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Abstract

It is thought that rigid pavements are more expensive than flexible pavements. However, when taking into account the ele-
ment of durability, it was found that rigid pavements are less expensive than flexible pavements and have a service life up to
20 years. The flexible pavements are more suitable for the areas with weak subsoil and poor drainage, but it has a negative
impact on the environment. This research presents an experimental and numerical study to explore the behavior of rigid
pavement made of different types of concrete under the influence of static loads. The recent experimental study consists of
six slabs with dimensions of 600 X 600 X 60 mm made of different types of concrete. Such types are normal-strength concrete
(NSC), high-strength concrete (HSC) and strain hardening cementitious composites (SHCC). Based on the findings of this
study, it is evident that the slab constructed with SHCC exhibits a 76.6% greater bearing capacity compared to the NSC slab.
Regarding cost-effectiveness, the HSC slab was identified as the most economically advantageous option. A point to be noted
is that the numerical model using the Abaqus program succeeded in modeling the experimental tested slabs.

Keywords Concrete rigid pavement - Normal-strength concrete - High-strength concrete - Strain hardening cementitious

composites - Abaqus

Introduction

The pavement is considered the link between the vehicle
loads on the road and the foundation layers. A point to be
noted is that the bearing capacity of the foundation layers is
not taken into account when choosing the optimal path for
the road. Therefore, the search for a type of pavement that
can withstand high traffic loads and has the ability to resist
the resulting subsidence in the foundation layers becomes
a must [1, 2]. The road user needs appropriate means of
comfort and safety on an ongoing basis. Such means need
efficient pavement able to bear the repeated loads imposed
by traffic and harsh environmental conditions, which may
lead to irreversible deformations in the body of the road
[3, 4]. To make a durable pavement, the surface layer must
have the basic elements necessary to achieve such durability.
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Such elements are provided by using a water-impermeable
layer. An important point to be noted is that water leakage
through cracks and holes may lead to a change in the qual-
ity of the foundation layers and reduce the bearing capac-
ity of the pavement [5, 6]. The pavement can be divided
into two types according to the composition of the material
used in the surface layer. Such types are the flexible pave-
ment and the rigid pavement. Another point to be noted is
that the foundation layers in both types are usually com-
posed of materials with high capacity to achieve stability
and endurance. With the use of such efficient materials, the
traffic remains open during the paving process. Moreover,
this traffic helps to generate loads, which increase the com-
paction of the foundation layers and reduce the cost of using
compaction equipment. Furthermore, the traffic improves the
bearing capacity of the foundation layers [7, 8]. The mechan-
ical properties and durability of the road surface are equally
important to provide the necessary resistance to avoid dam-
age to the road. In addition, such properties increase the
durability of the concrete and its resistance to the cracks.
Furthermore, these properties reduce the pores, which in
turn prevent the penetration of water and chemicals, such as
acids, chlorides and sulfates to the foundation layers [2, 9,
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10]. Rigid pavements usually have a service life of 30—40
years. During this period, the integrity of the pavement
structure must be maintained. A point to be noted is that
the surface of these pavements is often treated throughout
their service life to restore their efficiency. According to the
highway code [11], crack widths in concrete pavement can
be classified into three categories: narrow cracks of 0.5 mm
width capable of fully transferring the load; medium cracks
from 0.5 to 1.5 mm capable of partially transferring loads;
and large cracks with a width of more than 1.5 mm that are
not able to transfer loads.

Surface layer material is the basic criterion for road clas-
sification [2, 9, 10]. Asphalt materials are used in flexible
pavement, and they are also called ‘asphalt pavement’ [12].
Unlike concrete pavements, asphalt pavements do not need
joints and breaks to face the movement of expansion and
contraction resulting from temperature changes. To han-
dle this expansion and contraction in the pavement, which
causes a degree of deformation, each road has a maximum
degree of deformation that can be restored [13, 14]; unlike
asphalt pavement, the concrete pavement requires longer
time to be opened to traffic because concrete needs time to
reach sufficient strength before being used [7, 12, 15]. It is
worth mentioning that there is a type of a pavement called
‘semi-rigid’ or ‘composite pavements,” which is a mixture
of asphalt layers and recycled concrete. This type of pave-
ments is made of high-quality asphalt and recycled concrete
of lower quality. Therefore, it has both the strong bearing
capacity of the rigid pavement and the advantages of the
flexible pavement [16-20]. Numerous studies have examined
the behavior of rigid pavements [21-29]. By using a small
percentage of the recycled concrete, cracking may occur,
and the pavement will begin to show early signs of collapse
[2, 6, 30]. A point to be noted is that the rigid pavement or
the concrete pavement usually consists of two layers: the
foundation layers and the surface layer, which consists of
the concrete slab. These slabs act as a basic support that
strengthens the pavement. Furthermore, the slabs are placed
on the high- and low-quality foundation layers [31, 32]. The
use of a strong layer of concrete as a surface layer leads
to the use of materials with a lower cost to be used as a
filler layer over the weak base layer. This is because this slab
works to improve the lower layer and increase its hardness

[11, 32]. The higher the percentage of the cracks in the sur-
face layer, the greater the possibility of dust and debris to go
into the cracks. Moreover, these cracks allow the penetration
of water into the foundation layers, which leads to the rapid
deterioration of this layer. It is worth mentioning that the
use of a low-strength concrete is one of the most important
reasons that lead to such cracks [31, 33].

According to the authors’ review of previous studies, as
partially discussed earlier, it becomes evident that there are
deficiencies in studying and comparing the impact of using
different types of concrete on the behavior of rigid pave-
ment. Therefore, the aim of this research is to investigate the
influence of employing various concrete types on the behav-
ior of rigid pavement, both experimentally and numerically,
and to compare them in two aspects: strength and cost.

Experimental program
Materials properties

In the case of rigid pavement over weak subsoil, the primary
factor in resisting external loads depends on the behavior
of the concrete pavement used. Therefore, it is essential to
study the behavior of rigid pavements made from various
types of concrete.

To study the behavior of the rigid pavement made of dif-
ferent types of concrete, six concrete slabs with dimension
600*600*60 mm were prepared tested and divided into three
groups. In addition, each group consisting of two slabs rep-
resents one of the following types of concrete: NSC, HSC
and SHCC. Table 1 shows the quantities in kg to prepare
cubic meters of each type. The design of the mixtures was
based on the mixtures proposed by Elsamak et al. [34].

Two cylinders of size 150 X300 mm were casted from
each type of the concrete to be tested under compression.
The compressive strength after 28 days was 31, 72 and
121 N/mm? for NSC, HSC and SHCC, respectively. Fur-
thermore, two samples of each type of the concrete were
prepared to be tested under direct tension. A point to be
noted is that the tests of the two samples were made accord-
ing to tests made by Zeng et al. [35] The tensile strength was
2,2.25, 6 N/mm? for NSC, HSC and SHCC, respectively.

Table 1 .Quantities. in kg for the Type Cement Flyash Silicafume Sand Crushed basalt ~ Fibers Water  Super
preparation of cubic meters of lasticizer™
plasticizer
each type of concrete used
NSC 332 - - 662 830 - 206 -
HSC 460 80 54 600 980 - 130.7 9.2
SHCC 1300 - 230 146 - 15 297 30

*Polypropylene fiber consists of fibers 25 um in diameter and 12 mm in length

**CMB Addicrete BVS
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To study the behavior of the aforementioned slabs as rigid
pavement layers above the base and sub-base layers, three
different soil samples were used from a nearby site. Such
soil samples were used as a sub-base layer. The basalt frac-
ture was used from one of the local quarries as a base layer
upon which the slabs were placed. A sieve analysis test was
conducted on it, revealing that its maximum nominal size
is 7 mm. The particle size distribution curve is depicted in
Fig. 1. The following tests were carried out on each of the
previous samples: granular gradient, modified proctor, CBR,
degree of absorption of aggregates, degree of disintegra-
tion in water, Los Angeles and California borders. Further-
more, these tests were performed according to tests made by
AASHTO [36]. The results of the tests are shown in Tables 2
and 3. The experimental study was conducted using the sec-
ond sample shown in Table 2.

Test setup

To conduct the test, a unidirectional steel frame was
prepared with a steel tank with a net dimension of
1000 x 1000 x 600 mm and a loading cylinder with a capac-
ity of 500 kN in addition to a hydraulic pump. To calcu-
late the settlement resulting from loading, the device was
equipped with a displacement gauge with a 100-mm stroke.
Figure 2 shows the main components of the device.
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Fig. 1 Particle size distribution curve of the basalt fracture used as a
base layer

Table 3 Results of the tests carried out on the aggregate used as a
base layer

Test Results Specification
Water absorption 2.22% Max. 10%
Disintegration in water 1.57% Max. 5%
Loss Angeles 30.8% Max. 40%
Modified proctor Maximum dry density

(g/em®)=2.253

Optimum moisture

content=6.75%

CBR 97.2% Min. 80%

Three hundred millimeters of the sub-base was laid
on two layers with a thickness of 150 mm for each one.
Moreover, the necessary compaction operations were
carried out on each layer using a reciprocating vibrator,
which was sprayed with the optimum moisture content.
After the completion of the compaction process, the sand
cone test was performed. The result of the compaction rate
was as follows: the first layer was 92%, while the second
layer was 94%. It was worth mentioning that the base layer
was placed on two layers with a thickness of 100 mm for
each one. This test was performed in the same way as the
previous test. The results of the sand cone test were as
follows: the first layer was 97.5%, while the second layer
was 98.5%.

After the completion of the compaction process, the
MCO layer was sprayed at a spray rate of 1.5 kg/m?. More-
over, the aforementioned slabs were placed on the top of
the impregnation layer after using the final quick setting
grout mortar (Sika Grout 200) with a medium thickness
of 7 mm. A point to be noted is that the Sika Grout 200
was used to fill the voids between the impregnation layer
and the slabs.

To simulate the loading of the vehicles on the road,
a metal loading bogey, shown in Fig. 2, was used after
making sure that the grout layer became hardened com-
pletely. Furthermore, the loading was carried out at a rate
of 25 kN/min. In addition, the corresponding settlement
values were read. Finally, all the previous operations were
performed on each tested slab.

Table 2 Results of the tests

Test First sample Second sample Third sample
performed on the sub-base
samples Soil classification (A-2-4) (A-1-a) (A-1-b)
Modified proctor Maximum dry density (g/ ~ Maximum dry density (g ~ Maximum dry
em?)=2.146 em®)=2.107 density (g/
Optimum moisture con- Optimum moisture con- em?)=2.052
tent=7.1% tent=7% Optimum moisture
content="7.2%
California bearing ratio ~ 20% 26% 23.9%

(CBR)
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Fig.2 The components of the device used to perform the test

Experimental results

By conducting tests on different concrete slabs, it was found
that there was a similarity in the pattern of the beginning of
cracking for all slabs; the cracks started from the middle of
the bottom of the slabs and went in a direction parallel to the
long rib of the loading bogey. Moreover, the cracks started
to occur in the transverse direction. It was observed that the
cracks were dense (in a large number) in the slabs made of
SHCC (Fig. 5e). However, the cracks were dense in an aver-
age number in the slabs made of HSC (Fig. 5c), while they
are few in the slabs made of NSC (Fig. 5a). An important
point to be noted is that this contrast in the cracks between
the different slabs may be due to the ductile behavior of
SHCC concrete when compared to other types of concrete
used.

@ Springer

20 mm

c- A section showing the dimensions of the
loading plate (bogey)

By studying the relationship between the load and the
settlement for the different slabs (Fig. 3), it was found that
the maximum bearing load of the slabs made of SHCC,
HSC and NSC was 351.50, 306.50 and 198.90 kN, respec-
tively. These results indicated that the slab made of SHCC
was the slab with the maximum bearing capacity, fol-
lowed by the HSC, and the NSC, respectively. Table 4
shows the amount of increase in the maximum load for
each slab, when compared to the slabs made of NSC as
a reference slab.

The initial stiffness can be defined as the slope of the
linear segment at the beginning of the load—displace-
ment curve, representing its resistance to deformation.
The initial stiffness values for NSC, HSC and SHCC are
12.50, 20.82 and 21.90 kN/m, respectively. HSC shows
an increase of approximately 66.56% in initial stiffness
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Fig.3 The load—settlement curves for different slabs
Table 4 Pe.rcentage increase Type Average maxi- % Of the increase in (K) (T) US dollar/kN
n the maximum load for the mum load (kN) the maximum load Initial stiffness Toughness
different slabs (KN/mm) (kN mm)
NSC 198.90 - 12.50 15,638 0.84
HSC 306.50 54 20.82 20,710 0.77
SHCC 351.50 76.6 21.90 26,876 0.95

compared to NSC. SHCC demonstrates a significant
increase of approximately 75.20% in initial stiffness when
compared to NSC.

Toughness can be defined as the area under the load—dis-
placement curve, representing ductility. The toughness for
NSC, HSC and SHCC, respectively, is 15,638, 20,710 and
26,876 kN mm. HSC exhibits an increase of approximately
32.43% in toughness compared to NSC. SHCC demonstrates
a significant increase of approximately 71.86% in toughness
when compared to NSC.

By calculating the cost of producing a cubic meter from
SHCC, HSC and NSC when conducting the recent study,
it was found to be equal to 335, 235 and 167 US dollars,
respectively. Considering the cost required to increase the
capacity of the pavement by one kilo Newton using each

type of concrete, it can deduced that the most economical
type was the HSC.

Numerical modeling

The numerical study of the current research was carried out
based on the Abaqus program [37], which was based on
the finite element method. Furthermore, the modeling was
done using four parts: the first part was the loading bogey,
the second part represented the concrete slab, the third part
was the base and sub base layers, and finally, the fourth part
represented the rigid tank. It is worth mentioning that the
C3D8R element (An eight-node linear brick, reduced inte-
gration, hourglass control) was used for all parts except for
the rigid tank, which was modeled as the S4R shell element

@ Springer
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Table 5 Variables used in numerical modeling to model different types of concrete

Type Elastic Poisson ratio (v) Dilation

Eccentricity ©" Shape parameter (KC)* (fbo/fco)*

Viscosity (p)"

modulus E angle Maximum compression axial/
(N/mm?) W' biaxial
NSC 31,600 0.2 30° 0.1 0.667 1.16 0
HSC 55,000 0.2 30°
SHCC 57,000 0.17 35°

“W¥ is the dilation angle, measured in p-q plane and should be defined to calculate the inclination of the plastic flow potential in high confining
pressures. The dilation angle is equal to the friction angle in low stresses. In higher level of confinement stress and plastic strain, dilation angle is
decreased—€ is the flow potential eccentricity. It is a small positive number, which defines the range that the plastic potential function closes to
the asymptote—K_ is the ratio of the second stress invariant in the tensile meridian to compressive meridian for any defined value of the pressure
invariant at initial yield. It is used to define the multi-axial behavior of concrete—fi/f,, is the proportion of initial equibiaxial compressive yield
stress and initial uniaxial compressive yield stress—p is the viscosity parameter; in comparison with characteristic time increment, it should be

small

(A four-node doubly curved thin or thick shell, reduced
integration, hourglass control, finite membrane strains).
Moreover, the loading bogey was defined as an elastic ele-
ment with an elastic modulus E = 200,000 N/mm? and Pois-
son’s ratio equal to 0.3, while the CDP (concrete damage
plasticity) model was used to represent the concrete in the
nonlinear phase. The characteristics of this model are shown
in Table 5. Carrira model [38] was used to model the com-
pressive and tensile behavior of concrete.

A sensitivity analysis was conducted to adjust the numeri-
cal model for NSC, HSC and SHCC. The analysis focused
on two key numerical parameters: mesh size in the thick-
ness direction (1) and dilation angle (y). Each parameter
underwent adjustments across a range of feasible values to
assess its impact. Mesh sizes of 5, 10 and 15 mm were exam-
ined, with smaller mesh sizes yielding more accurate results.
However, no substantial disparities were observed as the size
increased from 5 to 10 mm. Therefore, a mesh size of 10 mm
was chosen to optimize computational efficiency. Further-
more, dilation angles of 10°, 20°, 30° and 35° were selected.
The numerical findings indicated that lower dilation angles
exhibit a higher propensity for brittle behavior, leading to the
failure of associated models due to concrete cracking, while

higher dilation angles exhibit a more ductile behavior, result-
ing in failure due to concrete crushing, but exceeding y more
35° led to a slight underestimation of results. Ultimately,
the most accurate predictions were achieved using a dilation
angle of y = 30° for NSC and HSC, while y = 35° was ideal
for SHCC. Other constitutive parameters for the CDP were
defined following the recommended default values specified
in the manual, which were 0.1 for €, 1.16 for f, /f.., 2/3 for
K_ and O for p. These default values indicated negligible
deviations between the experimental and numerical results.

According to [39], the elastic behavior of the base
and sub-base layers was modeled by setting E=20 N/
mm? and Poisson’s ratio 0.3, while the Mohr—Coulomb
plasticity model was used to model the inelastic behav-
ior by placing friction angle =40°, dilation angle =0 and
cohesion=0.01 N/mm?.

The interaction between the concrete slab and the loading
plate, the concrete slab and the top surface of the base layer,
and the surfaces of the tank adjacent to the two layers of
the base and sub base was considered a hard contact inter-
action that allowed separation with penalty friction coef-
ficient=0.25. In addition, all the surfaces of the rigid tank
were prohibited from moving in all directions. The analysis

Fig.4 Details of the numerical
model

Loading bogey

/S
Base & Sub base

Concrete slab
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Fig.5 Comparison of experimental and numerical collapse patterns for different slabs
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Fig.6 Comparison of the numerical and experimental load—settle-
ment curves for the tested slabs

was carried out with a load in a place similar to the hydrau-
lic cylinder loading point above the loading plate. Figure 4
shows the details of the numerical model.

Figure 5 shows a comparison between the experimental
and the numerical collapse patterns. According to Fig. 5, it
is clear that the numerical modeling succeeded in modeling
the behavior of the tested slabs.

Figure 6 shows a comparison between the load—settle-
ment curves for all the slabs experimentally and numerically.
According to Fig. 6, it can be deduced that there was a great
agreement in the behavior of all the tested slabs.

Figure 7 shows the profile of the vertical displacement of
the different slabs along the two paths of the slab passing
through the center during loading, at displacements of 20,
40, 60, 80 and 100 mm. An important point to be noted is
that the slab made of NSC suffered from positive displace-
ments at its end (raised from the base layer) in the direction
parallel to the short length of the bogey (see Fig. 7a). Such
a behavior was due to the relatively low elasticity and the
tensile strength of this type of concrete.

Figure 8 shows the comparison of the vertical displace-
ment profile of the different slabs at a displacement of
100 mm. It shows the ability of the SHCC slabs to distribute
stresses on the surface of the base layer when compared to
the slabs made of NSC or HSC. Such an ability of the SHCC
slabs was due to the fact that the vertical displacement of
the edge of the slab, which was in the direction of the long
length of the bogey, had not been less than 75% of its center
displacement (see Fig. 7b).

@ Springer

Conclusion

This research conducts an experimental and numerical inves-
tigation into the performance of rigid pavement constructed
from various concrete types under static load conditions.
The recent experimental study involves six slabs, each meas-
uring 600 X 600 X 60 mm, and they are made from differ-
ent types of concrete, including normal-strength concrete
(NSC), high-strength concrete (HSC) and strain hardening
cementitious composites (SHCC). According to the current
research, it can be concluded that:

1- By using the concrete pavement made from SHCC, it
was found that the bearing capacity of the pavement
increased by 76.6%, compared to NSC pavement.

2- The bearing capacity of the HSC pavement increased
by 54%, compared to NSC pavement. Moreover, the
maximum load for the slabs made from SHCC, HSC
and NSC could bear 351.50, 306.50 and 198.90 kN,
respectively. Regarding the cost required to increase the
capacity of the pavement by one kilo Newton using each
type of concrete, it can be deduced that HSC is the most
cost-effective option.

3- The initial stiffness values are 12.50 kN/m for NSC,
20.82 kN/m for HSC and 21.90 kN/m for SHCC. HSC
exhibits an approximately 66.56% increase in initial
stiffness compared to NSC, while SHCC demonstrates a
significant increase of around 75.20% compared to NSC.

4- The toughness values are 15,638 kN mm for NSC,
20,710 kN mm for HSC and 26,876 kN mm for SHCC.
HSC exhibits an approximate 32.43% increase in tough-
ness compared to NSC, while SHCC demonstrates a
substantial increase of approximately 71.86% in tough-
ness when compared to NSC.

5- The numerical study succeeded in modeling the nonlin-
ear behavior of different types of pavements, in which
different types of concrete were used.

6- It was deduced that the SHCC pavement was able to
distribute stresses better than the NSC and the HSC
pavements, due to its modulus of elasticity, high tensile
strength and ability to distribute cracks.
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