the initial weight (Mti) (corresponding to day zero) and the
weight measured on a specific day was calculated (Mt(i − 1)). Subsequently, this difference
was divided by the product of three factors:

(i) The density of the thin section (p);
(ii) The difference between the weight of the untaped thin section at day zero (Woi) and

day 90 (W f i), divided by the multiplication of the density (p) and thickness (hi) of the
thin section;

(iii) The thickness of the thin section (hi).

The result of this division was subtracted from a value of 1 (1 represents 100% satura-
tion) (Equation (1)).

Shrinkage beams (Figure 5) (ELE International, Milton Keynes, UK) (ASTM C157/C157M-
17) [47] were obtained by cutting specimens with dimensions of 100 mm × 100 mm × 285 mm
from specimens of 100 mm × 300 mm × 300 mm. As in the case of the cubes, they were
subjected to controlled relative humidity and temperature conditions, as illustrated in
Figure 5. However, in this case, the beams were only sealed on the sides to allow their
computational modeling without being affected by surface stresses and internal compres-
sions, as described in the drying process [20,21,44]. This methodology proved crucial to
accurately measuring the strain due to shrinkage.
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The measurement time intervals were consistent with those applied to the cubes
concerning their moisture content. The test procedure comprised the following steps:

• Measure the displacement of the beams with the frame fixed;
• Place the beams in the climatic chambers;
• Remove the beams from the climatic chambers to measure their displacement;
• Reposition the beams in the climatic chambers.

These steps were repeated at intervals of 0, 1, 4, 7, 14, 28, 42, 56, 70, 84, and 90 days.
Once these measurements were completed, the daily strain due to shrinkage was calculated
by taking the difference between the height of the beam in the wet state and also in the dry
state and dividing this value by the original dimensions of the beam in the wet state.

Compression tests (Ibertest, Madrid, Spain), as shown in Figure 6, were carried
out using cubes (100 mm × 100 mm × 100 mm) that were obtained from cutting slabs
(100 mm × 300 mm × 300 mm) (ASTM C39/C39M-21) (BS EN 12390-3:2019-TC) [48,49].
The test procedure was developed as follows:

• The cubes were placed in climatic chambers for 90 days;
• They were subjected to a compression test in a universal machine (Universidad de

Granada, Spain) with a loading rate of 0.25 MPa/s;
• The compressive strength was determined using the maximum load in the con-

tact zone.
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As depicted in Figure 7 (ASTM C78/C78M-21) [50], the modulus of rupture and
flexural elasticity were evaluated in specimens subjected to shrinkage tests. A universal
machine (Universidad de Granada, Spain) with a center point loading device and a fixed
support and roller system was used. The beams were tested at a loading rate of 0.02 MPa/s.
Calculations for these parameters were based on:

• The modulus of rupture for the maximum load, considering the distance from the
support to the plane of break and the transverse dimensions of the beams;

• The elastic modulus for the load, considering the span, the transverse dimensions, and
the strain in the lower fibers of the beams.
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2.2. Computational Modeling of Laboratory Tests

The moisture content test results were analyzed using back-calculation solid finite
element computational models (Figure 8). The finite element used in the research was a
finite brick element (DC3D8) with three degrees of freedom per node (UX, UY, and UZ)
and an eight-node linear heat transfer brick. Furthermore, the material was represented
with the constitutive thermal modeling. The modeling consisted (Figure 9) of the following:
(1) A cube (100 mm × 100 mm × 100 mm) with a 3D modeling space of a deformable
type and with a solid shape was created; (2) the material behaviors were selected; (3) in
the steps manager section, the initial, as well as the heat transfer (transient), procedures
were selected; (4) in the step editing section, a 90-day interval and size increase were
defined; (5) the configuration of the output field request manager was performed; (6) the
sink temperature interaction and film coefficient on the surface accessible to the cube
ambient was applied; (7) the loading was set to represent an initial saturation of 100%;
(8) the mesh was established to define the element type, shape, and technique; (9) the job
was set for data checking and submission; and (10) finally, the results were established to
determine the temperature (equivalent to the moisture content) in relation to time. The
procedure was repeated until results similar to those registered in the laboratory were
obtained. Therefore, the calibration was developed by changing the material properties,
specifically the temperature and conductivity. These variables represented the moisture
content and moisture diffusivity [51], respectively.
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Figure 9. Computational modeling of the moisture content test.

Based on the laboratory results of the drying shrinkage test beams, back-calculation
models were performed to calculate the hygral contraction coefficients [21]. The finite
elements used in the research were (i) a finite brick element (DC3D8) [52] with three
degrees of freedom per node (UX, UY, and UZ) and an eight-node linear heat transfer brick
and thermal constitutive modeling, and (ii) a finite brick (C3D8) with three degrees of
freedom per node (UX, UY, and UZ), an eight-node linear brick, and constitutive modeling
of concrete damaged plasticity (CDP) [53]. The modeling consisted (Figure 10) of the
following: (1) The beam model with the properties of moisture diffusivity and moisture
content, calculated in the computational model of the moisture content test, was initially
created; (2) for the mechanical modeling, the beam with a 3D modeling space, deformable
type, and solid shape was chosen; (3) the material behaviors were selected; (4) in the steps
manager section, the initial as well as the static and general procedures were included;
(5) in the step editing section, an interval of 90 days and the size increase were defined;
(6) the configuration of the output field request manager was carried out; (7) the loading
was set to represent an initial saturation of 100%, the boundary conditions (Figure 11),
the support system adjusted to how the beam shrinkage measurement framework test
works, and the moisture content development over 90 days; (8) the mesh was established
to define the element type, shape, and technique; (9) the job was set for data checking and
submission; and (10) the results were set to establish the strain (equivalent to the shrinkage
strain) concerning time.

The procedure was repeated as many times as necessary until results similar to those
recorded in the laboratory were obtained. Therefore, the calibration was developed by
changing the material properties, specifically the expansion coefficient and temperature.
These variables represented the hygral contraction coefficients and moisture content.
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method (FEM).

2.3. Computational Modeling and Validation of RCC Pavement Results

An investigation was carried out in the field of RCC pavements, involving a structure
composed of a subgrade, base, and RCC layer, with the specific thicknesses detailed in
Table 1. It is essential to mention that the boundary condition for the subgrade was
considered semi-infinite. In Table 1, information about the elastic modulus of the base, the
foundation stiffness per subgrade area [54], Poisson’s ratio (which has no significant impact
on the pavement behavior) [55], and the thicknesses of the structure are provided.

Also, the RCC layer was designed with a rectangular shape based on previous re-
search [21], with planar dimensions of 3.4 m × 20 m, a width that is common in both the
United States [56] and Europe [57] and a length that was selected to consider the continuous
behavior of the RCC pavement, as illustrated in Figure 12.
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Table 1. Thicknesses, foundation stiffness per area, elastic modulus, and Poisson’s ratio of the
roller-compacted concrete (RCC) pavement.

Layer Thickness, m Foundation Stiffness per Area, MPa/m Elastic Modulus, MPa Poisson’s Ratio

RCC 0.20 - 49,779 to 52,526 * 0.18
Base 0.15 - 8000 0.30

Subgrade Semi-infinite 60 - -

* The specific value for each mixture is shown in Figure 13.
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Figure 13. Displacement–load curves and elastic moduli of the roller-compacted concrete material
subjected to various ambient conditions.

Laboratory tests obtained the displacement–load curves and the elastic modulus and
represented the mechanical behavior of the RCC mixture. The conclusions derived from
these results are presented in the results section.

In a further approach, the RCC pavement behavior was modeled considering both
conditions, i.e., with and without the influence of the ambient conditions. Corner loading



Infrastructures 2024, 9, 22 12 of 26

was applied, as this is one of the most critical design conditions for RCC pavements. Based
on pavement history and development, this study implemented the following vehicle
loading configuration: a design axle of 80 KN US (using half of the axle at the pavement
corner), a uniformly distributed contact pressure of 0.700 MPa, a rectangular contact area
of 0.120 m × 0.240 m, and a tire spacing of 0.240 m.

A computational model of the RCC pavement was proposed to address this research,
considering the drying moisture content and the free shrinkage strain calculated in back
calculations. A constitutive model incorporating heat transfer (HT) and concrete-damaged
plasticity (CDP) was applied to develop the moisture content and vehicular loading [53].

Once the models were completed, statistical methods were applied as an alternative
to verify the results obtained, seeking to determine if there were significant differences in
the maximum principal stress of the pavement as a function of different relative humidity
and temperature values. As a starting point, an exploration was carried out to determine if
the data complied with the assumptions of normality and the homogeneity of variances.
This was performed using the Kolmogorov–Smirnov test [58], which especially applied to
samples comprising more than 50 data per group.

The test for normality and the homogeneity of variances was based on the null hypoth-
esis, which states that the values follow a normal distribution, implying that the population
means are equal. Otherwise, the alternative hypothesis was considered.

When the data met the assumptions of a normal distribution and homogeneous
variance, a two-factor ANOVA test [59] was used as the definitive method to determine
if there were significant differences between groups. If not, the Kruskal–Wallis rank-
sum test [60,61] was used, complemented with the Mann–Whitney post hoc test [62] as a
subsequent analysis. The latter was used when there were more than two independent
samples, non-homogeneous variances, and a non-normally distributed population.

The Mann–Whitney post hoc test was used to compare pairs of ambient conditions,
and its null hypothesis stated that there were no significant differences between the two
ambient conditions. This hypothesis was rejected if the significance value exceeded the
0.05 threshold.

3. Results and Discussion
3.1. Laboratory Results

Figure 13 shows the displacement–load curves and elastic moduli of the flexural
strength test for each ambient condition of the RCC material. The results obtained were
similar in behavior for each ambient condition since the graphs presented a constant
behavior from the beginning until the end of the failure. Furthermore, the elastic moduli,
i.e., the slopes, showed slight differences, marginally lower in samples subjected to dry
curing than those cured in wet conditions, exhibiting variations of approximately 5% under
different ambient conditions. These results suggest that a reduction in relative humidity and
temperature moderately affects the properties of RCC. Finally, the results pertain to mixes
with compressive strengths of 80.94, 77.23, and 80.22 MPa. These strengths were determined
using compression tests conducted in ambient conditions of 85% relative humidity at 25 ◦C,
10% relative humidity at 40 ◦C, and 20% relative humidity at 25 ◦C, respectively.

Figure 14 shows the results of the evolution of moisture content versus days of curing
for the wet and dry ambient cases (i.e., at different temperatures and relative humidi-
ties). Specifically, differences of up to 80% were observed between wet and dry ambient
conditions. Additionally, compared with the intermediate condition (reference or typical
values), the percentage of variation was 26% for wet conditions and 50% for dry. Also, the
influence of any ambient condition was accentuated in the first days, but after 50 days,
stable behavior was registered. The results show an essential effect on the material because
the study found three moisture content behaviors over 90 days. Accordingly, the influence
of the stresses of the material on the RCC pavement was established and is presented and
discussed in the following sections. Finally, essential consonances were obtained with pre-
vious studies [20,44], as was the case for the intermediate condition, since they maintained
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similar behaviors for each situation studied and demonstrated the adequacy and similarity
of the results measured in this research and the effect in each ambient condition.

Infrastructures 2024, 9, x FOR PEER REVIEW 13 of 26 
 

3. Results and Discussion 
3.1. Laboratory Results 

Figure 13 shows the displacement–load curves and elastic moduli of the flexural 
strength test for each ambient condition of the RCC material. The results obtained were 
similar in behavior for each ambient condition since the graphs presented a constant be-
havior from the beginning until the end of the failure. Furthermore, the elastic moduli, 
i.e., the slopes, showed slight differences, marginally lower in samples subjected to dry 
curing than those cured in wet conditions, exhibiting variations of approximately 5% un-
der different ambient conditions. These results suggest that a reduction in relative humid-
ity and temperature moderately affects the properties of RCC. Finally, the results pertain 
to mixes with compressive strengths of 80.94, 77.23, and 80.22 MPa. These strengths were 
determined using compression tests conducted in ambient conditions of 85% relative hu-
midity at 25 °C, 10% relative humidity at 40 °C, and 20% relative humidity at 25 °C, re-
spectively. 

Figure 14 shows the results of the evolution of moisture content versus days of curing 
for the wet and dry ambient cases (i.e., at different temperatures and relative humidities). 
Specifically, differences of up to 80% were observed between wet and dry ambient condi-
tions. Additionally, compared with the intermediate condition (reference or typical val-
ues), the percentage of variation was 26% for wet conditions and 50% for dry. Also, the 
influence of any ambient condition was accentuated in the first days, but after 50 days, 
stable behavior was registered. The results show an essential effect on the material because 
the study found three moisture content behaviors over 90 days. Accordingly, the influence 
of the stresses of the material on the RCC pavement was established and is presented and 
discussed in the following sections. Finally, essential consonances were obtained with pre-
vious studies [20,44], as was the case for the intermediate condition, since they maintained 
similar behaviors for each situation studied and demonstrated the adequacy and similar-
ity of the results measured in this research and the effect in each ambient condition. 

 
Figure 14. Experimental (Exp) moisture profiles with different relative humidity and temperature 
values for wet and dry ambient conditions. 1 [20]; 2 [21]. 

Figure 14. Experimental (Exp) moisture profiles with different relative humidity and temperature
values for wet and dry ambient conditions. 1 [20]; 2 [21].

Figure 15 shows the results of the evolution of free shrinkage strain versus days of
curing for the wet and dry ambient conditions (at different temperatures and relative
humidities). The shrinkage due to drying was identical at the beginning for each ambient
condition up to day 7. Then, the dry conditions separated from the wet ones by approxi-
mately 52%. Subsequently, the dry condition with 10% RH at 40 ◦C stabilized and separated
from the 20% RH at 25 ◦C on day 42, establishing a variation of up to 30%. This last finding
determined that the temperature over 90 days was the variable with the most significant
influence on drying shrinkage because the water content per kilogram of air was similar in
all the dry conditions in this study. This phenomenon is attributed to a more pronounced
development of shrinkage at the onset, as evidenced in Figure 15, consistent with previous
findings by Gholami et al. [19] and Saluja et al. [13]. These studies indicate that early drying
exposure significantly impacts shrinkage strain development. However, it must be noted
that mixes of RCC for pavements, following a 90-day curing period submerged underwater
and exposure to the environment for another 90 days, tend to stabilize in a shorter period at
higher temperatures. This behavior suggests a potential for expansion, a topic that warrants
further study.

After 90 days, the wet conditions of 85% RH at 25 ◦C and dry conditions of 20% RH at
25 ◦C began to stabilize, showing a variation of 64%. This allowed recording that all the
ambient conditions studied varied between 25 and 30%. Therefore, this study determined
that the moisture content and drying shrinkage acting on the material according to the
climatic record changed after seven days and reached stability from 42 to 90 days.



Infrastructures 2024, 9, 22 14 of 26

Infrastructures 2024, 9, x FOR PEER REVIEW 14 of 26 
 

Figure 15 shows the results of the evolution of free shrinkage strain versus days of 
curing for the wet and dry ambient conditions (at different temperatures and relative hu-
midities). The shrinkage due to drying was identical at the beginning for each ambient 
condition up to day 7. Then, the dry conditions separated from the wet ones by approxi-
mately 52%. Subsequently, the dry condition with 10% RH at 40 °C stabilized and sepa-
rated from the 20% RH at 25 °C on day 42, establishing a variation of up to 30%. This last 
finding determined that the temperature over 90 days was the variable with the most sig-
nificant influence on drying shrinkage because the water content per kilogram of air was 
similar in all the dry conditions in this study. This phenomenon is attributed to a more 
pronounced development of shrinkage at the onset, as evidenced in Figure 15, consistent 
with previous findings by Gholami et al. [19] and Saluja et al. [13]. These studies indicate 
that early drying exposure significantly impacts shrinkage strain development. However, 
it must be noted that mixes of RCC for pavements, following a 90-day curing period sub-
merged underwater and exposure to the environment for another 90 days, tend to stabi-
lize in a shorter period at higher temperatures. This behavior suggests a potential for ex-
pansion, a topic that warrants further study.  

After 90 days, the wet conditions of 85% RH at 25 °C and dry conditions of 20% RH 
at 25 °C began to stabilize, showing a variation of 64%. This allowed recording that all the 
ambient conditions studied varied between 25 and 30%. Therefore, this study determined 
that the moisture content and drying shrinkage acting on the material according to the 
climatic record changed after seven days and reached stability from 42 to 90 days. 

 
Figure 15. Evolution of the experimental (Exp) free shrinkage strain of the roller-compacted concrete 
material under different wet and dry ambient conditions. 

3.2. Validation of the Laboratory Computational Models 
According to the laboratory results and the finite element computational modeling, 

Figure 16 presents the evolution of the moisture content versus days of curing for wet and 
dry ambient conditions. The graphs show an essential similarity as the numerical curves 
attempt to fit over the experimental ones, determining that the validation was successful. 
Therefore, the 85% RH at 25 °C condition was the best for the computational model cali-
brated in the investigation because it was equal to the experimental one. The curves of 
20% RH at 25 °C and 10% RH at 40 °C were comparable in the first days. However, they 
separated slightly until they became stable after 90 days, determining a variation of 2 to 

Figure 15. Evolution of the experimental (Exp) free shrinkage strain of the roller-compacted concrete
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3.2. Validation of the Laboratory Computational Models

According to the laboratory results and the finite element computational modeling,
Figure 16 presents the evolution of the moisture content versus days of curing for wet
and dry ambient conditions. The graphs show an essential similarity as the numerical
curves attempt to fit over the experimental ones, determining that the validation was
successful. Therefore, the 85% RH at 25 ◦C condition was the best for the computational
model calibrated in the investigation because it was equal to the experimental one. The
curves of 20% RH at 25 ◦C and 10% RH at 40 ◦C were comparable in the first days. However,
they separated slightly until they became stable after 90 days, determining a variation of
2 to 3%, respectively. These results agree with those found in state-of-the-art studies [44]
because the reference measurement (40% RH at 25 ◦C) obtained up to 9% variation in the
first days. Then, after 42 days, the numerical and experimental results were equal.

These results allowed the analysis of how ambient conditions affect moisture content
and its interaction with drying shrinkage, which, in turn, contributes to understanding
pavement stresses and their impact when subjected to vehicle loading.

Figure 17a–c illustrates the moisture content distribution at 90 days in two different
ambient conditions: wet (85% RH at 25 ◦C) and dry (20% RH at 25 ◦C and 10% RH at 40 ◦C).
In Figure 17a, the surface moisture content in the wet ambient condition coincides with
the experimental conditions, registering at 86%. In contrast, in Figure 17b,c, the moisture
content ranges between 16 and 25% under dry conditions. These data reveal a significant
change in the moisture distribution at depths of 10 to 15 mm in dry ambient conditions,
where values range between 10 and 15%. In addition, when varying the moisture content
of the curing ambient condition, the change was 5%. Consequently, it is concluded that
the relationship between relative humidity and temperature in wet conditions had a lower
impact compared with a dry ambient condition.
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Figure 17. Moisture content after 90 days for cubes of 100 mm × 100 mm × 100 mm: (a) ambient
condition of 85% RH and 25 ◦C; (b) ambient condition of 20% RH and 25 ◦C; and (c) ambient condition
of 10% RH and 40 ◦C.

Figure 18 exhibits the evolution of the free shrinkage strain over the days of curing
from an experimental and numerical perspective for wet and dry ambient conditions. The
finite-element-based computational modeling curves resemble those obtained experimen-
tally, concluding that the models were validated satisfactorily. In particular, the ambient
conditions with 85% RH and 25 ◦C showed an optimal calibration curve, practically coin-
ciding with the experimental data. Moreover, the curves corresponding to 20% RH and
25 ◦C were almost identical during the first days, with an overall variation of 4%. On the
other hand, the curves corresponding to 10% RH and 40 ◦C presented a slight variation of
up to 7% from the beginning until day 56. Then, they maintained constant stability until
the last measurement day, showing consistent behavior.
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Figure 18. Evolution of the numerical (employing the finite element method (FEM)) and experimental
free shrinkage strain under different relative humidity and temperature conditions.

Overall, the results of the shrinkage strain due to drying indicate that the material
responds significantly to ambient conditions. Furthermore, its interaction with the moisture
content is evident since the models agree remarkably well with the experimental data.

Figure 19a–c represents the strain distribution due to free shrinkage over a 90-day
period along axis 3 of the beam center, which coincides with the z-direction of the model for
three different ambient conditions: wet (85% RH and 25 ◦C) and dry (20% RH and 25 ◦C,
and 10% RH and 40 ◦C). In the wet ambient conditions (Figure 19a), the strain due to free
shrinkage was more significant in the center of the section, extending along the beam until
day 90. In contrast, when cured in dry conditions (Figure 19b,c), a uniform behavior was
detected throughout the specimen after 90 days of exposure under this ambient condition.
This result coincides with the ones expressed in Figures 16 and 18, where the moisture
content and shrinkage strain stabilize after 90 days. Between the 20% RH and 25 ◦C and 10%
RH and 40 ◦C conditions, there was no significant change in the strain distribution due to
shrinkage along the beam. However, a considerable change was observed in the shrinkage
log, reaching a variation of 30%. On the other hand, in the curing ambient conditions with
85% RH and 25 ◦C, the difference was manifested at the end of the beam, registering a
change of up to 64% compared with dry conditions. Consequently, the relationship between
relative humidity and temperature in dry conditions exerts a more significant effect than in
wet ambient conditions.
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Figure 19. Shrinkage strain after 90 days for beams of 100 mm × 100 mm × 285 mm: (a) ambient
condition of 85% RH and 25 ◦C; (b) ambient condition of 20% RH and 25 ◦C; and (c) ambient condition
of 10% RH and 40 ◦C.

3.3. Computational Modeling and Results Validation Using Inferential Statistics
3.3.1. Model of Behavior under Corner Loading

Figures 20–22 illustrate the behavior of RCC pavements subjected to corner loading
over a one-year analysis, both with and without considering the effect of the ambient
conditions. In each figure, the maximum principal stresses are presented. These are related
to the maximum inelastic principal strain of the pavement, i.e., cracking.

Figures 20a, 21a and 22a show that the stress distribution was uniform throughout
the pavement, except for the areas around the corner loads when the ambient impact was
not considered. However, the stress distribution varied along the pavement surface when
considering climatic conditions (Figures 20b, 21b and 22b). The stresses at the corners of
the pavement were found to experience variations of 8.452% at 85% RH and 25 ◦C, 9.550%
at 10% RH and 40 ◦C, and 9.577% at 20% RH and 25 ◦C.

Therefore, it is evident that by not considering the influence of the ambient surround-
ings, there was an annual increase in the maximum principal stresses, agreeing with the
analyses and reflections of various authors [63], especially in working situations under
conditions of 40% RH and 25 ◦C [20].
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Figure 20. Maximum principal stress (MPa) of the pavement under corner loading (a) without being
subjected to ambient conditions of 85% RH and 25 ◦C and (b) being subjected to ambient conditions
of 85% RH and 25 ◦C.

3.3.2. Influence of the Curing Time

Figure 23 presents the evolution of the maximum principal stress in the pavement
after applying a corner load throughout the curing period, considering ambient and no
ambient conditions. The results show remarkable differences in the pavement stresses
when no vehicle load was used, with increases of up to 158 times in the 85% RH and
25 ◦C conditions, 220 times in the 20% RH and 25 ◦C conditions, and an increase of up to
209 times in the 10% RH and 40 ◦C conditions.

However, it is relevant to note that these stress increases were reduced when the vehicle
load was applied at the corner of the pavement, registering an increase factor of 1.10 under
the influence of the ambient conditions. This is because the loading at the corner acts in
the opposite direction to the shrinkage caused by the drying of the material. Therefore,
this study reveals that the pavement is impacted before a vehicular load is applied on the
corner. Furthermore, simultaneous loading in this area significantly decreased the stresses
that could lead to pavement failure.
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Figure 21. Maximum principal stress (MPa) of the pavement under corner loading (a) without being
subjected to ambient conditions of 20% RH and 25 ◦C and (b) being subjected to ambient conditions
of 20% RH and 25 ◦C.
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Figure 23. Numerical maximum principal stress of the pavement under corner loading subjected to
different relative humidity and temperature conditions employing the finite element method (FEM).

Figures 20–22 illustrate the behavior of RCC pavements subjected to corner loading
over a one-year analysis, with and without considering the effect of the ambient condi-
tions. In each figure, the maximum principal stresses are presented and are related to the
maximum inelastic principal strain of the pavement, i.e., cracking.

Additionally, Figure 23 highlights that when subjected to ambient loads, pavement
stresses experience a significant effect as the curves depart from non-ambient conditions.
This observation was supported by the Kruskal–Wallis analysis, which showed that the
p-values were less than 0.05, as detailed in Tables 2 and 3. However, the results differed
when comparing the curves under ambient conditions, as they showed similarities. This
finding was confirmed by the Kruskal–Wallis and Mann–Whitney post hoc tests, where the
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p-values were found to be more significant than 0.05, as detailed in Tables 4 and 5, indicating
that no appreciable effect was observed between the different ambient conditions.

Table 2. Kolmogorov–Smirnov normality test for maximum principal stress in a pavement under
corner loading with or without relative humidity and temperature conditions.

With or without Relative Humidity
and Temperature Conditions p-Value Only p-Values > 0.05 Have a

Normal Distribution

With 85% RH, 25 ◦C 2.2 × 10−16 No
Without 85% RH, 25 ◦C 1.125 × 10−14 No

With 20% RH, 25 ◦C 1.162 × 10−10 No
Without 20% RH, 25 ◦C 1.17 × 10−14 No

With 10% RH, 40 ◦C 3.803 × 10−11 No
Without 10% RH, 40 ◦C 1.173 × 10−14 No

Table 3. Kruskal–Wallis rank-sum test of maximum principal stress results in pavement.

Source of Variation Chi-Squared Degrees
of Freedom p-Value

Significant Difference
(Only p-Values < 0.05

Are Significant)

Maximum principal stress from 0 to
728 days with or without relative humidity
of 85% and temperature of 25 ◦C

6.1184 1 0.01338 Yes

Maximum principal stress from 0 to
728 days with or without relative humidity
of 20% and temperature of 25 ◦C.

8.6954 1 0.00319 Yes

Maximum principal stress from 0 to
728 days with or without relative humidity
of 10% and temperature of 40 ◦C

7.3343 1 0.006765 Yes

Table 4. Kruskal–Wallis rank-sum test of maximum principal stress results in pavement under
corner loading.

Source of Variation Chi-Squared Degrees
of Freedom p-Value Significant Difference

(Only p-Values < 0.05 Are Significant)

Maximum principal stress
from 0 to 364 days 1.7387 2 0.4192 No

Table 5. Post hoc Mann–Whitney test of maximum principal stress results in pavement under
corner loading.

Relative Humidity and Temperature 10%, 40 ◦C 20%, 25 ◦C

20%, 25 ◦C 0.81 -
85%, 25 ◦C 0.81 0.81

Therefore, the results suggest that analyzing and designing an RCC pavement with an
intermediate condition is possible, implying a 200-fold increase in stresses due to shrinkage
and a 1.10-fold increase under vehicular loads at the corner, with findings that agree with
previous research [21].

4. Conclusions

The current investigation evaluated the effects of relative humidity and temperature on
the drying shrinkage of roller-compacted concrete (RCC) pavements subjected to vehicular
loading. For this purpose, moisture content and drying shrinkage tests were performed
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for 90 days. In addition, from the experimental results, calibrated models were developed
using the finite element method. Also, a pavement stress analysis was carried out using
inferential statistics. From the results obtained, the following conclusions are drawn:

• This study validates the effectiveness of finite element method models in accurately
replicating moisture content and drying shrinkage curves, staying within standard
limits (10% for moisture content and 7% for drying shrinkage). This outcome is crucial
for understanding how relative humidity and temperature impact roller-compacted
concrete used in pavements under typical ambient conditions.

• This study revealed that in dry conditions, temperature has a more significant influence
than in wet conditions. This is due to the stabilization of the shrinkage curve after
56 days of curing in an ambient condition with 10% relative humidity and 40 ◦C, in
contrast with an ambient condition with 20% relative humidity and 25 ◦C. Thus, this
coincides with the moisture stabilization time, which is also 56 days.

• Ambient effects are crucial in analyzing maximum stresses in pavements: stress
increases by a factor of 1.10 with vehicular load and ambient conditions but escalates
to 158 times in wet conditions and 220 times in dry conditions with ambient factors
alone. Therefore, vehicular load mitigates the impacts of shrinkage and moisture.

• In practice, it is feasible to design roller-compacted concrete pavements for interme-
diate ambient conditions, as no significant differences were found between wet and
dry ambient conditions. The designs should consider a 1.10 increase in stress due to
vehicular loading at the corners of the pavement.
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CEM II/A-M Portland composite cement
E Flexural elasticity
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FEM Finite element method
GGBF Ground granulated blast furnace
Mdd Maximum dry density
Mr Modulus of rupture
OMC Optimum moisture content
RCC Roller-compacted concrete
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