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Abstract: Roller-compacted concrete (RCC) for pavements has experienced problems with its physical-
mechanical performance over extended periods due to ambient and in situ curing conditions. Ac-
cordingly, this study aimed to present multiple regression equations for calculating the physical-
mechanical properties of RCC for pavements under different service and mix conditions. For this
purpose, the research included two cement and two water contents, one reduced with admixture,
and four combinations of temperature and relative humidity. For model calibration and definition of
the equations, cubic and beam samples were fabricated to carry out physical-mechanical tests, such
as moisture content, shrinkage, and modulus of rupture. Laboratory-obtained data were studied
with the Response Surface Methodology (RSM) to determine the best regression equations. The main
findings determined that the behavior of a mixture of RCC at a prolonged ambient exposure time
is possible because the surface models and the RSM were consistent with the different service and
mix conditions. The models showed an accuracy of 98.99% in detecting shrinkage changes from
12 to 16% cement with 5.65% water in dry to wet ambient conditions. Similarly, moisture content
and modulus of rupture had a 98.27 to 98.88% fit. Finally, the drying shrinkage, with mixes of 12%
cement and water content variations with water-reducing admixture and superplasticizer effects, had
an adjustment of 94.87%.

Keywords: response surface methodology; water vapor per kilogram of air; physical-mechanical
properties; roller-compacted concrete pavement mixes

1. Introduction

Pavements have undergone significant technological advances in evaluating their
performance under diverse conditions, such as varying vehicle loads, speeds, material
quality, subgrade type, and specific ambient conditions. These advances include capabilities
such as self-repair, recording of vehicle data (i.e., speed and load) [1], and integration with
autonomous and electric vehicles.

In addition, valuable tools have been developed for road managers, builders, and civil
engineers, enabling more efficient and accurate inspections of road surfaces [2]. These tools
use three-dimensional scans and semi-automated approaches to assess the condition of
road surfaces both qualitatively and quantitatively [3].

On the other hand, methodologies to evaluate pavement structure by non-destructive
deflection testing have been established [4]. Pavement sizing methodologies based on
performance criteria have also been developed to identify the development of deteriora-
tion over time from a structural perspective and to evaluate the functional condition of
pavements [5,6]. These approaches consider annual pavement-related costs, such as design,
construction, maintenance, restoration, reinforcement, recycling, and reconstruction [7–9].

Materials 2024, 17, 549. https://doi.org/10.3390/ma17030549 https://www.mdpi.com/journal/materials

https://doi.org/10.3390/ma17030549
https://doi.org/10.3390/ma17030549
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/materials
https://www.mdpi.com
https://orcid.org/0000-0001-6924-7034
https://orcid.org/0000-0003-3756-7556
https://doi.org/10.3390/ma17030549
https://www.mdpi.com/journal/materials
https://www.mdpi.com/article/10.3390/ma17030549?type=check_update&version=1


Materials 2024, 17, 549 2 of 19

In addition, more environmentally friendly construction methods have been implemented,
contributing to the sustainability of roads by reducing the generation of pollutants [10].

As a trend observed worldwide, many countries have shown interest in implementing
roller-compacted concrete (RCC) pavements, adopting this category in various construction
applications. Among these, ports, intermodal facilities [11,12], heavy industrial areas,
light industrial areas, airport service areas, arterial streets, local streets, road widening or
over-widening, berms [13], lumber facilities, composting sites, and storage yards have been
highlighted as the most adequate for RCC incorporation. This preference suggests that
these areas are considered vital or conducive for RCC use.

Multilayer pavement systems for high-speed roads, an important category in road
construction, are not the specialty of RCC due to the need for further studies on various
crucial factors. Among these, improving the texture and roughness of roller-compacted
concrete pavement (RCCP) related to skid resistance and noise, among other aspects [14,15],
is emphasized due to the limitations on the speed at which vehicles can circulate. This
consideration favors different structures, such as flexible pavements, because they provide
greater adherence to the running surface. However, they may be less resistant to static
loads, low speeds [16], and extreme climates [17–20].

RCC mixtures for pavements offer different advantages, such as a more sustainable
alternative [21] to traditional concrete pavements, as these require less cement [22] and
can incorporate recycled materials [23,24]. These further contribute to the carbon footprint
reduction policy of greater ambient sustainability [25]. However, their applicability reaches
a slightly lower level of popularity than flexible pavements, as they still require further
research on their resistance to cracking and their performance against short- and long-term
climatic conditions [26,27].

In this context, advanced methodologies have been explored to analyze the impact of
RCC pavement under varying curing conditions, primarily focusing on the relationship
between temperature, compressive strength, and shrinkage [28–30]. Previous studies
have shown that higher ambient temperatures can compromise the resistance of RCCP,
leading to reduced durability and increased susceptibility to weathering effects [31,32].
This underscores the importance of understanding the behavior of this material under
different temperature regimes and its implications for long-term performance.

Furthermore, field studies have revealed that diverse weather conditions, including
temperature fluctuations, humidity levels, and precipitation patterns, influence shrinkage
stresses. These variations in ambient conditions can lead to variable material behavior,
stressing the challenge of maintaining consistent curing conditions in real-world applica-
tions [26]. As a result, it becomes crucial to assess the impact of these dynamic ambient
factors on the performance of RCC pavement.

However, most published research has concentrated on assessing specific climatic sce-
narios, emphasizing the necessity to establish correlations between ambient conditions and
key design parameters, such as cement and water content. Their goal is to develop predictive
models that account for the complex interplay between these variables and the performance of
the material over time. Additionally, most previously published investigations have centered
on studying the response of the material after 90 days of curing submerged under water [33]
to mitigate the impact of incomplete concrete maturation and its pore suction capacity [34].
This extended curing period allows for a better understanding of how RCC pavement behaves
in its later development stages. It is essential to state that initial curing hours are equally
significant, as this is when some of the most variable and influential phenomena may occur.
Rapid changes in temperature and humidity during this early stage can substantially impact
the microstructure of the material and, consequently, its long-term behavior.

State-of-the-art methodologies have revealed that RCC pavement has problems with
its physical-mechanical behavior over extended periods due to the influence of the ambient
and field curing conditions and when proper laboratory protocols are not applied [13,26].
This is critical in determining moisture content, shrinkage, and flexural strength.
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Therefore, because of the need to correlate the parameters that govern the behavior of
RCC for pavement, mathematical and statistical models have had significant contributions,
especially the Response Surface Methodology (RSM) [35]. Currently, this methodology al-
lows for the calculation of conventional mechanical properties of concretes before manufac-
ture and material failure [36], with the addition of synthetic microfibers under freeze–thaw
conditions [37], as well as the variability of physical-mechanical properties considering
cement content and the water–cement ratio [38].

Accordingly, this research aims to propose multiple regression equations to calculate
the physical-mechanical properties [39] of RCC pavement under different service (grams
of water vapor per kilogram of air) and mix conditions (cement content [40] and water–
cement ratio [26,38]) to understand the behavior of compacted pavement concrete over
a long period and because it affects drying shrinkage from the beginning and after one
month of manufacture.

2. Materials and Methods

The methodology used in this study is comprised of two stages detailed in Figure 1:
(1) materials, samples, and testing, and (2) Response Surface Methodology (RSM) [41].
The first describes the selection of materials, manufacturing of mixtures, elaboration and
cutting of specimens, and laboratory tests, and the second refers to information processing
utilizing the RSM inferential statistics method. Figure 2 shows the ambient conditions
assessed for 90 days, which include 5, 6, 14, and 17 g of water vapor/kg of air, equivalent
in this order to 85% of relative humidity (RH) at a temperature of 25 ◦C, 70% at 25 ◦C, 30%
at 25 ◦C, and 10% at 40 ◦C.
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2.1. Materials, Samples, and Testing

This study focused on three varieties of roller-compacted concrete (RCC) intended for
paving. The purpose was to identify the optimal multiple regression equation, considering
factors such as ambient conditions, cement, and water quantities, and using a superplas-
ticizer that acts as a water reducer in the mix. The impacts of altering the cement ratio
without changing the water content and decreasing the water content through admixtures
without limiting the amount of cement were examined.

The superplasticizer MasterEase 3530 (Master Builders Solutions, Beachwood, OH,
USA) was used with dosages selected following the manufacturer’s recommendations. It
contained a percentage of water plus a minimum amount of the admixture, which was
0.5% of the cement weight.

The Portland cement used in this study was of the CEM II/A-M type, composed
of 80 to 88% clinker and 12 to 20% ground granulated blast furnace slag (GGBF), as
well as silica fume, pozzolana, fly ash, calcined shale, limestone and up to 5% of other
minor components. The cement content was determined according to the RCC literature
review [43]. In contrast, the water/cement content was established using the Proctor
method [21,44], which consisted of a roller-compacted concrete (RCC) specimen with a
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predetermined mold moisture placed in a mold in five layers. Each layer is compacted with
56 blows of a 44.48 N hammer, falling from a height of 457.2 mm, generating approximately
a compaction energy of 2700 kN-m/m³. Subsequently, the dry density of the compacted
sample is measured. This procedure is repeated with various molding moistures to plot a
curve relating these moistures to the corresponding dry densities. This curve, known as the
compaction curve, made it possible to identify the optimum moisture content (OMC) [45]
of 5.65% without admixtures and 5% with admixtures and the maximum dry density for
the compaction test from 2563 to 2610 g/cm3 (Figure 3).
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Limestone-origin aggregates were employed with an average specific gravity [46,47]
of 2.775. The specific gravities varied according to different aggregate fractions: 2.840
for 16/25, 2.805 for 10/16, 2.805 for 5.6/10, and 2.732 for 4/5.6. The total absorption
was 0.472%, with individual values of 0.460, 1.020, 0.946, and 0.153% for each fraction.
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These aggregates correspond to the granulometric range defined by the Portland Cement
Association (PCA) in 2004, as depicted in Figure 4 [48,49].
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Figure 4. Gradation for roller-compacted concrete for pavements according to PCA [48,49].

Based on the results obtained, the following parameters have been defined for each
RCC mixture, detailing their composition in Table 1:

• RCC with 12% cement [43] and a 0.47 water–cement ratio (determined according to
5.65% water/12% cement).

• RCC with 16% cement and a 0.35 water–cement ratio (established according to 5.65%
water/16% cement).

• RCC with 12% cement [43], an admixture of a superplasticizer with a water reducer,
and a 0.42 water–cement ratio (determined according to 5.0% water/12% cement).

Table 1. Roller-compacted cement (RCC) mixes.

Material W/C = 0.47
Volume (L/m3)

W/C = 0.35
Volume (L/m3)

W/C = 0.42
Volume (L/m3)

Cement 91.733 122.789 93.094
Oven dry weight of aggregates - - -

SSD weight of aggregates 767.216 735.210 778.604
Absorbed water - - -
Water at OMC - - -

Free water at OMC 126.051 127.001 112.038
Admixture - - 1.264

1.5% air 15 15 15

Total 1000 1000 1000

SSD: saturated surface-dry, OMC: optimum moisture content, W/C: water–cement ratio.

Specimens were elaborated and tested according to the procedure shown in Figure 5.
The following steps were carried out per specimen: (1) each mixture was manufactured
using a rotary mixer; (2) molds of 100 mm × 300 mm × 300 mm were built; (3) concrete was
introduced into the molds in two parts and compacted with a vibrating plate for 1 min per
layer. The entire maneuver lasted 4 min; (4) when the slabs (100 mm × 300 mm × 300 mm)
hardened, they were de-molded and cut with an electric diamond saw, obtaining cubes of
100 mm × 100 mm × 100 mm and beams of 100 mm × 100 mm × 285 mm; (5) the climatic
chambers were prepared at 5, 6, 14, and 17 g of water vapor/kg of air where they remained
for 90 days, and subsequently, moisture content, free shrinkage strain, and flexural strength
tests were performed.
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Figure 5. Testing plan.

Moisture content determination was performed according to the procedures described by
Jafarifar et al. [33] and Asad et al. [50], which are considered to be the most modern and practi-
cal approaches in moisture measurement by gravimetric techniques. The process was carried
out according to the following steps: (1) cutting the cube of 100 mm × 100 mm × 100 mm
in two sections, one with a height of 10 mm and the other with a height of 90 mm; (2) the
10-mm-high section was weighed; (3) this section was sealed with gray American heavy-duty
adhesive tape on four surfaces (the upper and lower surfaces were left free); (4) then, this
section was weighed with the gray American heavy duty adhesive tape; (5) subsequently, the
90-mm-high section was sealed with gray American heavy-duty adhesive tape on five sides,
except on the upper side, because it has to be in contact with the lower side of the 10-mm-high
section; (6) the two sections of the cube were joined with yellow polyvinyl tape; (7) when all
samples were ready, they were put into a climatic chamber (Universidad de Granada, Spain);
(8) the samples were removed from the climatic chambers after 90 days, and the 10-mm-high
section was weighed without the yellow polyvinyl tape; (9) subsequently, the 10-mm-high
sections were weighed without the American gray adhesive tape; (10) then, they were placed
in an oven (INDELAB, Spain) until they were dry, i.e., until achieving a constant weight;
(11) finally, the moisture per day was calculated as the water–weight ratio over the dry weight.
Figure 6 shows details of the procedure.
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The shrinkage tests [51] were carried out for a 90-day period, with square beam sec-
tions of 100 × 100 mm and a height of 285 mm. The procedure and calculation consisted
of the following steps: (1) the beams were sealed with gray American heavy-duty adhe-
sive tape on the lateral faces to avoid tension effects on the beam surface and internal
compression [33,52], as these are usually present in the drying process; (2) blind screws on
the lateral faces of each beam were installed; (3) the first measurement of the beams on the
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fixed frame was made with a displacement meter (ELE International, Milton Keynes, UK);
(4) the beams were then placed in the climatic chambers; (5) after 90 days, the samples were
taken out from the climatic chambers to be measured on the fixed frame with the same
displacement meter; (6) the shrinkage strain was calculated as the height of the beam in a
wet state minus the dry state over the height of the beam in a wet state using free strain
measurement equipment (ELE International, Milton Keynes, UK) observed in Figure 7.
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Finally, the modulus of rupture of the beams tested under shrinkage with a central
point loading device and a fixed support and roller system was determined [53,54]. The
test operated with a loading rate of 0.02 MPa/s, and it determined the modulus of rupture
as a function of the maximum load, the distance from the support to the failure plane, and
the transverse dimensions of the beams using flexural strength measurement equipment
(Ibertest, Madrid, Spain) observed in Figure 7.

2.2. Response Surface Methodology (RSM)

The Response Surface Methodology (RSM) [55] data were analyzed with “R-4.0.5”
software since it is a practical tool for research and has a great capacity to process informa-
tion using advanced statistical methods. The independent and dependent variables were
defined, establishing the first as the data related to cement and water vapor per kilogram of
air and the second, those determined in the laboratory, included moisture content at 10 mm
depth, modulus of rupture, and drying shrinkage of RCCP for 90 days.

The RSM used in the study was of first order (FO), first order with interaction
(FO + TWI), and pure quadratic with interaction (PQ + TWI) unique function models.
Equations (1)–(3) are the multiple regressions that are part of each model, respectively.

y = b0 + b1 × x1 + b2 × x2 (1)

y = b0 + b1 × x1 + b2 × x2 + b12 × x1 × x2 (2)

y = b0 + b11 × (x1)2 + b22 × (x2)2 + b12 × x1 × x2 (3)

where y is the response or dependent variable, x1 and x2 are the independent variables, b0
defines the interaction of the surface with the ordinate axis, and b1, b2, b12, b11, and b22 are
the partial regression coefficients. For the current study, moisture content (w10), shrinkage
strain (s), and modulus of rupture (Mr) were dependent variables; x1 and x2 were the water
vapor per kilogram of air (WA), cement content (C), or water–cement ratio (W/C).

Therefore, the steps applied to use the RSM [56] are summarized in Figure 8, where a
flowchart that starts, declares, and reads the input (independent) and output (dependent)
data is observed. Then, a conditional procedure initiates, verifying if the multiple R-squared
is higher than 0.80 and the p-value is less than or equal to 0.05. This process is carried out
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to choose the best multiple regression equation and the trend of the results through two-
and three-dimensional plots. Further steps of the procedure are given below:

• Establish whether the data have a first-order, pure quadratic, or second-order behavior,
considering the interaction option;

• Determine which model has the best fit. The multiple R-squared was selected as a
reference point since, if the data are close to 1, it was possible to establish whether the
independent variables affected the dependent ones;

• Evaluate whether the independent variables differed significantly from the dependent
ones, predetermined by a p-value lower or equal to 0.05;

• Plot the trend in three dimensions using the Plotly function to understand the behavior
of the study data.
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3. Results and Discussion

The results were subdivided into two parts, (i) laboratory and (ii) RSM, under different
service conditions (water vapor per kilogram of air) and material mix (cement, water,
and admixture/water), explaining the response of the surface models and the multiple
regression equations that best fit the laboratory data.

3.1. Laboratory Results

Laboratory results in grams of water vapor per kilogram of air (WA) versus modulus
of rupture in MPa (Mr) for 90 days, according to the cement content and water–cement ratio,
are presented using scatter plots (Figure 9). The results evolved linearly, with growth slopes
from 7 to 8% when the cement content was 16%. However, when the RCCPs were worked
with 12% cement, the results showed that the graph was not linear. Therefore, the possibility
of correlating the ambient and cement content with the modulus of rupture is presented
since the results of the one-dimensional analysis established essential similarities. The
opposite case is observed when relating the mixture of 12% cement plus admixture/water.
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Figure 10 shows the evolution of moisture content at a 10 mm depth (w10) with grams
of water vapor per kilogram of air (WA) according to the cement content, water–cement
ratio, and water reduction with admixture/water. All results evolved linearly, except for
the material with admixture/water. For this material, growth slopes were found to have
around 15 to 16% moisture content when the ambient conditions changed from dry to wet,
and the mix worked with 16% cement and 5.65% water (W/C = 0.35). On the other hand,
the mixes with 12% cement obtained growth slopes of 12% and 13 to 14% when the material
was worked with 5.65% (W/C = 0.47) of water and admixture/5% of water (W/C = 0.42),
respectively. The results aligned with the objectives because they established a starting
point to design multiple regression equations as a function of the ambient conditions
represented by grams of water vapor per kilogram of air, cement, and moisture content
(see Section 3.2).

Figure 11 shows the evolution of drying shrinkage versus grams of water vapor per
kilogram of air as a function of cement content. The results evolved linearly, obtaining a
decreasing slope of 0.97% when the RCCP had 12% cement and 5.65% water (W/C = 0.47)
under dry to wet ambient conditions. Similarly, when the RCCP worked with 16% cement
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and 5.65% water (W/C = 0.35), a value of 1.05% was registered. In addition, when the
material worked with 12% cement and admixture/5% of water (W/C = 0.42), the slope was
0.86%. The results respond to the objective because they allow for observing, from their
linear behavior, a starting point from which to approach the search for multiple regression
equations and, consequently, the trend of the results (see Section 3.2).
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3.2. RSM under Different Service and Mix Conditions
3.2.1. Response Model by Cement Content

The results presented in Table 2 demonstrate that the quadratic model with interaction
(PQ + TWI) is adequate to determine the modulus of rupture as a function of ambient
conditions and cement content since the multiple R-squared coefficient of determination is
equal to 0.9888, indicating a high correlation between the variables and the response. In
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addition, the p-value was used to validate all the variables in the model, being less than 0.05
for the sources of variation of the intercept, water vapor content squared (WA2), cement
content squared (C2), and the interaction between the variables (WA, C). These results
support the suitability of water vapor over air quantity and cement content as variables in
the RSM model and confirm that they significantly impact the modulus of rupture under
standard 90-day field curing conditions.

Table 2. Effect of the water vapor per kilogram of air (WA) and cement content (C) in the modulus of
rupture (Mr) over 90 days using the Response Surface Methodology.

Source of Variation Estimate Std. Error t Value p-Value Significant Difference
(Only p-Values ≤ 0.05 Are Significant)

Intercept 4.9462376 0.1016573 48.66 1.07 × 10−6 Yes
Pure quadratic (WA, C) WA2 0.0130429 0.0013011 10.02 0.000557 Yes
Pure quadratic (WA, C) C2 0.0145394 0.0008686 16.74 7.46 × 10−5 Yes

Two-way interaction (WA, C) −0.0222764 0.0019941 −11.17 0.000366 Yes

Model: pure quadratic with interaction (PQ + TWI); multiple R-squared: 0.9888; p-value: 0.0002337.

It is important to note that these findings agree with existing literature in this field,
which has pointed out variations in material behavior and curing conditions. For example,
linear behavior has been observed in studies with curing at 25 ◦C for 28 days [41]. This
underlines the similarity between the behavior registered in this study and previous
observations, further supporting the validity of the findings obtained.

Once the behavior of the modulus of rupture (Mr) versus grams of water vapor per
kilogram of air (WA) and cement content (C) was verified as a multiple regression equation
of pure type quadratic with interaction (PQ + TWI), it was plotted. Figure 12 shows the
trend of each variable, determining a higher modulus of rupture in the dry ambient, i.e., on
the red surface. However, for intermediate ambient conditions located on the blue shell,
lower values of the modulus of rupture are determined.
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Figure 12 also shows that the modulus of rupture remains constant after 16 g of water
vapor/kg of air and from 12% cement. However, from 6 to 12 g of water vapor/kg of air
and 12 to 16% of cement, the modulus of rupture gradually increases. Therefore, the results
determined that the RCCP blends had different trends captured by the pure quadratic with
interaction (PQ + TWI) model, leading to a powerful alternative to calculating the behavior
of the material after 90 days of fabrication.
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The results could be instrumental in advancing the development of the multilevel
back-calculation [2] approach, which implements an advanced optimization algorithm
to establish pavement layer parameters accurately. This approach focuses explicitly on
determining the modulus of rupture in fixed-thickness layers in roller-compacted concrete
(RCC) pavements.

Table 3 presents the model fit results for moisture at a depth of 10 mm, considering the
sources of intercept variation along with the variables water vapor per kilogram of air (WA)
and cement content (C). In addition, p-values and the multiple R-squared coefficient of
determination are shown for each variable and in the overall model ensemble. The model
is characterized as first-order, with a multiple R-squared coefficient of determination of
0.9827, indicating a high explanatory power of the independent variables on moisture at
a 10 mm depth. Furthermore, the p-value is less than 0.05, suggesting that the model is
statistically significant. In this context, the results reveal that cement content and ambient
conditions have a linear effect on moisture at this specific depth.

Table 3. Effect of the water vapor per kilogram of air (WA) and cement content (C) in the moisture
content at 10 mm depth (w10) over 90 days using the Response Surface Methodology.

Source of Variation Estimate Std. Error t Value p-Value Significant Difference
(Only p-Values ≤ 0.05 Are Significant)

Intercept −0.9069172 0.3113942 −2.9124 0.03331 Yes
WA 0.1363643 0.0082556 16.5179 1.485 × 10−5 Yes
C 0.0720525 0.0211486 3.4070 0.01911 Yes

Model: first-order (FO); multiple R-squared: 0.9827; p-value: 3.922 × 10−5.

Figure 13 presents a flat surface model relating grams of water vapor per kilogram
of air (WA), cement content (C), and moisture content (w10) in percent over 90 days.
Regardless of the ambient conditions, it can be observed that from 12% cement content,
the moisture content increased by 0.072% for each additional percentage unit of cement.
These results indicate that the linear representation of the surface is adequate to describe
the multiple regression model.
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Table 4 verifies the model used to calculate drying shrinkage, considering the sources
of variation as the intercept, i.e., grams of water vapor per kilogram of air (WA) and cement
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content (C). In addition, the p-values and the multiple R-squared coefficients are evaluated
for each individual variable and the model as a whole, confirming the suitability of the
multiple regression equation.

Table 4. Effect of the water vapor per kilogram of air (WA) and cement content (C) on the drying
shrinkage (s) at 90 days using the Response Surface Methodology.

Source of Variation Estimate Std. Error t Value p-Value Significant Difference
(Only p-Values ≤ 0.05 Are Significant)

Intercept 0.50085773 0.01933573 25.903 1.602 × 10−6 Yes
WA −0.01006363 0.00051262 −19.632 6.332 × 10−6 Yes
C −0.01351872 0.00131320 −10.294 0.0001487 Yes

Model: first-order (FO); multiple R-squared: 0.9899; p-value: 1.018 × 10−5.

On this occasion, the adopted model is of first order (FO), as the multiple R-squared
coefficient reaches a value of 0.9899, which is very close to 1. Furthermore, the associated
p-value is less than 0.05, supporting the statistical significance of the model. These results
indicate that the most appropriate equation for calculating drying shrinkage is a linear
surface model, especially when considering the interaction between ambient conditions
and cement content.

Figure 14 presents the surface model comprised of the grams of water vapor per
kilogram of air (WA), the cement content in percent (C), and the drying shrinkage (s) in
microstrain (mε) over 90 days. A flat and inclined surface was observed, defining cement
content and drying shrinkage as linearly related. Consequently, for each ambient condition
and starting at 12% cement, the shrinkage strain was calculated as decreasing by 0.013 mε

(0.013 × 10−6) for each additional percentage unit of cement. The results determined that
the linear surface adequately represents the multiple regression model.
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These findings could be critical to a new version of a semi-automated pavement
condition inspection tool based on three-dimensional profile scans [3]. Drying shrinkage
and moisture play a crucial role in the surface microcracking of roller-compacted concrete
(RCC) pavements, an essential aspect for their evaluation and maintenance.
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Finally, the results showed that the surface models determined with the laboratory data
were successfully validated and allowed the calculation of the physical-mechanical behavior
of the RCCP mixtures at 90 days. For this purpose, Table 5 shows the multiple regression
equations corresponding to each model previously studied, where each equation is a
function of a mixed and a service condition variable, such as cement content in percentage
(C) and grams of water vapor per kilogram of air (WA). Therefore, the results meet the
main objective of the research since all the multiple regression equations meet the statistical
requirements of multiple R-squared and p-value.

Table 5. Multiple regression equations under different service and cement content (C) conditions.

Equation Regression
Constants

Multiple
R-Squared p-Value Model

Mr = b0+ b11× (WA)2 + b22× (C)2 + b12×WA×C

b0 = 4.9462376

0.9888 0.0002337 PQ + TWI
b11 = 0.0130429
b22 = 0.0145394

b12 = −0.0222764

w10 = b0 + b1 × WA + b2 × C
b0 = −0.9069172

0.9827 3.922 × 10−5 FOb1 = 0.1363643
b2 = 0.0720525

s = b0 + b1 × WA + b2 × C
b0 = 0.50085773

0.9899 1.018 × 10−5 FOb1 = −0.01006363
b2 = −0.01351872

Mr: modulus of rupture, WA: water vapor per kilogram of air, w10: moisture content at 10 mm depth, s: drying
shrinkage, C: cement content, PQ + TWI: pure quadratic with interaction, FO: first order.

3.2.2. Response Model Using the Water–Cement Ratio

Table 6 presents the results obtained using RSM. These results cover several sources
of variation, including the intercept, the amount of water vapor per kilogram of air (WA),
the water–cement ratio (W/C), the estimates of the constants in the multiple regression
equation, the p-values, and the coefficient determination (R-squared).

Table 6. Effect of the water vapor per kilogram of air (WA) and water–cement ratio (W/C) on the
drying shrinkage (s) over 90 days using the response surface methodology.

Source of Variation Estimate Std. Error t Value p-Value Significant Difference
(Only p-Values ≤ 0.05 Are Significant)

Intercept −0.3977277 0.1131583 −3.5148 0.0170134 Yes
WA −0.0091270 0.0012307 −7.4159 0.0007021 Yes

W/C 1.5458007 0.2522270 6.1286 0.0016786 Yes

Model: first-order (FO); multiple R-squared: 0.9487; p-value: 0.0005947.

It is important to note that the only parameter in the study that meets the fit criteria is
drying shrinkage (s). The R-squared value is close to 1, and the p-value is less than 0.05 for
each variable and the overall analysis. The results revealed that the model fits adequately
to a first-degree order (FO) model.

It is relevant to underline that the study succeeded in achieving its objectives since the
RCC for the pavement with a cement content of 12%, including 5.65% or an additional 5%
of admixture, agrees with the multiple regression equation of a linear nature.

Figure 15 illustrates the trend observed in the relationship between grams of water
vapor per kilogram of air (WA), the water–cement ratio (W/C), and drying shrinkage (s)
for 90 days, considering a cement content of 12% in roller-compacted concrete. This is
compared with two conditions: 5.65% water (W/C = 0.47) and an admixture representing
5% water (W/C = 0.42).
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the drying shrinkage (s) over 90 days.

The results show an evolution under a linear trend when relating a standard amount
of cement in manufacturing roller-compacted concrete, different water contents, and the
inclusion of water-reducing and superplasticizing admixtures. For each ambient condition,
an increase of 0.0618 mε (0.0618 × 10−6) in shrinkage strain is observed for every 0.04 in-
crease in the water–cement ratio. These findings indicate that the linear surface adequately
represents the underlying multiple regression model.

Finally, the surface models calculated with the water–cement ratio and the grams
of water vapor per kilogram of air (WA) were satisfactorily validated and allowed for
calculating over 90 days the drying shrinkage (s) behavior of the RCCP mixes under a
standard cement content of 12% and various amounts of water related to a water-reducing
admixture and a superplasticizer. For this purpose, Table 7 shows the equations with
their respective regression constants, multiple R-squared, p-value, and model. Specifically,
the results meet the main objective of the research since the regression equation met the
statistical requirements of the R-squared and p-value.

Table 7. Multiple regression equations under different service and water–cement ratio (W/C) conditions.

Equation Regression Constants Multiple R-Squared p-Value Model

s = b0 + b1 × WA + b2 × (W/C)
b0 = −0.3977277

0.9487 0.0005947 FOb1 = −0.0091270
b2 = 1.5458007

s: drying shrinkage, WA: water vapor per kilogram of air, W/C: water–cement ratio, FO: first-order model.

4. Conclusions

The current research created multiple regression equations for a 90-day calculation
period of the physical-mechanical properties of roller-compacted concrete (RCC) for pave-
ment under normal ambient conditions, such as the amount of water vapor per kilogram of
air, evaluating the development of moisture content, shrinkage strain, and flexural strength.
In addition, the materials studied had variations in the amount of cement and water in the
manufacturing process. From the results obtained, the following conclusions are drawn:

• The laboratory results fit the multiple regression equations because they approach one
in the R-squared, and the p-value of the statistical test is less than 0.05. These findings
determined a pure quadratic model with interaction (PQ + TWI) for the modulus of
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rupture, similar to what was found in state-of-the-art studies, and a first-order (FO)
model for drying shrinkage and moisture content.

• The study indicates that the modulus of rupture of roller-compacted concrete varies
with changes in ambient conditions and cement content. With 12% cement, the strength
decreases by 4% in ambient conditions with 6–10 g of water vapor per kilogram of air
but increases by 4.2% with 10–16 g of vapor. Increasing the cement to 16% reduces
the strength to 8% in ambient conditions of 6–14 g of vapor but only 1% in 14–16 g. It
indicates that the relationship between strength and ambient conditions is not linear,
suggesting using non-linear calculation models for accurate estimations.

• In roller-compacted concrete (RCC) mixes with a cement content of 12%, drying
shrinkage has been registered to decrease by up to 14% with each increase of 3 to 4 g
of water vapor per kilogram of air. This reduction is even more significant, reaching
18%, when the proportion of cement increases to 16%. This finding is especially
relevant when contrasted with the behavior of moisture content since mixtures with a
higher percentage of cement tend to absorb more water from the ambient conditions.
Therefore, it is concluded that raising the cement content from 12% to 16% in RCC
mixes intended for paving leads to an additional decrease of up to 4% in drying
shrinkage for each increase of 3 to 4 g of water vapor per kilogram of air.

• The multiple regression equation for calculating drying shrinkage in mixes of 12%
cement, 5.65% (W/C = 0.47) water, and admixture/5% water (W/C = 0.42) reveals that
shrinkage decreases by 49% with each increase of 3 to 4 g of water vapor per kilogram
of air when the water–cement ratio is 0.36. However, in mixtures with higher water
content (water–cement ratio of 0.48), the reduction in shrinkage can be as high as 12%.
It emphasizes the importance of developing a regression equation that considers mixes
with identical cement content but varies the amount of water and admixtures.

• Finally, there is the possibility to expand the research to analyze the physical-mechanical
properties of RCC mixes under service conditions with other admixtures in every-
day practice. Likewise, the integration of sustainable materials, such as alternative
aggregates derived from recycled concrete, recycled asphalt aggregates, electric arc
furnaces, metallurgical slag, and recycled tire materials, such as rubber granules and
polypropylene fibers, should be considered.
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OMC Optimum Moisture Content
RCC Roller-Compacted Concrete
RCCP Roller Compacted Concrete for Pavements
RH Relative Humidity
RSM Response Surface Methodology
s Shrinkage Strain
T Temperature
WA Water Vapor per Kilogram of Air
W/C Water–Cement Ratio
w10 Moisture Content
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29. Keleş, Ö.F.; Akpinar, M.V. Strength properties of roller compacted concrete pavement (RCCP) under different curing methods.
Constr. Build. Mater. 2022, 324, 126530. [CrossRef]

30. Delatte, N. Simplified design of roller-compacted concrete composite pavement. Transp. Res. Board 2004, 1896, 57–65. [CrossRef]
31. Hejazi, S.M.; Abtahi, S.M.; Safaie, F. Investigation of thermal stress distribution in fiber-reinforced roller compacted concrete

pavements. J. Ind. Text. 2016, 45, 896–914. [CrossRef]
32. Jafarifar, N.; Pilakoutas, K.; Bennett, T. The effect of shrinkage cracks on the load bearing capacity of steel-fibre-reinforced

roller-compacted-concrete pavements. Mater. Struct. 2016, 49, 2329–2347. [CrossRef]
33. Jafarifar, N.; Pilakoutas, K.; Bennett, T. Moisture transport and drying shrinkage properties of steel-fibre-reinforced-concrete.

Constr. Build. Mater. 2014, 73, 41–50. [CrossRef]
34. Lotphi, A.M.; Modarres, A. Effect of surface free energy on water absorption of roller-compacted concrete pavement containing

calcium stearate powder. Road Mater. Pavement Des. 2022. [CrossRef]
35. Aghaeipour, A.; Madhkhan, M. Mechanical properties and durability of roller compacted concrete pavement (RCCP)–A review.

Road Mater. Pavement Des. 2020, 21, 1775–1798. [CrossRef]
36. Ashrafian, A.; Amiri, M.J.T.; Masoumi, P.; Asadi-shiadeh, M.; Yaghoubi-chenari, M.; Mosavi, A.; Nabipour, N. Classification-based

regression models for prediction of the mechanical properties of roller-compacted concrete pavement. Appl. Sci. 2020, 10, 3707.
[CrossRef]

37. Siamardi, K.; Shabani, S. Evaluation the effect of micro-synthetic fiber on mechanical and freeze-thaw behavior of non-air-
entrained roller compacted concrete pavement using response surface methodology. Constr. Build. Mater. 2021, 295, 123628.
[CrossRef]

38. Rahmani, E.; Sharbatdar, M.K.; Beygi, M.H.A. A comprehensive investigation into the effect of water to cement ratios and cement
contents on the physical and mechanical properties of Roller Compacted Concrete Pavement (RCCP). Constr. Build. Mater. 2020,
253. [CrossRef]

39. Husein Bayqra, S.; Mardani-Aghabaglou, A.; Ramyar, K. Physical and mechanical properties of high volume fly ash roller
compacted concrete pavement (A laboratory and case study). Constr. Build. Mater. 2022, 314, 125664. [CrossRef]

40. Rahmani, E.; Sharbatdar, M.K.; Beygi, M.H.A. Influence of cement contents on the fracture parameters of Roller compacted
concrete pavement (RCCP). Constr. Build. Mater. 2021, 289, 123159. [CrossRef]

41. Rooholamini, H.; Hassani, A.; Aliha, M.R.M. Evaluating the effect of macro-synthetic fibre on the mechanical properties of
roller-compacted concrete pavement using response surface methodology. Constr. Build. Mater. 2018, 159, 517–529. [CrossRef]

42. Tartarini, F.; Schiavon, S.; Cheung, T.; Hoyt, T. CBE Thermal Comfort Tool: Online tool for thermal comfort calculations and
visualizations. SoftwareX 2020, 12, 100563. [CrossRef]

43. Hashemi, M.; Shafigh, P.; Bin Karim, M.R.; Atis, C.D. The effect of coarse to fine aggregate ratio on the fresh and hardened
properties of roller-compacted concrete pavement. Constr. Build. Mater. 2018, 169, 553–566. [CrossRef]

44. ASTM D1557−12; Standard Test Methods for Laboratory Compaction Characteristics of Soil using Modified Effort (56,000 ft-lbf/ft
3 (2700 kN-m/m3)). ASTM International: West Conshohocken, PA, USA, 2012. [CrossRef]

45. Shafigh, P.; Hashemi, M.; Nam, B.H.; Koting, S. Optimum moisture content in roller-compacted concrete pavement. Int. J.
Pavement Eng. 2020, 21, 1769–1779. [CrossRef]

46. ASTM C128−15; Standard Test Method for Relative Density (Specific Gravity) and Absorption of Fine Aggregate. ASTM
International: West Conshohocken, PA, USA, 2015. [CrossRef]

47. ASTM C127−15; Standard Test Method for Relative Density (Specific Gravity) and Absorption of Coarse Aggregate. ASTM
International: West Conshohocken, PA, USA, 2015. [CrossRef]

48. Chhorn, C.; Lee, S.W. Influencing compressive strength of roller-compacted concrete. Proc. Instit. Civ. Eng. Constr. Mater. 2018,
171, 3–10. [CrossRef]

49. ASTM C33/C33M−18; Standard Specification for Concrete Aggregates. ASTM International: West Conshohocken, PA, USA, 2018.
[CrossRef]

50. Asad, M.; Baluch, M.H.; Al-Gadhib, A.H. Drying shrinkage stresses in concrete patch repair systems. Mag. Concr. Res. 1997, 49,
283–293. [CrossRef]

https://doi.org/10.1016/j.jclepro.2020.125078
https://doi.org/10.1061/(ASCE)MT.1943-5533.0004325
https://doi.org/10.1080/10298436.2016.1205747
https://doi.org/10.1016/j.jtte.2020.04.007
https://doi.org/10.1061/(ASCE)MT.1943-5533.0003746
https://doi.org/10.3989/mc.2021.03520
https://doi.org/10.1016/j.conbuildmat.2022.126530
https://doi.org/10.3141/1896-06
https://doi.org/10.1177/1528083714542827
https://doi.org/10.1617/s11527-015-0652-0
https://doi.org/10.1016/j.conbuildmat.2014.09.039
https://doi.org/10.1080/14680629.2022.2058987
https://doi.org/10.1080/14680629.2019.1579754
https://doi.org/10.3390/app10113707
https://doi.org/10.1016/j.conbuildmat.2021.123628
https://doi.org/10.1016/j.conbuildmat.2020.119177
https://doi.org/10.1016/j.conbuildmat.2021.125664
https://doi.org/10.1016/j.conbuildmat.2021.123159
https://doi.org/10.1016/j.conbuildmat.2017.11.002
https://doi.org/10.1016/j.softx.2020.100563
https://doi.org/10.1016/j.conbuildmat.2018.02.216
https://doi.org/10.1520/D1557-12
https://doi.org/10.1080/10298436.2019.1567919
https://doi.org/10.1520/C0128-15
https://doi.org/10.1520/C0127-15
https://doi.org/10.1680/jcoma.16.00009
https://doi.org/10.1520/C0033_C0033M-18
https://doi.org/10.1680/macr.1997.49.181.283


Materials 2024, 17, 549 19 of 19

51. ASTM C157/C157M−17; Standard Test Method for Length Change of Hardened Hydraulic-Cement Mortar and Concrete. ASTM
International: West Conshohocken, PA, USA, 2017. [CrossRef]

52. Jafarifar, N. Shrinkage Behaviour of Steel-Fibre-Reinforced-Concrete Pavements. Available online: https://core.ac.uk/download/
pdf/29030273.pdf (accessed on 26 January 2020).

53. ASTM C293/C293M-16; Standard Test Method for Flexural Strength of Concrete (Using Simple Beam with Center-Point Loading).
ASTM International: West Conshohocken, PA, USA, 2016. [CrossRef]

54. Brotman, I.; Crist, M.; Gaul, J. Roller compacted concrete pavement: Properties, design, and construction. Geotech. Sp. 2007, 1,
1–10. [CrossRef]

55. Khuri, A.I.; Mukhopadhyay, S. Response surface methodology. Wiley Interdiscip. Rev. Comput. Stat. 2010, 2, 128–149. [CrossRef]
56. Lenth, R.V. Response-Surface Methods in R., Using rsm. Available online: http://CRAN.R-project.org/package=rsm (accessed

on 30 October 2022).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1520/C0157_C0157M-17
https://core.ac.uk/download/pdf/29030273.pdf
https://core.ac.uk/download/pdf/29030273.pdf
https://doi.org/10.1520/C0293_C0293M-16
https://doi.org/10.1061/40913(232)4
https://doi.org/10.1002/wics.73
http://CRAN.R-project.org/package=rsm

	Introduction 
	Materials and Methods 
	Materials, Samples, and Testing 
	Response Surface Methodology (RSM) 

	Results and Discussion 
	Laboratory Results 
	RSM under Different Service and Mix Conditions 
	Response Model by Cement Content 
	Response Model Using the Water–Cement Ratio 


	Conclusions 
	References

