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Finite element modeling of active 
cracking in actively reinforced 
concrete pavement slab exposed 
to fluctuating temperature
Muhammad Kashif 1, Ahsan Naseem 2, Kennedy Chibuzor Onyelowe 3*, 
Muhammad Rizwan Riaz 1, Syed Saqib Mehboob 4, Pieter De Winne 2 & Hans De Backer 2

The continuously reinforced concrete pavement (CRCP) system grapples with challenges such as 
non-uniform transverse crack patterns and the need for substantial reinforcement. Field research 
on the Belgian CRCP sections along motorway E313 indicates that active cracking induced by partial 
surface saw-cuts consistently leads to transverse crack patterns. This study introduces an innovative 
modification to the CRCP: the actively reinforced concrete pavement design (ARCP). The ARCP 
leverages partial surface saw-cuts to reduce reinforcement needs by replacing continuous-length 
steel bars with partial-length counterparts. The main objective of the present study is to develop a 
3D finite element (FE) model capturing the active cracking behavior of ARCP under realistic external 
temperature variations. Comparative analysis with CRCP considers early-age crack patterns, crack 
strain development, and the distribution of maximum steel stress for different steel ratios (0.67%, 
0.75%, and 0.85%). FE simulation results align with field data, indicating that ARCP exhibits similar 
early-age cracking behavior to CRCP but with a significant 24 to 42% reduction in total reinforcement. 
This innovation presents a promising avenue for addressing CRCP challenges while optimizing 
material usage in pavement construction.

Keywords  Active cracking, Partial surface saw-cuts, Advanced reinforced concrete slab, Finite element 
simulation

Active cracking underlies the technologically innovative modified configuration of the continuously reinforced 
concrete pavement slab (CRCP), an actively reinforced concrete pavement (ARCP) slab. This pavement design 
reduces the required reinforcement within the concrete slab by introducing partial-length reinforcing bars instead 
of continuous-length ones, strategically positioned over areas prone to active cracking1. The development of the 
reinforcement design for the ARCP slab will depend on how well the active cracking method produces cracks at 
predetermined positions in the concrete slab. Sandwiching continuous-length steel bars between partial-length 
steel bars is primarily done to tightly clamp any potential new natural cracks that may emerge within active 
cracks2,3.

It is widely acknowledged that early-age transverse crack patterns significantly influence the long-term per-
formance of CRCP. Despite efforts to optimize design and construction variables, studies indicate that irregular 
crack patterns, including clusters of closely spaced cracks, persist4–9. An alternative approach, the active crack 
control method, was implemented using automated tape insertion and saw cuts. Initially, the tape insertion into 
freshly laid concrete was used to induce active cracking in CRCP sections in the United States. However, this 
method was discouraged due to the concrete popping, which disrupts the construction process10–15. Among the 
active crack control methods, the utilization of partial surface saw-cuts emerged as a highly effective approach 
for generating transverse cracks at predetermined locations within the CRCP slab5,8,16–18.

The straight transverse crack growth from the partial surface saw-cuts in the Belgian CRCP sections effec-
tively prevented the formation of cluster cracking. Field research on Belgian CRCP sections constructed along 
Motorway E313 revealed that almost 92% of all cracks appeared in close proximity to the saw cuts5,16. This implies 
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that the steel bars positioned continuously between these active cracks only need to accommodate approximately 
8% of the total cracks. Despite the evident success of partial surface saw-cuts in achieving uniform cracking, the 
current Belgian CRCP design continues to employ the passive longitudinal reinforcement layout used between 
1990 and 2012. Therefore, there is a pressing need to reconfigure the longitudinal reinforcement design of CRCP 
by incorporating the active cracking concept to eliminate the unnecessary placement of continuously placed steel 
bars. A detailed discussion of this method is presented in section “Active cracking in CRCP sections”.

Recent investigations into the optimization of longitudinal reinforcement in a 330 mm (13-inch) thick 
Continuously Reinforced Concrete Pavement (CRCP) slab have been undertaken by the Texas Department 
of Transportation and the Federal Highway Administration19. The research comprised two distinct phases: (1) 
numerical modeling of CRCP, and (2) field experimentation. During the initial phase, the ANSYS Finite Element 
package scrutinized CRCP responses under environmental loading through three-dimensional modeling. In the 
subsequent phase, extensive field testing was carried out to explore the impacts of different longitudinal steel 
depths on CRCP responses, particularly focusing on concrete stresses leading to cracking. Field investigations 
revealed that the configuration of reinforcements in CRCP, specifically the depth of steel, significantly influences 
transverse cracking. The numerical model adopted a linear elastic and isotropic assumption, neglecting young 
hardening properties, and did not incorporate non-linear transient and structural analysis parameters to simulate 
the induction of transverse cracks in the CRCP slab. Another recent study has been conducted to develop a 3D 
numerical model using ABAQUS software for simulating the early-age cracking behavior of CRCP and ARCP. 
However, in this study, the critical consideration of young hardening concrete properties, including the simul-
taneous evolution of mechanical properties and stresses concerning the degree of hydration, has been omitted. 
These properties are crucial for accurately simulating early-age cracking in the concrete slab. Additionally, the 
model does not account for partial surface saw cuts to induce active cracks at the saw cut in the ARCP slab9.

The existing body of literature underscores the scarcity of research studies dedicated to developing a 3D finite 
element (FE) model aimed at replicating the early-age cracking tendencies of the ARCP slab employing partial 
surface saw-cuts under varying environmental loads. Thus far, investigations exploring the impacts of different 
steel ratios, varying steel bar diameters and spacings, the continuous fluctuations in environmental tempera-
ture, and the evolving properties of young hardening concrete on early-age cracking within ARCP slabs have 
been notably lacking. The main objective of the present study is to develop a rational design concept for ARCP 
through partial surface saw-cuts and compare it with the conventional design of CRCP currently practiced in the 
field. For this purpose, a 3D thermo-mechanical FE model that considers the nonlinear transient heat transfer 
analysis of cement hydration reaction and associated temperature development, in addition to the nonlinear 
structural analysis of stress and cracking development with respect to time, is developed for accurate simula-
tion of early-age cracking in the concrete slab, starting from the time of concrete placement up to thirty days. 
In advance of the extremely costly experimentation required to investigate the behavior of concrete pavement, 
the findings of the present research might be useful in developing a rational design of the ARCP slab employing 
partial surface notches.

Research significance
The literature emphasizes that the inventive idea of the ARCP slab using partial surface saw-cuts has not yet 
been implemented in practice. Therefore, understanding the mechanism that causes early-age crack induction 
in the ARCP slab and assessing the effect of significant factors such as steel ratio, steel bar diameter, and steel bar 
spacing on the cracking characteristics of the ARCP slab under fluctuating temperature conditions are vitally 
required to develop the reinforcement design layout of the ARCP. The developed 3D FE model is suggested as a 
tool to evaluate the longitudinal reinforcement design layout of the ARCP slab in advance of field construction 
and choose a cost-efficient reinforcement design.

Active cracking in CRCP sections
In 2012, a deliberate approach involving partial surface notches was employed at a distance of 1200 mm to 
intentionally generate transverse cracking at specific locations within the Belgian CRCP sections at motorway 
E313, as shown in Fig. 1 5,16. This experimental setup incorporated two different saw-cut depths—60 mm and 
30 mm—to investigate the influence of partial surface notch depth on the formation of cracks at the predeter-
mined positions, namely the saw-cut locations, within the CRCP slab. A straight and uniform transverse crack 
pattern was produced in the E313 CRCP section, as shown in Figs. 2 and 3. The effectiveness of this active crack 
control approach to cause active cracking in the CRCP section is shown in Table 1. Notably, within the first four 
days following the concrete placement, it was observed that 99% of all cracks emerged precisely over the saw-cut 
positions within the CRCP test section featuring a 60 mm notch. Out of the 664 cracks, 555 cracks appeared at the 
saw-cut locations after 65 days5,16. Nearly 92% of all cracks were located between 0 and 0.4 m from the notches 
after a year. Only 8% of all cracks extended beyond 0.4 m from the notches. This value increases to 17.3% in the 
CRCP section containing a 30 mm notch, as shown in Table 1. Inducing straight and uniform transverse cracks 
from partial surface notches in the CRCP slab has reportedly been shown to be more successful with a deeper 
notch than a shallower one5.

Inspired by the experiences with active cracking in the Belgian CRCP sections, the field research was con-
ducted involving the construction of three CRCP sections, denoted as sections “Introduction”, “Research sig-
nificance”, and “Active cracking in CRCP sections”, along Illinois Route 390 in the United States8,18. In this 
investigation, sections “Introduction” and “Active cracking in CRCP sections” were constructed with partial 
surface notches that were 600 mm long (2 feet) and 50 mm (2 inches) deep, spaced at intervals 1200 mm (4 feet) 
as shown in Fig. 4. For comparison purposes, section “Research significance” was constructed without the partial 
surface notches, while section “Active cracking in CRCP sections” was built with the partial surface notch and 
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internal curing to induce active cracking. In the internal curing process, prewetted fine lightweight aggregates 
with an absorption capacity of 10.5% replaced around 37% of the volume of fine aggregate. A straight and uni-
form transverse crack pattern was observed in section “Active cracking in CRCP sections”, as depicted in Fig. 5. 
The percentage of active crack induction with respect to time from the partial surface notch is shown in Fig. 6. 
Approximately 85% of the total cracks emerged from the partial surface saw-cuts after 3 years. This implies that 
only 15% of total cracks are passively induced in the pavement slab. It was also reported that about 93% of total 

Figure 1.   Partial surface saw-cut in the CRCP slab at motorway E313.

Figure 2.   Straight transverse crack formation from the saw-cut tip in the E313 CRCP section.

Figure 3.   A straight and uniform transverse crack pattern in the CRCP section at motorway E313.
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cracks (193 out of 207 cracks) originated from the partial surface notches and 7% of total cracks (7 out of 207 
cracks) were naturally (passively) induced in the CRCP section8,18.

Details of finite element modeling
Model geometry
The 3D FE model incorporates the geometric configurations of CRCP, following the current Belgian design 
standard for CRCP. As indicated in Fig. 7, the 20 mm diameter longitudinal steel bars are positioned 170 mm 
apart and 80 mm below the top of the concrete slab. The pavement lane width of 3600 mm is assumed in this 
study5. The response of the CRCP slab under environmental load is presumptively symmetrical regarding the 
middle of the pavement lane and the two successive transverse cracks6,17,20–27. Considering anticipated symmetry 
in the response of the CRCP slab to environmental loading, computational efficiency is enhanced by modeling 
both sides of the saw cut, along with the corresponding half of the road lane, thereby reducing computational 
time and storage requirements.

Table 1.   Effectiveness of partial surface saw-cuts to produce active cracking in CRCP section 5.

Road section
Length
(m) Age (Days) No. of notches (N1) No. of cracks (N2)

No. of cracks at 
notches (N3)

Effectiveness of 
notches N3/N1 (%)

Percentage of cracks in category by 
distance to nearest notch (m)

0 0–0.2 0.2–0.4 0.4–0.6

60-mm saw-cut depth

1100 4 897 193 191 21.3 98.9 0 0 1.1

1100 65 897 664 555 61.9 83.5 2.4 7.7 6.4

1100 204 897 762 597 66.6 78.4 3.8 9.8 8.0

1100 378 897 775 606 67.6 78.2 3.8 9.9 8.1

500 123 422 417 245 58.1 58.7 9.4 15.9 16.0

30-mm saw-cut depth
500 262 422 497 281 66.5 56.5 8.7 17.5 17.3

500 436 422 502 285 67.5 56.8 8.6 17.3 17.3

Figure 4.   Early entry partial surface saw cut made in the CRCP slab in Illinois, United States 18.

Figure 5.   Straight crack propagation from saw-cuts in the CRCP section 18.
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Analysis type
The 3D staggered structural-flow analysis is carried out to mimic the early-age active cracking in the CRCP 
slab exposed to changing temperature fields shown in Fig. 8. This analysis consists of two distinct phases. The 
initial phase, the nonlinear transient heat flow analysis, focused on predicting temperature variations within 
the concrete slab and transforming structural components into flow elements. The thermal strain data obtained 
from the first phase were utilized as thermal load inputs for the subsequent phase, known as the nonlinear struc-
tural analysis. These two phases were interconnected28. This type of analysis requires knowledge of concrete’s 
thermo-mechanical characteristics, such as heat capacity, thermal expansion coefficient, thermal conductivity, 
and mechanical properties evolution. There are various young hardening constitutive models for concrete in 
the DIANA FE program. The EN 1992-1-1 model in the DIANA material library is used to determine the fun-
damental properties of hydrating concrete in this research.
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Figure 6.   Influence of the partial surface saw-cut on the progression of crack formation 18.

Figure 7.   Reinforcement details of the CRCP segment.
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Constitutive model
Within the FE program, the maturity variable is employed to characterize the progression of cement hydration, 
denoted as the degree of reaction ( r ). Equation (1) defines this variable as the ratio of the cumulative total heat 
generated up to time t to the cumulative total heat of hydration over 28 days. The heat generation is intricately 
linked to the temperature history. The instantaneous rate of heat production denoted as q(r,T) is defined by 
Eq. (2). Where, r represents the degree of reaction (0 ≤ r ≥ 1) , while T signifies the temperature, and α is the 
maximum rate of heat production. In this equation, qr and qT correspond to the heat production rates that are 
contingent on the degree of reaction and temperature, respectively. The temperature-dependent component of 
heat production is calculated through Eq. (3). Where CA denotes the Arrhenius constant, the magnitude of which 
is dependent on the temperature and/or the degree of reaction. This particular constant plays a crucial role in the 
computations carried out by DIANA pertaining to heat generation and the determination of equivalent age28. 
The heat generation q(t) is calculated by the DIANA FE package using Eq. (4). In this equation, c(T , r) signifies 
the heat capacity, which can assume either a constant value or vary as a function of both temperature and the 
degree of reaction. The thermal conductivity (k), governing heat conduction, can remain constant or vary with 
dependencies on temperature and the degree of reaction, as detailed in Eq. (5). Where, q(cond) stands for the 
conductive heat flux.

The DIANA FE program utilizes the maturity variable (r) to compute the hydration heat, temperature devel-
opment, and evolution of concrete mechanical properties28,29. The progress of heat development in concrete is 
described by characterizing an adiabatic heat curve based on the validated heat of hydration, especially appli-
cable to blast furnace slag cement30. The evolution of compressive strength is articulated by Eq. (6). In this 
equation, fcm28 denotes the average compressive strength achieved at the 28-day mark, while βcc(t) represents a 
time-dependent coefficient, the calculation of which is delineated in Eq. (7). The value of s is dependent on the 
specific type of cement employed. The parameter teq corresponds to the equivalent age and is derived through the 
application of Eq. (8), wherein Tref  designates a reference temperature, and Tt signifies the concrete temperature 
at t days. The evolution of Young’s modulus for concrete, denoted as Ecm(t) at a given age of t days is detailed in 
Eq. (9). Equation (10) describes the evolution of the tensile strength fctm(t) as a function of time 28,29.

(1)r =
∫t0 q(r,T)dT

∫280 q(r,T)dτ

(2)q(rT) = α.qr(r).qT (T)

(3)qT .(T) = e

(

−
CA(r,T)

T

)

(4)q(t) = c(T , r)
∂T

∂t

(5)q(cond) = −k(r,T)(∇T)

(6)fcm(t) = βcc(t)fcm28
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Figure 8.   Varying external air temperature loading.
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Model input parameters
Constant values for the specific heat and thermal conductivity of concrete are utilized to estimate the early-age 
temperature development due to challenges associated with calculating the thermal properties of concrete at this 
stage. A crucial parameter indicative of volumetric changes in concrete is the coefficient of thermal expansion 
(CTE). As aggregates constitute a significant portion, ranging from 70 to 85% of the concrete’s solid volume, the 
CTE is significantly influenced by the aggregate type and mineral composition. To ascertain the CTE of early-
age concrete, numerous experimental studies have been conducted. It has been reported that CTE increases 
before reaching its final setting and subsequently stabilizes at a constant value. The initial high CTE of concrete 
is ascribed to unreacted water, given that the CTE of water is 20 times higher than that of other concrete com-
ponents. Therefore, it is recommended to use a constant CTE value after the concrete reaches its final setting 
when predicting thermal stress development5,21,31–38. Experimental results for the CTE of concrete at the Belgian 
motorway E17 are shown in Table 2. These findings have informed the decision to utilize a constant CTE value 
in the FE simulation, with the input properties comprehensively presented in Table 3.

Model boundary conditions and meshing
The model’s boundary conditions account for both components of the staggered structural-flow analysis dis-
cussed earlier. In the context of nonlinear structural analysis, the lower surface of the concrete slab is assumed 
to be translationally fixed in the upward direction, considering a more rigid underlying ground base underneath 
the slab. Conversely, the outer edge of the slab, located above the notch side, is permitted to expand, and contract 
in response to varying external temperature fluctuations. Due to the infinity of surrounding concrete, transla-
tional movements of the lateral faces in the Y–Z plane are constrained in the slab’s longitudinal direction. At the 
symmetry line of the lane center, translational restrictions are applied to the end face of the slab in the slab’s 
transverse direction. The contact interface between the lower surface of the concrete slab and the underlying 

(7)βcc(t) = exp

(

s

(

1−

√

28

teq

))

(8)teq =
t
∫
0
exp

(

CA

(

1

Tref
−

1

Tt

))

dt

(9)Ecm(t) =
(

fcm(t)
/

fcm28

)0.3
Ecm28

(10)fctm(t) = βcc(t)fctm28

Table 2.   Measured values of CTE of concrete used at motorway E17 9.

Specimen

CTE (10−6 mm/mm/°C)

Test cycle 1 Test cycle 2 Test cycle 3

CTE-1 11.3 11.3 11.3

CTE-2 11.0 11.0 11.0

CTE-3 10.0 10.0 –

Table 3.   Model input parameters.

Concrete class C45/55

Aggregate type Limestone

Thermal expansion coefficient of concrete (1/°C) 10.0 × 10−6

Thermal conductivity of concrete (W/m °C) 2.7

Heat capacity of concrete (J/m3 °C) 2.87 × 106

Coefficient of convection and radiation between concrete and air (W/m2 °C) 7.55

Initial temperature (°C) 20

Slab notional size (mm) 439

Relative humidity (%) 80

Curing age (Days) 3

Steel’s modulus of elasticity (GPa) 200

Steel’s yield strength (MPa) 500
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ground base is characterized by a nonlinear elastic friction model, simplifying the Coulomb friction model36,39,40. 
Equation (11) illustrates the constitutive behavior of this interface model in the elastic regime. The yield function, 
described by Eq. (12), governs yielding in this model, with the effective shear stress (τ) being determined as 
√

t2s + t2t  , where ts and tt denote shear tractions, while s and t correspond to traction axes parallel to the interface 
element’s plane.

For non-linear heat analysis, the upper and outer surfaces of the slab are directly subjected to fluctuating exter-
nal temperature conditions as depicted in Fig. 9. Convective boundary interface elements are used to describe 
the heat transfer occurring between these exposed concrete surfaces and the surrounding environment. Newton’s 
law of cooling, which is illustrated in Eq. (13), governs the convective heat exchange taking place at these sur-
faces. Consistent with existing literature5,26,36,37,40–42, a heat transfer coefficient of 7.55 W/m2 °C is applied to the 
thermal boundary interface elements. A 20-node brick element called CHX60 is used to discretize the concrete 
material. The convective interface boundary between the exposed slab areas and the outside environment is 
described through a four-node isoparametric quadrilateral element (BQ4HT). For the contact interface between 
the concrete slab and the underlying ground base layer, an eight-node interface element denoted as CQ481, char-
acterized by zero thickness, has been employed. Figure 9 illustrates the boundary conditions for the FE model. 
The reinforcing steel bars are modelled as embedded reinforcement with their behavior defined as elastoplastic 

(11)t = Deu

(12)|τ | + tntanθ − c = 0

Figure 9.   The boundary conditions of the active crack control CRCP slab (a) 3D view (b) End face view.
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without any consideration for hardening phenomena. The full bonding contact between concrete and steel is 
assumed to facilitate smooth convergence during the 3D analysis and to reduce computational calculations22.

The results of the FE simulation rely on the choice of element size and type during the meshing process. To 
address this, a mesh sensitivity analysis is conducted, employing four distinct element sizes: 10 mm, 20 mm, 
30 mm, and 60 mm, to identify the most optimal element size. Figure 10 illustrates the impact of element size on 
the evolution of total strain over time. This figure clearly indicates that there is no noticeable difference in total 
strain values between mesh sizes of 20 mm and 30 mm. As a result, for the current investigation, a mesh size of 
30 mm is chosen to mesh the CRCP model. Figure 11 provides a closer look at the finer mesh zone enveloping 
the partial surface notches within the CRCP slab. The flowchart of the research methodology is shown in Fig. 12.

Model validation
Partial surface saw-cuts are purposely employed in Belgian CRCP sections to produce active cracking. This 
strategy aims to ensure a consistent and straight propagation of cracks across the width of the pavement, a phe-
nomenon substantiated by field observations exemplified in Figs. 2 and 3. The early-age cracking behavior of the 
Belgian CRCP section at motorway E313 is used as field evidence to validate the 3D FE model. Figure 12 presents 
a graphical representation of the evolution of tensile stress versus developing tensile strength along the CRCP 

(13)q(conv) = hck(Ts − Te)

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0 3 6 9 12 15 18 21 24 27 30

To
ta

ls
tra

in
 

Time (days)

10 mm
20 mm
30 mm
60 mm

Figure 10.   Illustration of the impact of element size on total strain evolution at the saw-cut tip.

Figure 11.   Refined meshing around the saw cut in the CRCP slab.
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segment’s length across the notch tips to predict the crack initiation locations. As Fig. 13 illustrates, the tensile 
stress at the notch tips surpasses the evolving concrete tensile strength, leading to crack initiation at these precise 
locations, as shown in Fig. 14. Subsequent crack progression over time, originating from these saw-cut tips, is 
indicated in Figs. 15 and 16. Since the stress values between the saw cuts are less than the tensile strength, as 
illustrated in Fig. 13, no cracking develops in the areas between the cuts. “Eknn” in Figs. 14, 15, and 16 represents 
crack strain values. It is evident that the predictions of the 3D FE model closely align with the actual observations 
of the transverse crack pattern’s development in the CRCP section at motorway E313, as illustrated in Fig. 3.

Figure 17 illustrates the evolution of maximum steel stress within the third longitudinal steel bar positioned 
directly ahead of the notch, providing insight into stress fluctuations. Significantly, stress peaks precisely coincide 
with the locations of notch tips, where crack initiation occurs. Between these notch tips, stress values diminish 

Figure 12.   Flow chart of the research methodology.
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to zero. This steel stress profile indicates that, in the absence of passive cracking, the continuous longitudinal 
steel bars in the slab are not necessary elsewhere except at the locations of active cracks. To develop the rein-
forcement design for the ARCP slab, the superfluous continuous steel bars between active cracks are substituted 
with partial steel bars. The 3D FE model developed, considering concrete tensile stress development, transverse 
crack initiation, and steel stress profiles, is expected to effectively simulate early-age cracking in CRCP under 
fluctuating temperature conditions.

Figure 14.   Initiation of cracks at notch tips after 90 h.

Figure 15.   Crack propagation after 100 h.

Figure 16.   Formation of transverse crack pattern after 144 h.
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Partial steel bars in the ARCP design
The design of the reinforcement layout for ARCP slabs depends on several key factors: the efficacy of partial 
surface notch in generating cracks at specific locations, the attainment of maximum stress levels in the continu-
ously placed steel bar, and the precise spacing of the saw-cuts in accordance with the design parameters. As 
previously discussed, field experience of active cracking induced by partial surface saw-cuts has revealed that 
approximately 92% of all cracks originate directly over saw-cut sites. This indicates that the amount of continu-
ous reinforcement needed to accommodate 100% passive cracks significantly exceeds what is necessary for the 
remaining 8%. To mitigate the need for an excessive quantity of continuous longitudinal steel bars, a viable 
approach is partial replacement with partial steel bars, as demonstrated in Figs. 18 and 19. In this context, an 
ARCP slab with a single consecutive replacement of continuous steel bars is designated as ARCP-1, and one 
with two consecutive replacements is denoted as ARCP-2. The behavior of the ARCP slab, with respect to the 
initiation and propagation of crack from the notch tips, closely resembles that of the CRCP slab, as evidenced 
by Figs. 20 and 21, mirroring the findings presented in Figs. 14, 15, and 16.

The evolution of crack strain over time at the notch tips, as depicted in Fig. 22, provides insights into the 
effectiveness of a 600 mm-long partial steel bar in controlling active cracking. This is evidenced by the gradual 
reduction in steel stress values to zero at 300 mm from the axis of the partial surface saw cut. Figure 22 reveals 
that there are no substantial variations in crack strain values among CRCP, ARCP-1, and ARCP-2. Figure 23 
presents a comparative analysis of the maximum stress evolution in the third longitudinal steel bar of the CRCP 
slab and that of ARCP-1 and ARCP-2. As illustrated in Fig. 23, the partial steel bar demonstrates equivalent steel 
stress development to that of the continuous steel bar. These findings suggest that the partial steel bar can be 
effectively employed in active crack areas as a substitute for continuous steel bars. However, for maintaining the 
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Figure 18.   Configuration of reinforcement in ARCP-1.
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structural integrity of the pavement, continuous steel bars remain indispensable in passive crack areas. The 3D 
FE model for assessing the reinforcement design of the ARCP slab takes into account three distinct longitudinal 
reinforcement ratios (0.67%, 0.75%, and 0.85%), two steel bar diameters (16 mm and 20 mm), and three steel bar 
spacings (170 mm, 100 mm, and 95 mm). A comprehensive evaluation of the feasibility of substituting partial-
length bar steel with continuous-length bar steel at active cracking areas in the concrete slab, while considering 
various reinforcement ratios, bar diameters, and spacing, necessitates a thorough parametric analysis.

Figure 19.   Configuration of reinforcement in ARCP-2.

Figure 20.   Active cracking in ARCP-1 (a) Crack induction after 90 h (b) Crack propagation after 144 h.
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Figure 21.   Active cracking in ARCP-2 (a) Crack induction after 90 h (b) Crack propagation after 144 h.
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Figure 22.   Comparing crack strain evolution over time at the notch tip: a comparative assessment involving 
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Parametric evaluation
The present study involves a parametric evaluation of the longitudinal reinforcement layout for the ARCP, consid-
ering different longitudinal reinforcement ratios (0.67%, 0.75%, and 0.85%) and two steel bar diameters (16 mm 
and 20 mm). Each reinforcement layout is assessed based on the crack strain evolution over time. A comparison 
of the ARCP slab is also made with the CRCP slab regarding the total amount of longitudinal reinforcement. Due 
to the inherent passive tendency of pavement slab cracking, earlier reinforcement layouts of the Belgian CRCP 
have been altered by adjusting the reinforcement ratio from 0.67 to 0.85%. Field observations of the CRCP test 
sections constructed with various reinforcement ratios have shown that the incidence of cracking increases with 
an increasing reinforcement ratio5,16,43–46. As there are no transverse joints provided in this pavement system 
for stress relief, a larger reinforcement ratio increases restraint against volume variations in concrete induced 
by environmental loading, which in turn increases cracking incidence in the CRCP slab. For example, CRCP 
sections built following design concept-2 with a 0.67% reinforcement ratio exhibited a more consistent crack 
pattern than those constructed by design concept-1 with a 0.85% reinforcement ratio5.

ARCP is an innovative rigid pavement structure that necessitates an optimized reinforcement layout design 
for the placement of partial steel bars and continuous steel bars before performing costly field trials. Two basic 
configurations (ARCP-1 and ARCP-2) of the ARCP following the Belgian CRCP design concept-3 are discussed 
in section “Partial steel bars in the ARCP design”. Both configurations have been adjusted using 16 mm diameter 
steel bars (Ø16), as depicted in Fig. 24, to evaluate their impact on the progression of crack strain at the notch 
tips. As observed, when employing smaller diameter steel bars, the number of continuous steel bars increases 
while maintaining the same reinforcement ratio. Figure 25 provides a comparative analysis of the crack strain 
evolution over the notch tips for ARCP-1 and ARCP-2, both featuring a reinforcing ratio of 0.75%. Notably, 
the employment of 16 mm diameter (Ø16) steel bars results in a substantial reduction in crack strain for both 
ARCP-1 and ARCP-2. Additionally, it is important to highlight that, for an equivalent reinforcement ratio, ARCP 
structures with fewer continuous steel bars induce higher crack strain values than those equipped with a greater 
number of continuous steel bars. This trend can be attributed to the presence of more longitudinal steel bars with 
smaller diameters, contributing to a reduction in crack strain at the transverse crack interface.

Table 4 provides a comparative analysis of reinforcement layout details for CRCP, ARCP-1, and ARCP-2, all 
designed with a 0.75% reinforcement ratio. This table provides a clear visual representation of the significant 
advantages offered by ARCP-1 and ARCP-2 when employing a 16 mm steel bar, showcasing a remarkable reduc-
tion in reinforcement amount as compared to traditional CRCP. Specifically, for a 0.75% reinforcement ratio, 
ARCP-1 achieves an impressive reduction of approximately 24%, while ARCP-2 achieves an even more substan-
tial reduction of about 33%. This reduction in reinforcement quantity can be even more pronounced when the 
distance between the partial surface saw-cuts surpasses 1200 mm. Drawing upon field evidence derived from the 
active cracking experiments on the CRCP sections constructed in the United States and Belgium, as previously 
discussed, it is reasonable to infer that, for a given lane width of 1800 mm, the inclusion of 9 and 6 continuous-
placed steel bars in ARCP-1 and ARCP-2, respectively, will adequately serve to restrain passive cracks that may 
develop in between the active cracks.

For a 0.85% steel ratio, the reinforcement layouts for ARCP using a 16 mm diameter steel bar are shown in 
Fig. 26. The choice of a 16 mm diameter steel bar aligns with the design concept-2 employed in CRCP projects 
in Belgium, where favorable cracking characteristics were observed5. Opting for a steel bar of 16 mm diameter, 
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Figure 24.   Configuration of reinforcement in ARCP with a 0.75% reinforcement ratio employing 16 mm 
diameter steel bars (a) ARCP-1 (b) ARCP-2.
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rather than a 20 mm one with the same reinforcement ratio and geometric configuration, offers potential benefits 
due to the increased number of continuous-placed steel bars associated with smaller bar diameters. As stated 
before, the primary function of continuous-placed steel bars in the CRCP is to securely keep cracks together. 
Consequently, adding more continuous steel bars will enhance the continuity of the pavement construction.

Figure 27 illustrates the evolution of crack strain over time at the notch tip for both ARCP-1 and ARCP-2. 
As depicted in Fig. 27, ARCP-1exhibits lower values of the crack strain than ARCP-2 for a 0.85% reinforcement 
ratio. This observation suggests that an increase in the number of continuous-length steel bars within the ARCP 
leads to a reduction in crack strain. The above-mentioned findings indicate that much like in the case of the 
CRCP slab, active cracking could play a critical role in influencing the long-term performance of the ARCP slab. 
Furthermore, a notable advantage emerges when evaluating ARCP with a higher reinforcement ratio of 0.85% 
against CRCP structures with a 0.75% reinforcement ratio, as detailed in Table 5. ARCP achieves substantial 
reductions of approximately 16% and 24% in total steel consumption, underscoring its potential as a more 
resource-efficient alternative.

The reinforcement layout of the ARCP slab is also assessed using a reduced reinforcement ratio of 0.67%, 
used in design concept-2 for CRCP in Belgium5,16,43–46. For this ratio, the reinforcement layouts of the ARCP slab 
using a 16 mm diameter steel bar are illustrated in Fig. 28. Figure 29 compares the time-dependent crack strain 
evolution between ARCP-1 and ARCP-2 at saw-cut tip with a 0.67% reinforcement ratio. Interestingly, there’s no 
substantial difference in crack strain, likely due to the lower number of continuous-length steel bars compared 
to higher reinforcement ratios. This suggests that achieving the intended objective of maintaining pavement 
structure continuity, encompassing both passive and active cracks, may not be realized with a lower steel ratio 
of 0.67% in the ARCP slab design. Adopting ARCP-2 can lead to significant reinforcement savings, up to 42%, 
as detailed in Table 6, particularly if partial surface saw-cuts effectively induce active cracking. These research 
findings provide valuable insights for planning field trial sections, contributing to a more logically grounded 
structural design for ARCP slabs.

Discussion
Continuous steel bars within the CRCP slab serve to maintain structural continuity by tightly coupling cracks, 
thus preventing excessive crack expansion. This inherent continuity, however, leads to a higher initial construc-
tion cost compared to traditional concrete pavements. The behavior of CRCP in the early phases, when issues 
like punch-out and spalling are predominantly connected to non-uniform cracking patterns, especially clusters 
of closely spaced cracks, determines much of its long-term performance. Achieving predictability in transverse 
crack patterns remained a persistent challenge despite numerous attempts such as changing reinforcement ratio, 
steel depth, aggregate type, and slab thickness. In Belgium, the precise control of crack locations in CRCP has 
been successfully achieved through the implementation of partial surface saw cuts. This proactive method for 
controlling cracks is now being adopted in the United States to intentionally induce desired crack patterns in 
CRCP test sections8,18.

The transformation of a CRCP slab into an ARCP slab involves inducing active cracking by eliminating 
superfluous continuous steel bars located between active cracks and replacing the continuous steel bars originally 
intended to span those cracks with partial steel bars. Drawing from comprehensive field investigations carried 
out on existing CRCP sections in both Belgium and the United States, the ARCP design offers a viable alterna-
tive to the CRCP design, substantially reducing the required reinforcement while preserving the fundamental 
performance characteristics of CRCP. In Belgium, the current CRCP design concept-3 can be adapted to the 
ARCP design employing the ARCP-2 layout, leading to a potential reduction in reinforcement by up to 33%. 
Nevertheless, the performance of ARCP, including post-cracking behavior and crack width variations, must be 
observed over a two-year period encompassing a complete environmental cycle through the implementation of 
field trial sections. The installation of partial steel bars at transverse steel locations may present greater challenges 

Table 4.   Comparison of reinforcement layout of ARCP design with those of the CRCP design for 0.75% steel 
ratio.

Layout design CRCP ARCP-1 ARCP-2

Slab width (mm) 1800 1800 1800

Slab length (mm) 2400 2400 2400

Saw-cut spacing (mm) 1200 1200 1200

Continuous-length steel bar diameter (mm) 20 16 16

Continuous-length steel bar length (mm) 2400 2400 2400

Number of continuous-length steel bar rows 11 9 6

Steel ratio at active crack locations (%) 0.75 0.75 0.75

Partial-length steel bar diameter (mm) – 16 16

Partial-length steel bar length (mm) – 600 600

Number of partial-length steel bar rows – 8 11

Steel ratio between active crack locations (%) 0.75 0.40 0.27

Total amount of steel (kg/m3) 60.37 45.64 40.37

Steel reduction relative to CRCP (%) – 24.39 33.12
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compared to the conventional continuous bar placement method. To address this, two transverse steel bars can 
be strategically positioned at the ends of the partial steel bar to provide support for longitudinal reinforcement 
in ARCP. In this configuration, the spacing between the transverse steel bars aligns with the overall length of 
the partial steel bar. Furthermore, the automated tape insertion method and internal curing could be combined 
with partial surface saw-cuts to accelerate the induction of active cracking in the ARCP slab, further minimiz-
ing the steel content.

Summary of findings
The efficiency of the active cracking method to generate controlled cracks over specified areas of the concrete 
slab where continuous-length steel bars are partially substituted with partial-length steel bars determines the 
reinforcing layout of the ARCP. This study aims to optimize the reinforcement layout of the ARCP slab for 

Figure 26.   Configuration of reinforcement in ARCP with a 0.85% reinforcement ratio employing 16 mm 
diameter steel bars (a) ARCP-1 (b) ARCP-2.
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various steel ratios by developing a FE model, thereby circumventing the need for resource-intensive field trials. 
The results derived from the FE simulations are validated through on-site observations of active cracking in 
CRCP test sections. The evaluation of reinforcement layouts for the ARCP slab primarily focuses on early-age 
crack induction and the amount of reinforcement used, in comparison to CRCP slabs designed with steel ratios 
of 0.85%, 0.75%, and 0.67% as applied in design concepts 1 through 3 in Belgium. The current CRCP design in 
Belgium is compared with two basic ARCP reinforcement layout concepts referred to as ARCP-1 (replacement 
of every successive continuous-length steel bar with a partial-length steel bar) and ARCP-2 (replacement of every 
two consecutive continuous-length steel bars with partial-length steel bars). Notably, for a steel ratio of 0.75%, 
ARCP-1 and ARCP-2 lead to reductions of reinforcement to 24% and 33%, respectively, compared to CRCP. This 
reduction in reinforcement escalates to 33% and 42% in ARCP-1 and ARCP-2, respectively, when considering a 
0.67% steel ratio. Even at a steel ratio of 0.85%, ARCP facilitates a reduction in reinforcement by up to 15% and 
24% in ARCP-1 and ARCP-2, respectively, relative to CRCP. It is important to highlight that ARCP represents 
an innovative rigid pavement structure that has not yet been constructed. To comprehensively apprehend its 
cracking behavior and variations in crack width over an entire environmental cycle, the establishment of field 
trial test sections is imperative. The insights obtained from this study can offer valuable preliminary guidance 
for the development of an ARCP slab with a structurally optimized design.
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Figure 27.   Crack strain evolution at the notch tip in ARCP-1 and ARCP-2 with 0.75% and 0.85% reinforcement 
ratios.

Table 5.   Comparison of reinforcement layout details of ARCP design for a steel ratio of 0.85% with those of 
the CRCP design having 0.75% steel ratio.

Layout design CRCP ARCP-1 ARCP-2

Slab width (mm) 1800 1800 1800

Slab length (mm) 2400 2400 2400

Saw-cut spacing (mm) 1200 1200 1200

Continuous-length steel bar diameter (mm) 20 16 16

Continuous-length steel bar length (mm) 2400 2400 2400

Number of continuous-length steel bar rows 11 10 7

Steel ratio at active crack locations (%) 0.75 0.85 0.85

Partial-length steel bar diameter (mm) – 16 16

Partial-length steel bar length (mm) – 600 600

Number of partial-length steel bar rows – 9 12

Steel ratio between active crack locations (%) 0.75 0.45 0.313

Total amount of steel (kg/m3) 60.37 50.91 45.64

Steel reduction relative to CRCP (%) – 15.67 24.4



20

Vol:.(1234567890)

Scientific Reports |        (2024) 14:17337  | https://doi.org/10.1038/s41598-024-68414-7

www.nature.com/scientificreports/

Figure 28.   Configuration of reinforcement in ARCP with a 0.67% reinforcement ratio using 16 mm diameter 
steel bars (a) ARCP-1 (b) ARCP-2.
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