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Continuously reinforced concrete pavement (CRCP) is characterized
by the absence of transverse contraction joints and the presence of
longitudinal and transverse reinforcement. The continuous longitudi-
nal reinforcement holds the transverse cracks, caused by the longitu-
dinal shrinkage of concrete, tightly together and thus provides long
term performance with minimal maintenance cost. Field investiga-
tions on recently constructed CRCP’s in Flanders region of Belgium
indicated horizontal cracking in the vicinity of the longitudinal rein-
forcement under the transverse cracks which eventually causes the
punch-out distress at the edge of the pavement slab.

This paper shows the results of a finite element (FE) study to inves-
tigate the effect of varying longitudinal reinforcement on the risk of
horizontal cracking in CRCP under typical Flanders conditions. For
this purpose, a (3D) FE model of CRCP is developed using a FE pack-
age Diana 10.2. The varying longitudinal reinforcement with a most
narrow spacing of 125mm in the outer region of the pavement slab is
applied while keeping the same CRCP reinforcement ratio. A compar-
ison is made with the conventional longitudinal reinforcement spac-
ing (170mm). Development of concrete stress in the vicinity of the
longitudinal reinforcement is plotted against the different longitudi-
nal steel spacing. Findings show that the stress in concrete near
longitudinal reinforcement is significantly reduced up to maximum
17% when the narrow spacing is used. In addition, the steel stress in
the longitudinal reinforcing is reduced up to maximum 31.75% in the
outer region of the pavement slab.

Horizontal cracking | CRCP | Longitudinal reinforcement spacing | 3D
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1. Introduction

A continuously reinforced concrete pavement (CRCP) is a type
of rigid pavement which is constructed without any transverse
contraction joints with the exception of possible construction
joints. CRCP has embedded steel in transverse and longitudi-
nal directions. Transverse cracking is allowed to form freely
as a result of dry shrinkage but the cracks are held tightly to-
gether with continuous longitudinal reinforcing steel, ensuring
an optimal crack pattern providing good ride quality. This
type of pavement is mostly preferred for high priority routes
because of the low maintenance requirements [1, 2].

Previous field studies indicated that punch-out is the most
severe structural distress in CRCPs [3-8]. During the mid-
1980s,Texas Department of Transportation addressed this dis-
tress by modifying the design and construction practices. It
has been observed that punch-out forms at the edge of the
concrete slab due to the formation of two transverse cracks
connected by a horizontal crack in the vicinity of longitudinal
reinforcement. This formation ultimately leads to a half-depth
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punch-out in CRCP. Studies on the mechanism of horizontal
cracking revealed that the longitudinal reinforcing steel sig-
nificantly influences the formation of horizontal cracking. A
significant amount of tensile stress in concrete in the vicinity
of longitudinal steel developed due to the environmental load
and steel restraint. It was also reported that the horizontal
cracking may be affected by variations in the concrete material
properties, environmental conditions and reinforcement layout
1, 9].

Belgium has used continuously reinforced concrete pave-
ments (CRCPs) on a very large scale for a very long time [2,
10]. For more than 40 years, Belgium has been using CRCP
to build the motorway network and other high priority roads.
The proponents of CRCPs cite durability, sustainability and
low maintenance which made it as long-lasting applications.
Field surveys of several newly constructed CRCPs under the
current design concept 3 in Belgium, showed the horizontal
cracks in concrete following the longitudinal reinforcement at
the transverse crack interface during the early ages [11-15].
Although, several changes were made in design concepts as
shown in Table 1 [15] by modifying the amount of reinforce-
ment and the slab thickness. However, horizontal cracking has
not been well addressed yet in Belgium.

Therefore, the present research is conducted to develop a
3D FE model for studying the horizontal cracking in CRCP
under Belgian environmental conditions. For this purpose, two
different layouts of longitudinal reinforcement placement; (1)
varying longitudinal reinforcement spacing (2) conventional
longitudinal reinforcement spacing in accordance with the
current design concept 3 in Belgium, are applied to analyze
the development of tensile stress in concrete in the vicinity of
the longitudinal reinforcement.

Due to the higher traffic intensity, the thickness in concept 3
has been increased since approximately the year 2010 up to 230
mm concrete thickness, with an identical reinforcement per-
centage of 0.75%, which implies a longitudinal reinforcement
020 every 170 mm [16].

To further optimize the crack pattern in the current design
concept 3, the active crack control technique was introduced
in the year 2012 in Belgium, by making a saw cut at the edge
of the concrete strip, 400 mm long, 40 mm deep, spaced at
1200 mm, within 24 hours after concreting (when brushing
off the concrete mortar for exposed aggregate finishing). This
is a simple and efficient technique which ensures a faster
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Table 1. Overview of design concepts for CRCP in Belgium

Design concept Concept 1 Concept 2 Concept 3
Period 1970 -1981 1981 - 1995 1995 -onwards
% longitudinal reinforcement  0.85 % (@18mm every 150 mm)  0.67 % (&16mm every 150 mm) 0.75 % (&20mm every 170 mm)
Distance of reinforcement to surface 60 mm 90 mm 80 mm
Concrete thickness 200 mm 200 mm 230/250 mm
Intermediate layer in asphalt  Yes, 60 mm No Yes, 50 mm

Surface finish
Air-entrainment

Transverse grooved
No

Transverse grooved or chemical exposed aggregate surface
No

Fine exposed aggregate surface
Yes
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Fig. 1. Geometry of CRCP segment

crack development, straighter and more regular cracks with
significantly reduced risk of clustering. It has been monitored
that up to 80% of the cracks are initiated by a saw cut [17].

2. Finite element modeling of CRCP

A. Geometry. Rectangular saw cut following the dimensions of
4 mm (width) x 40 mm (depth) x 400 mm length is considered
in FE model to induce the active cracks to capture the crack
pattern. The length, width and depth of the CRCP segment

are assumed as 2400 mm, 1800 mm and 250 mm respectively.

The spacing between the saw cuts is taken as 1200 mm. Two
different layouts of longitudinal reinforcement placement are
adopted. In the first layout, a steel bar of 20 mm diameter is
placed at a uniform spacing of 170 mm c/c (conventional steel
spacing) which complies to the current design concept 3 of
CRCP in Belgium. In the second layout, the spacing of steel
in the edge region of the concrete slab is assumed as 125 mm
¢/c. Further to the middle, the spacing is increased to 170
mm c/c in the central part of the model. The last two bars are
placed at a spacing of 225 mm c¢/c. The reinforcement ratio
in both layouts is kept the same. The reinforcement layout of
CRCP segment is shown in Figure 1.

The behavior of CRCP can be assumed to be symmetric
with respect to the center of the two adjacent transverse
cracks as well as with respect to the center of the lane under
environmental loading [4, 18, 19]. Therefore, one-half of the
slab is considered on either side of saw-cuts and other half
of the lane is taken into account by considering the proper
boundary conditions. 3D FE models of CRCP segment are
illustrated in Figure 2.

B. Material model. Among the different alternatives provided
by Diana FE software, the Euro-code model is used as a
reference model, where the required parameters are modified
for a more accurate mimicking of the real material. In order
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Fig. 2. (a) 3D FE model with conventional steel spacing (b) 3D FE model with varying
steel spacing

Table 2. Material input parameters

Elastic modulus of concrete 24654.3 MPa
Elastic modulus of steel 200,000 MPa
Mean compressive strength of concrete 48 MPa

Mean tensile strength of concrete 3.51 MPa
Coefficient of thermal expansion of concrete  10.0 x 10-6 (1/°C)
Relative humidity 80 %

Thermal conductivity 3.0 Wme°C
Notional size 360 mm

Heat transfer coefficient 7 W/m2°C

to better control the different variables, the material model is
generated with the maturity dependent parameters. This is
carried out for elastic modulus, Poisson ratio and shrinkage,
including also its own creep function and strength gain based
on maturity for a potential crack analysis. The required
material properties as input parameters in Diana software are
listed in Table 2.

C. Boundary conditions. Two aspects of boundary conditions
are considered: (1) structural restraint (2) thermal restraint.
The structural translation restraint in an upward direction
(U,=0) is applied at the bottom face of the concrete slab
assuming that a stiffer base layer is lying below the concrete
slab. No friction is assumed between the slab and base. The
double symmetry of the geometry is taken along X-axis and
Y-axis in order to reduce computation time.

Along the width of CRCP segment, the translation in X-
direction (Ux=0) is applied at the symmetry faces as shown
in Figure 3. This translates that concrete can contract, but it
cannot expand because of the infinite surrounding concrete.
Same structural restraint is imposed along the length. For the
thermal problem, the top and edge faces of slab are considered
to be directly exposed to environment load.

D. Analysis type. Staggered structural-flow analysis is per-

formed to study the early-age behavior of CRCP under envi-
ronmental load. In the first part of analysis, the structural
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Fig. 4. External temperature load

elements are transformed into flow elements. Then, tempera-
ture output from transient heat flow analysis is used as input
for structural nonlinear analysis acting as thermal strains. The
following environmental load applied to the model is shown in
Figure 4.

3. Results and discussions

The development of the crack pattern, the vertical concrete
stress in the vicinity of longitudinal reinforcing steel and the
steel stress in the 3™ and 7*" longitudinal bars are studied.

A. Crack pattern. In both models, the cracks initiate from the
tip of saw cut and propagate along the width of the pavement

Fig. 5. Transverse crack pattern in a CRCP segment with (a) Conventional steel
spacing (b) Varying steel spacing
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Fig. 6. Vertical tensile stress in the vicinity of longitudinal steel

slab which complies to the field results of CRCPs sections
in Belgium [12, 17]. After the 30 days of concrete pouring,
the development of crack pattern in FE models is depicted in
Figure 5.

It can clearly be observed that the cracks followed the
direction of the transverse steel which means that the mean
crack spacing is identical to the design spacing of the transverse
reinforcing bar. FE model with conventional longitudinal steel
spacing exhibits more severe cracking in the outer region of
the pavement slab as well as in the central part of CRCP
segment in comparison to FE model with varying longitudinal
steel spacing as illustrated in Figure 5. In case of varying
steel spacing, cracking occurs throughout the width in the left
extreme region of CRCP segment. The possible reason behind
it could be the higher longitudinal steel restraint because of
the narrow steel spacing in the exposed outer region of CRCP
segment directly to environmental conditions.

B. Concrete stress in the vicinity of the steel. Horizontal
cracking occurs due to the development of vertical concrete
stress in the vicinity of longitudinal reinforcing steel bars at
the transverse crack interface which ultimately leads to the
punch-out distress in the outer region of the pavement.

The present study is mainly focused on the development
of vertical concrete stress in the vicinity of longitudinal steel
with varying steel spacing. Figure 6 illustrates the variations
in vertical concrete stress in both FE models. It can clearly be
observed that the maximum vertical concrete stress near the
longitudinal steel occurs in the outer region of CRCP segment
which ranges from 0 to 750 mm. FE model with conventional
steel spacing produces the maximum vertical concrete stress of
10.96 MPa which is 17% greater than that of FE model with
the narrow steel spacing in the outer region of the pavement
slab. It translates that the amount of vertical stress in concrete
near longitudinal steel could be effectively reduced by using
the narrow steel spacing in the outer part of the concrete slab.

C. Stress in the longitudinal steel. In order to see the distribu-
tion of stress in steel, the 3" and 7*® longitudinal reinforcing
bars with respect to the entire model of CRCP segment are
selected for the comparison purpose. Contrary to FE model
with conventional steel spacing, the four peaks of stress oc-
cur in FE model with varying longitudinal steel spacing as
illustrated in Figure 7. Three peaks occur exactly over the
location of the transverse reinforcing bars. Peak occurs in the
left extreme end of the steel bar could be due to the higher
longitudinal restraint against the dry shrinkage of concrete.
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Fig. 7. tress in the 3" and 7"" longitudinal steel bar

CRCP segment with conventional steel spacing exhibits
the average maximum tension stress of 62.11 MPa and 69.95
MPa in the 3™ and 7*" longitudinal steel bars respectively
and that with varying steel spacing produces 42.39 MPa and
59.22 MPa respectively. So, the stress is reduced by 31.75% in
the outer region of the pavement slab with the use of narrow
steel spacing. Additionally, it also causes a reduction in stress
in the center of CRCP segment by 15%.

4. Findings

1. Cracking initiates from the tip of saw cut and propagates
along the width of the pavement slab following the direc-
tion of the transverse reinforcing steel which is in good
agreement with the field observations.

2. FE model with conventional steel spacing exhibits more
severe cracking in the outer and central region of CRCP
segment in comparison to FE model with varying steel
spacing.

3. Concrete stress in the vicinity of longitudinal steel bars in
the outer region of the segment is reduced up to maximum
17% with the use of narrow steel spacing.

4. Steel stress in the outer region of CRCP segment is re-
duced up to maximum 31.75% by using varying longitu-
dinal steel.

5. Future work

The implementation of varying longitudinal steel in CRCP
needs further investigation and validation by large scale field
testing.
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