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ARTICLE INFO ABSTRACT

Keywords: This research paper intends to numerically investigate the impact of selected factors on the
Overlay strength of the concrete overlay-bridge deck bond, directly and indirectly, using the nonlinear
Degradation finite element analysis (NLFEA) method. Besides, the research introduces the guidelines necessary
;zijrslfrs;gth to attain adequate bond strength to eliminate the possibility of concrete detachment under the
NLFEA effect of different developed stresses. The NLFEA has been utilized in predicting and correlating
Live load the live applied loads and the induced shrinkage stresses at the interfacial region between the

Shrinkage concrete overlay and the bridge deck. The developed stresses were related to the overlay’s direct
tensile bond strength. A total of 336 NLFEA models of overlay-bridge deck slab segments were
designed and examined after being properly validated. The parameters of the study were as
follows: the overlay degradation level (0 %, 19 %, 36 %, 51 %, 64 %, and 75 %); the ratio of the
overlay’s relative thickness-to-the bridge deck slab (toverlay/tstab); in addition to the age of the
shrinkage induced stresses (early age (3 and 7 days) and moderate age (14 and 28 days)). The
NLFEA live load and shrinkage stress values were validated using experimental results from the
literature with difference percentages of less than 5 %. The numerical study results recommended
that the thickness of the concrete’s overlay should be within certain overlay thickness limits to be
capable of handling the lower and higher stresses at the service and overloading conditions. The
proposed guidelines enable the avoidance of unfavorable detachment between the interface parts
under the effect of AASHTO HS-20 truck cyclic and impact loadings, as well as shrinkage loading.

1. Introduction

Bridge deck concrete decks are subjected to a high risk of concrete cracking and reinforcement corrosion during their service life,
especially under dynamic vehicular loads and environmental conditions [1-4]. Improving the structural performance using the bonded
overlay either to rehabilitate or strengthen the original bridge deck system [5]. Conventional cement-based or latex-based materials,
such as the normal-strength concrete are not enough to secure the service life of the bridge deck [6]. The serviceability of the bridge
deck-overlaying layer interface is highly dependent on the bond strength at the interface region. However, stresses are induced as a
result of the motion between the two connected parts [7-10]. The interface location exhibited complicated stress conditions, as these
stresses are affected, directly and indirectly, by several factors.

The induced stresses at the interfacial bond between the bridge deck and the overlay start to appear at the instant when the concrete
overlay is placed on the bridge deck till the overlay gains the proper bond strength and the live load is applied. When the overlay is
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constructed at the top of the bridge deck, the overlay encounters drying shrinkage, which begins just after the moist curing is
completed. The substrate beneath the bridge deck constrains the shrinkage of the overlay, leading to the development of stresses within
the bond [11-13]. Standardly, the bridge deck can be made of precast and cast-in-place concrete parts that are connected, interact, and
develop their full strength before the placing of an overlaying layer where the possibility of drying shrinkage is almost avoided.

The concrete overlay shrinks quickly in the first 1-7 days. Then, the shrinking rate reduces to 28 days when the shrinkage rate
becomes at its lowest value. The induced shrinkage stresses, at 1-7 days (early) age, have a significant influence and can cause the
overlay to detach at an early age. After this crucial time interval, the majority of shrinkage strains are mitigated by the relaxation
process. Often, the live load is not to be applied unless the overlay gains the required level of bond strength. Further, placing the
overlay on the entire deck surface likely minimizes the level of mechanical loading stresses at the concrete’s overlay-substrate
interface, but the concrete bridge deck’s surface encounters cracks in some places [14]. A few research studies have been carried
out to investigate the stresses within the deck-overlay interface. For example, Delatte and Sehdev [15] found that the strength of the
bond enhanced at the age of 1-3 days, but the enhancement rate was much less at the age of 7 and 14 days. In another study, Babaei
[16] revealed that the LMC overlay had a stronger bonding than the ones made of low-slump dense concrete (LSDC). Also, Wells et al.
[17] research estimated that an adequate 28-day-aged bond strength’s value should be 0.90 MPa, at least. In addition, Sprinkel and
Ozyildirim [18] considered that the bond strength value of 1.38 MPa at 28 days after the construction was good, while the 2.06 MPa
was excellent.

The utilization of ultra-high strength concrete (UHPC) is a good choice for upgrading the system performance due to its high
mechanical and durability properties [19,20]. Thin bonded UHPC was efficiently utilized for rehabilitating the bridge deck in the
literature [21] where the thickness of the overlay varies between 35 mm and 50 mm. Based on the literature results, the UHPC can
effectively extend the service life of the bridge deck. Generally, the flexural capacity of the UHPC composite decks depends on many
factors, including the strengthening configuration [22], the existence of reinforcement in the overlay layer [23], the mechanical
properties of the UHPC material [24], the bond at the concrete bridge deck [25], and UHPC materials, and the overlay thickness [26].

Moreover, Patricia et al. [27] recommended that the overlay’s bond strength after 28 days, whether made of LMC or MSC, should be
a minimum of 1.03 MPa. Also, a study by Bernard [28] found that the development and severity of the overlay’s delamination were
governed by the thickness ratio in old and fresh layers of concrete and the interface’s tensile strength. Further, Issa et al. [29] used
NLFEA to numerically investigate the behavior of a full-depth precast concrete bridge deck panel system prior to and post-overlaying
with different types of overlays made of plain and fibrous LMC and MSC. The NLFEA models were validated with the previously
published experimental research data related to the subject of the study. In addition, Fowler [30] presented a set of guidelines to
compute the value of the heat-induced stresses at the concrete’s overlay-substrate interface. In the presence of a concrete overlay, the
relative thermally induced stresses at the interface location were minimal due to the close thermal expansion coefficients between the
concrete slab and the overlay layer material [30,31]. While the concrete overlay layer delaminates if the bond stresses are higher than
the overlay’s bond strength.

Bridge is an essential and sensitive structure exposed to different loading and environmental conditions resulting in degrading their
ability to sustain the service loads. However, many components composed the structural system such as the stringers, girders, and
decks. The bridge deck slabs play a major role in distributing the induced traffic loads to piers. The aging and continuous loadings
decrease the ability of the bridge system to sustain loading and increase the need for strengthening or rehabilitation. The method of
bridge overlaying method proved to be an efficient method that remains functional and serviceable for up to 30 years. Therefore, the
present research paper tries to accomplish several goals: (a) investigating and analyzing the strength of the bridge deck-overlay bond in
a bridge deck, considering: i) various levels of overlay’s degradation in strength, ii) the ratio of overlay’s thickness-to-the bridge deck
slab (toverlay/tslab), and iii) the age of the induced-by-shrinkage stresses; and (b) adequate guidelines regarding the strength of bond
required for concrete not to delaminate when at different stress levels.

2. Nonlinear finite element analysis (NLFEA)
2.1. General

The ANSYS V.15 [32] software was used to examine the bond strength between the concrete bridge deck and overlay layer with
(200 x 200 mm) dimension block. The modeling parameters are illustrated in Table 1. The study parameter of toyerlay/tslab Tatio was set
as (0.03, 0.06, 0.09, 0.12, 0.15, 0.18, 0.21, 0.24, 0.27, 0.30, 0.33, 0.36, 0.39, and 0.42) corresponding to overlay’s thickness (6, 12, 18,
24, 30, 36, 42, 48, 54, 60, 66, 72, 78, and 84) mm, respectively, with a fixed slab’s thickness (tgp) of 200 mm (Table 1). Additionally,
every toverlay/tslab ratio was tested under six different degradation levels in the overlay’s strengths (0 %, 19 %, 36 %, 51 %, 64 %, and

Table 1
Investigated parameters for simulated NLFEA models (f /, gab of 50 MPa and ty,, of 200 mm).
Variables Applied Values
toverlay/tsiab 0.03 (6 mm), 0.06 (12 mm), 0.09 (18 mm), 0.12 (24 mm), 0.15 (30 mm), 0.18 (36 mm), 0.21 (42 mm), 0.24 (48 mm), 0.27 (54

mm), 0.30 (60 mm), 0.33 (66 mm), 0.36 (72 mm), 0.29 (78 mm), and 0.42 (84 mm)
Overlay strength degradation 0 %, 19 %, 36 %, 51 %, 64 %, and 75 %
level, %
Shrinkage age, Days 3 days, 7 days, 14 days, and 28 days
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75 %). The resulted in (84) various study cases, each of which had four shrinkage stress ages (early ages of 3 and 7 days and moderate
ages of 14 and 28 days). Therefore, the total NLFEA models were 336, with the selected parameter values illustrated in Table 1 based
on the available literature and previous experience.

2.2. Material and elements

The SOLID65 element was utilized in modeling the overlay and bridge deck with the steel disk modeled using the eight-node
SOLID45 element. However, the SOLID65 ANSYS element could predict the concrete’s nonlinear performance by employing the
smeared cracking approach. Hence, it was possible to determine a criterion for concrete failure under multi-axial stress using the model
established by William and Warnke [33] with the concrete’s Poisson ratio set at 0.2. The value of the shear transfer coefficient (3,),
which denoted the crack surface’s states, was employed by many research related to RC structures [34-37]. Specifically, the value of §;
was selected as 0.2 where the range of the f; factor according to Hemmaty [38] is equal to 0.05 — 0.25. The concrete bridge deck and
the overlay layer were initially assumed to have an equal compressive strength property of 50 MPa modeled using the Kent and Park
model [39] for modeling the stress-strain behavior of the concrete material, as shown in Fig. 1. However, the degradation in the
overlay layer strength was one of the parameters studied in this research where the degradation was a percent of the original
compressive strength (50 MPa) and reflected by reducing the concrete strength in the simulated models [40-42].

Half of the bridge deck system with an overlaying layer is modeled according to the existing symmetry in the geometry and
boundary condition. However, the model was analyzed using proper boundary conditions where a symmetry boundary condition has
U, = 0 and URy = URy = O for a face whose normal is parallel to the z-axis [43]. Fig. 2 illustrates the proper meshing for the FE models.
Hypothetically, the strength of the concrete deck-steel disc and the bridge deck-overlay bonds should be considered. However, this
research paper assumed the bonds were in perfect condition since no detachment was observed during the experimental testing. The
bond strength of the bridge deck slab and the overlay layer is examined using the pull-off test. However, the test involves applying a
direct tensile load to a partial core advanced through the overlay material and into the underlying concrete until failure occurs. The
tensile load is applied to the partial core through the use of a metal disk with a pull pin, bonded to the overlay with an adhesive
material [44-46].

The tensile loads were exerted, in a uniform manner, on the disc’s top side as the disc was put on the overlay-bridge deck slab
segment models. The values of the applied shrinkage strains were (105, 202, 339, and 426) pe, corresponding to overlay’s ages of (3, 7,
14, and 28) days [12] applied in the XY and ZY plains of the overlay layer (Fig. 2). The total applied load was split into several steps
(increments) where the Newton-Raphson equilibrium iterations was utilized to ensure the solution convergence at the increments’
ends, with a tolerance of 0.001. Upon the concrete cracking, the loading application was of a smaller size. Every one of the models
encountered a failure when the solution for the load step of 0.0045 kN did not converge.

2.3. Validating the NLFEA models

The NLFEA models of the bond between the bridge deck slab and the overlay layer were validated using the experimental testing
results done by Issa et al. [12] (Table 2) and Delatte et al. [15] (Table 3). The obtained results presented in Table 3 showed that the
FEA’s findings agreed well with the experimental bond strength values. All the obtained findings affirmed that the FEA modeled system
well and accurately matched the properties of a realistic system. Making a comparison between the study made by Issa et al. [12] and
the one made by Delatte et al. [15] in terms of bond strength, it was found that the whole mixes in the samples of Issa et al. [12]
exhibited greater values of bond strength. In the same context, Fig. 3 demonstrates the FEA’s induced shrinkage stresses, developed
between the bridge deck and overlay, after being validated with experimentally-attained findings by Issa et al. [12], Jonas Carlsward

where:
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Fig. 1. Concrete stress-strain theoretical modeling [39].
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Fig. 2. Typical finite element meshing of Overlay-bridge deck slab segment of 200 x 200 mm.

Table 2
Issa et al. [12] Experimental direct tensile bond strength and NLFEA results.
Overlay Type Shrinkage age, Days Bond strength Error, %
Experimental, MPa NLFEA, MPa
Integral plain LMC overlay 14 3.30 3.35 1.5
28 3.53 3.55 0.6
Cast-in-place Plain 14 2.64 2.60 -1.5
LMC overlay Synthetic 2.53 2.50 -1.2
Steel 2.66 2.61 -1.9
Plain 28 2.82 2.85 1.1
Synthetic 2.74 2.78 1.5
Steel 2.66 2.71 1.9
Cast-in-place Plain 14 2.61 2.56 -1.9
MSC overlay Synthetic 2.53 2.50 -1.2
Steel 2.46 2.44 -0.8
Plain 28 2.98 3.01 1.0
Synthetic 2.87 2.89 0.7
Steel 2.94 2.97 1.0
Table 3
Delatte et al. [15] experimental direct tensile bond strength and NLFEA results.
Overlay Type Shrinkage age, Days Bond strength Error, %
Experimental, MPa NLFEA, MPa
Mix 1 HP 1 0.81 0.77 —-4.9
3 1.04 1.00 -3.8
7 1.84 1.87 1.6
14 2.23 2.32 4.0
Mix 2 HF 1 1.00 0.95 -5.0
3 1.51 1.46 -3.3
7 2.36 2.41 2.1
14 2.58 2.68 3.9
Mix 7 NFFA 1 0.63 0.59 —6.3
3 1.34 1.30 -3.0
7 1.65 1.68 1.8
14 1.96 2.04 4.1

[47], and Shin and Lange [48]. Fig. 3 indicates that the FEA models’ shrinkage values agreed, to a good extent, with the experimental
models’ shrinkage values. Therefore, the shrinkage of the FEA models was extended to investigate the influence of the study pa-
rameters (Table 1) on the induced shrinkage stresses between the bridge deck system and overlay in terms of normal stresses.
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Fig. 3. Experimental shrinkage strain [12,47,48] and NLFEA at overlay-bridge deck slab interface.

3. Analysis results and discussions
3.1. Overlay bond strength

Issa [49] called for considering the strength value exceeding 2.06 MPa as excellent for direct bonds, the value of bond strength
ranging between 1.72 and 2.06 MPa should be considered as very good, the values of bond strength ranging between 1.38 and 1.72
MPa to be considered as good, the values of bond strength between 0.69 and 1.38 MPa to be considered as fair, and the values of the
bond strength between 0 and 0.69 MPa to be considered as poor. For every modeled sample, the strength values of the overlay-bridge
deck bond were graphically represented against the ratio of tyverlay/tslab at the levels of the overlay strength degradation and at various
ages of induced-by-shrinkage stresses (Fig. 4(a-f)). Inspection of Fig. 4(a-f) indicated that the FEA models’ bond strength enhanced, in a
rapid manner, to a specific ratio of toyerlay/tsiab Of 0.18 which met the overlay’s thickness of 36 mm. At a toyerlay/tslab Of 0.18, the FEA
models’ bond strength enhanced moderately. Therefore, the least recommended overlay thickness should be more than 36 mm. Be-
sides, a recommendation was made to choose an overlay’s thickness of at least 57 mm globally to avoid sneaking salt into concrete
bridge decks [12].

The overlay sample which had a strength degradation level of 0 % and an age of 28 days had a value of tyyerlay/tslab Of: larger than
0.065 (excellent), 0.053-0.065 (very good), 0.040-0.053 (good), and 0.040-0.030 (fair) (Fig. 4(a)). Also, the overlay’s strength
degradation level of 0 % and 14 days, for toverlay/tsiab Of higher than 0.075, 0.056 to 0.075, 0.045 to 0.056, and 0.045 to 0.030 could be
categorized as: excellent, very good, good, and fair bond strength criteria, respectively (Fig. 4(a)). For 7 days-aged samples with a
strength degradation level of 0 %, the toverlay/tslab Of greater than 0.105, 0.074 to 0.105, 0.053 to 0.074, and 0.053 to 0.030 could be
categorized as: excellent, very good, good, and fair bond strength, respectively. As for the overlay samples with a strength degradation
level of 0 % and 3 days of age, the toverlay/tstab Of 0.420, 0.140 to 0.420, 0.075 to 0.140, 0.075 to 0.035, and 0.035 to 0.030 could be
classified as: excellent, very good, good, fair, and poor bond strength, respectively (Fig. 4(a)).

As for the overlay specimens with a strength degradation level of 19 % and 28 days of age, the toyerlay/tsiab Of greater than 0.075,
0.058 to 0.075, 0.044 to 0.058, and 0.044 to 0.030 could be classified as: excellent, very good, good, and fair bond strength,
respectively (Fig. 4(b)). The overlays with a strength degradation level of 19 % and 14 days of age had a toyeriay/tslab Of: higher than
0.088, 0.066 to 0.088, 0.050 to 0.066, and 0.050 to 0.030 could be classified as: excellent, very good, good, and fair bond strength,
respectively. The overlay samples with a strength degradation level of 19 % and 7 days of age had a toyerlay/tslab of over 0.150, 0.089 to
0.150, 0.058 to 0.089, and 0.058 to 0.031, which could be classified as: excellent, very good, good, and fair bond strength, respectively
(Fig. 4(b)). The overlay specimens with a strength degradation level of 19 % and 3 days of age had a toverlay/tslab Of 0.223-0.420, 0.089
to 0.223, 0.089 to 0.040, and 0.040 to 0.030, which could be classified as: very good, good, fair, and poor bond strength, respectively
(Fig. 4(b)).

Additionally, the overlay specimens with a strength degradation level of 36 % and 28 days of age had a toverlay/ts1ab Of greater than
0.094, 0.068 to 0.094, 0.050 to 0.068, and 0.050 to 0.030, which could be classified as: excellent, very good, good, and fair bond
strength, respectively (Fig. 4(c)). The samples of overlays with a strength degradation level of 36 % and 14 days of age had a toverlay/
ts1ab Of greater than 0.120, 0.079 to 0.120, 0.055 to 0.079, and 0.055 to 0.030, which could be classified as: excellent, very good, good,
and fair bond strength, respectively (Fig. 4(c)). The overlays with a strength degradation level of 36 % and 7 days of age had a toverlay/
tsiap Of greater than 0.270, 0.120 to 0.270, 0.069 to 0.120, 0.069 to 0.033, and 0.033 to 0.030, which could be classified as: excellent,
very good, good, fair, and poor bond strength, respectively (Fig. 4(c)). The overlays with a strength degradation level of 36 % and 3
days of age had a toyerlay/tslab of 0.120-0.420, 0.042 to 0.120, and 0.042 to 0.030, which could be classified as: good, fair, and poor
bond strength, respectively (Fig. 4(c)).

The overlays with a strength degradation level of 51 % and 28 days of age had a toverlay/tslab Of higher than 0.144, 0.085 to 0.144,
0.058 to 0.085, and 0.058 to 0.030, which could be classified as: excellent, very good, good, and fair bond strength, respectively (Fig. 4
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Fig. 4. Bond strength versus investigated parameters for different degradation levels (a) 0 %, (b) 19 %, (c) 36 %, (d) 51 %, (e) 64 %, and (f) 75 %.
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(d)). The overlays with a strength degradation level of 51 % and 14 days of age had a toyerlay/tsiab Of higher than 0.210, 0.107 to 0.210,
0.065 to 0.107, 0.065 to 0.033, and 0.033 to 0.030, which could be classified as: excellent, very good, good, fair, and poor bond
strength, respectively (Fig. 4(d)). The overlays with a strength degradation level of 51 % and 7 days of age had a toverlay/tsiab Of
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Fig. 5. The typical stress ratio if model with overlay toverlay/tsiab Of 0.03 for different degradation levels (a) 0 %, (b) 19 %, (c) 36 %, (d) 51 %, (e) 64
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0.210-0.420, 0.085 to 0.210, 0.085 to 0.037, and 0.037 to 0.030, which could be classified as: very good, good, fair, and poor bond
strength, respectively (Fig. 4(d)). The overlays with a strength degradation level of 51 % and 3 days of age had a toyerlay/tsiab Of
0.210-0.420, 0.050 to 0.210, and 0.050 to 0.030, which could be classified as: good, fair, and poor bond strength, respectively (Fig. 4
(@.

The overlays with a strength degradation level of 64 % and 28 days of age had a toverlay/ts1ab Of higher than 0.330, 0.126 to 0.330,
0.072 to 0.126, 0.072 to 0.033, and 0.033 to 0.030, which could be classified as: excellent, very good, good, fair, and poor bond
strength, respectively (Fig. 4(e)). The overlays with a strength degradation level of 64 % and 14 days of age had a toyerlay/tstab Of
0.186-0.420, 0.084 to 0.186, 0.039 to 0.084, and 0.039 to 0.030, which could be classified as: very good, good, fair, and poor bond
strength, respectively (Fig. 4(e)). The overlays with a strength degradation level of 64 % and 7 days of age had a tyyerlay/tsiab Of
0.136-0.420, 0.045 to 0.136, and 0.045 to 0.030, which could be classified as: good, fair, and poor bond strength, respectively (Fig. 4
(e)). The overlays with a strength degradation level of 64 % and 3 days of age had a toyerlay/tstab Of 0.063-0.420 and 0.063 to 0.030,
which could be classified as: fair and poor bond strength, respectively (Fig. 4(e)).

The overlays with a strength degradation level of 75 % and 28 days of age had a toverlay/ts1ab of 0.330-0.420, 0.106 to 0.330, 0.040
to 0.106, and 0.040 to 0.030, which could be classified as very good, good, fair, and poor bond strength, respectively (Fig. 4(f)). The
overlays with a strength degradation level of 75 % and 14 days of age had a toverlay/tslab Of 0.137-0.420, 0.043 to 0.137, and 0.043 to
0.030, which could be classified as good, fair, and poor bond strength, respectively (Fig. 4(f)). The overlays with a strength degradation
level of 75 % and seven days of age had a toverlay/tstab of 0.350-0.420, 0.350 to 0.053, and 0.053 to 0.030, which could be classified as
good, fair, and poor bond strength, respectively (Fig. 4(f)). The overlays with a strength degradation level of 75 % and three days of age
had a toyerlay/ts1ab 0f 0.074-0.420 and 0.074 to 0.030, which could be classified as: fair and poor bond strength, respectively (Fig. 4(f)).

Fig. 5(a-f) exhibits the standard stress ratio in the overlay with a toverlay/tsiab Of 0.03. The stress ratio could be defined as the ratio of
the stress amount to the permitted stress allowed by the code related to the substance. This ratio ranges from O to 1.0, known as the
least stress-to-highest stress. Inspecting Fig. 5 (a-f) indicated that the area of the stress ratio enhanced when the overlay’s level of
strength degradation was reduced.

3.2. Overlay thickness versus live load-induced bond stresses

The influence of the overlay’s thickness on the structural behavior of the system’s performance and the induced live loading bond
stresses was studied [12,14]. The most observed case was when the overlay was put on a bridge deck with cracking. Such a case was
employed to investigate the impact of the overlay’s thickness on the induced live loading stresses. For every one of the modeled
specimens, the overlay thickness’s impact on the induced live loading bond stresses, normal and in shear, was studied under overloads
and service loads (Fig. 6(a-f)). Inspecting Fig. 6(a-f) indicated that the induced live loading normal stresses against overlay’s thickness
could be split to three phases: the first phase, where the induced live loading normal stresses swiftly reduced, and continued up till the
toverlay/tslab became 0.18, corresponding to an overlay’s thickness of 36 mm, after which the stresses reduced with a moderate rate up
till the toverlay/tslab Was 0.33, corresponding to an overlay’s thickness of 66 mm, in the second phase. Later, the induced live loading
normal stresses commenced enhancing, as elaborated in the third phase. This finding is of great importance and has to be considered
when planning to devise a concrete overlay with the best-fit thickness to resist different loading levels and harsh environmental
conditions. Also, Fig. 6(a-f) indicated that the induced shrinkage and live loading stresses were almost 1.19, 1.33, 1.48, 1.65, 1.84,
2.09, 2.31, 2.46, 2.52, 2.45, 2.29, 2.14, 1.99, and 1.81. These readings were 1.19 (the least) to 2.52 (the highest) times the normal
stresses at a toverlay/tslab Of 0.03, 0.06, 0.09, 0.12, 0.15, 0.18, 0.21, 0.24, 0.27, 0.30, 0.33, 0.36, 0.39, and 0.42, respectively. These
values are in line with most previously published research [12,14,49].

Table 4
Practical limit for service and overload cases.
Degradation level, % Load Case Upper Limit Lower Limit
Minimum, mm Maximum, mm Minimum, mm Maximum, mm

0 Overload 24 84 13 84
Service 16 84 11 84

19 Overload 32 69 14 84
Service 19 84 12 84

36 Overload 36 66 15 84
Service 22 84 13 84

51 Overload NA NA 17 84
Service 25 84 14 84

64 Overload NA NA 25 84
Service NA NA 16 84

75 Overload NA NA 32 82
Service NA NA 20 84

Recommended for degradation level of less than 36 % Overload 36 66 15 84
Service 22 84 13 84

Recommended for degradation level of more than 36 % Overload NA NA 32 82
Service NA NA 20 84
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3.3. Practical limit for overlay thickness to avoid debonding

Given a certain age and a level of strength degradation, the NLFEA results could be of much help in determining the most proper
lower and upper size of an overlay, enough to provide the required resistance to live loading as well as shrinkage-induced stresses at
the bonding region. Fig. 6(a-f) presents the values of the exerted live loading and shrinkage-induced normal stresses plotted against the
bond’s direct tensile strength. Additionally, Table 4 presents the actual limits of the cases of service loads and overloads that have been
specified in Fig. 6(a-f). Table 4 indicated that the values of live loads and shrinkage induced normal stresses (the upper limit) in a
degradation level less than 36 % were below the values of the bond’s direct tensile strength in the models that had an overlay’s
thickness below 36 mm and higher than 66 mm in the overloading case. In addition, the same was observed at the service loading
condition in a slab with an overlay thickness of less than 22 mm.

However, for the models under a live load only, the induced live loading normal stresses (lower limit) in a degradation level of less
than 36 % were below the values of the bond’s direct tensile strength in the models that had an overlay’s thickness below 15 mm in the
overloading case. In addition, the same was observed at the service loading condition in a slab with an overlay thickness of less than 13
mm. The simulated models, with an overlay’s degradation level exceeding 36 %, had un-applicable least and highest overlay thick-
nesses because both the live load and shrinkage-induced normal stresses (the upper limits) exceeded the bond’s direct tensile strength,
causing a detachment of the overlay.

The induced normal stresses by the applied live loading with a degradation level of less than 36 % were less than the lower limits
and below the values of the bond’s direct tensile strength for the overloading cases of overlay thickness less than 32 mm or exceeding
82 mm. In addition, the same was observed at the service loading condition in a slab with an overlay thickness of less than 20 mm. As a
result, the overlay thickness effectively enhances the shrinkage normal and shear stresses and reduces the induced live loading normal
and shear stresses at the bond location. These stresses must be limited at all times by providing an overlay with a greater bond strength
to eliminate the possibility of delamination.

As a result, it is unrecommended to use an overlay with a thickness exceeding 66 mm and below 36 mm for the models having an
overlay degradation level <36 % (higher limit) because the overlay was prone, to a far extent, to be debonded and the bond’s quality of
the bridge deck with an overlaying layer could be at risk because of the enhancement in thickness. Also, the level of the overlay’s
degradation exceeding 36 % was not viable to be selected as a higher limit. It was found that this thickness was viable as a lower limit
only where the overlay’s thickness was below 32 mm and higher than 82 mm in the case of overload and for the models with an
overlay’s thickness below 20 mm in the case of service load.

4. Summary and conclusions

In the present research paper, bridge deck slabs with overlaying layer segments were modeled utilizing the NLFEA, with 200x 200
mm dimensions. The study parameters were the overlay’s level of strength degradation, the ratio of toverlay/tsiab, and the age of the
shrinkage-induced stresses. The obtained findings have led to the following main conclusions:

1) The specimens with an overlay’s level of degradation <36 % (higher limit) had an actual limit for toyerlay/ts1ab Of 0.18-0.33, which
corresponded to an overlay’s thickness of 36-66 mm. The value of the overlay’s thickness should not be higher than 66 mm or
below 36 mm. That was because the overlay would be greatly prone to detachment, and the overlay-bridge deck bond’s quality
would be in jeopardy due to the enhancement in thickness. The caused-by-shrinkage shear stresses in the bond enhanced, at a rapid
rate, to a toyerlay/tslab Of 0.18, corresponding to an overlay’s thickness of 36 mm; then, the enhancement rate became moderate.

2) As for the specimens with an overlay’s level of degradation higher than 36 % (bottom limit), the actual limit of the toveriay/tslab ratio
ranged from 0.16 to 0.41, corresponding to an overlay’s thickness value ranging from 32 to 82 mm.

3) The values of toyerlay/tstab of 0.06, 0.09, 0.12, 0.15, 0.18, 0.21, 0.24, 0.27, 0.30, 0.33, 0.36, 0.39, and 0.42 enhanced the bond’s
strength by 103 %, 161 %, 190 %, 210 %, 224 %, 233 %, 240 %, 246 %, 251 %, 254 %, 256 %, 259 %, and 263 %, respectively, with
regard to the toverlay/tslab Of 0.03.

4) The levels of strength degradation of 19 %, 36 %, 51 %, 64 %, and 75 % cause a decrease of 9.9 %, 19.9 %, 29.8 %, 39.8 %, and 49.7,
respectively, with regard to 0 % of overlay’s level of strength degradation.

5) The specimens that had induced-by-shrinkage stresses at the age of 7 days, 14 days, and 28 days had a degradation by: 8.5 %, 23.4
%, and 41.4 %, respectively, with regard to the 3-day-aged overlay.

6) Making a comparison between the systems with identical thicknesses of overlay and various levels of overlay’s strength degra-
dation, the findings showed that the reduction rate in the bond-to-strength ratio was minimal compared to the enhancement rate in
toverlay/ tslab-

7) Guidelines have been introduced to help determine the least value of the overlay’s bond strength at a given age, which is needed to
make the overlay resist the bond’s stresses caused by shrinkage.

5. Future works
The behavior of the concrete overlaying layer was sufficiently studied using different thicknesses where the bond strength at the

interface was evaluated. Based on the interesting results of this study, the bond strength of different overlay materials could be studied
in the future, considering the effect of reinforcing the layer with different materials.
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