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Abstract

Early-onset fracturing within deck layers poses a significant threat to the durability of composite steel-concrete structures, specifically 

those subjected to extreme multi-hazard environments characterized by extreme cold, intense solar radiation, and heavy traffic loads. 

This study explores the mechanism of polymer-modified micro-surfacing in inhibiting cracks on bridge decks. Utilizing the structural 

specifications of a representative composite girder span in northwestern China, a rigorous three-dimensional fracture mechanics 

model was established by integrating FRANC3D and ABAQUS. The results show that micro-surfacing acts as an excellent thermal 

barrier. It effectively reduces the temperature gradient within the pavement layer, thereby decreasing thermal stress accumulation 

at the steel-concrete interface. Furthermore, compared to conventional sealing materials, micro-surfacing has higher stiffness. 

It effectively disperses surface tensile stresses and significantly reduces the stress intensity at the crack tip. Therefore, micro-surfacing 

restricts crack opening through mechanical confinement and prevents the propagation of reflective cracks. Ultimately, this treatment 

significantly improves the fatigue life and structural resilience of the entire bridge system in extreme multi-hazard environments.
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1 Introduction
Steel-concrete composite bridge decks are widely used 
in long-span infrastructure, but their pavement lay-
ers are vulnerable in high-altitude cold regions. Strong 
solar radiation, large diurnal temperature variation, and 
winter cooling generate steep temperature gradients, 
while repeated wheel loads concentrate stress near the 
steel-concrete interface [1]. Moisture, freeze-thaw action 
and aging can further weaken the asphalt layer and accel-
erate crack initiation [2, 3]. Polymer-modified micro-sur-
facing has been used as a preventive maintenance layer 
because it can improve surface sealing, skid resistance 
and cracking resistance [4–8]. However, most existing 
studies focus on material-level performance, and the 
coupled thermal-mechanical crack-retardation mecha-
nism in steel-concrete composite bridge decks remains 
 insufficiently clarified.

Fracture-mechanics-based numerical methods provide a 
useful route for assessing crack initiation and propagation in 
pavement and bridge structures [9–11]. XFEM, VCCT and 
continuum damage approaches have been applied to asphalt 
cracking and overlay tests [12–17], while bridge-deck studies 
have examined fatigue cracks in orthotropic steel decks using 
experimental and numerical methods [18–21]. These studies 
demonstrate that crack paths, SIFs and energy-release param-
eters can quantify damage evolution. Nevertheless, direct 
application to bridge-deck pavement treated with micro-sur-
facing is limited because the problem involves tempera-
ture-dependent pavement materials, interfacial stress concen-
tration and seasonal thermal-mechanical coupling.

To overcome the limitations of mesh-dependent FEM and 
purely two-dimensional crack descriptions, this study adopts 
the FRANC3D-ABAQUS interactive framework  [22, 23]. 
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FRANC3D adaptively reconstructs the crack-front mesh 
during propagation, while ABAQUS provides the global 
thermal and mechanical response. This coupling allows 
mixed-mode SIFs and J-integral values to be evaluated 
along an evolving three-dimensional crack front.

A representative composite girder bridge in Lanzhou, 
Gansu Province, was selected as the engineering case. 
The  study evaluates the thermal-insulation effect of 
micro-surfacing, simulates crack propagation under mechan-
ical and seasonal thermal-mechanical loading, and bench-
marks the simulated trends against published experimental 
and field-related observations. The objective is to clarify how 
polymer-modified micro-surfacing delays crack opening and 
upward propagation in bridge-deck pavement.

2 Macro-meso analysis
2.1 Methodology
2.1.1 Temperature field
Ambient temperature, solar radiation and wind speed 
govern the transient temperature field of asphalt pave-
ment  [24]. The bridge-deck surface exchanges heat with 
the environment through solar radiation, convection and 
long-wave radiation, while heat conduction controls the 
internal response. The temperature field was therefore cal-
culated by considering solar radiation, atmospheric tem-
perature variation and convective heat transfer.

The solar radiation q(t) is given by Eq. (1) – Eq. (3) [21].
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Where Q is the daily solar insolation, c is the effective 
sunshine duration, k is the harmonic order, and ak is the 
Fourier coefficient of solar radiation.

The atmospheric temperature follows a regular cycle, 
with a warming period of approximately 10 hours and 
a cooling period of about 14 hours. Accordingly, the 
atmospheric temperature exhibits a regular diurnal 
variation. Consequently, the temperature variation is  
described by Eq. (4).
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Where T  is the average daily temperature, Tm is the daily 
temperature range, t0 is the phase lag between peak solar 
radiation and peak air temperature, t is time, and omega is 
the angular frequency.

2.1.2 Fracture mechanics
Fatigue cracking in bridge-deck pavement is governed by 
crack-tip stress concentration and cyclic loading. The crack-
growth rate can be related to the stress-intensity-factor range 
using Paris' law [25], as expressed in Eq. (5).

da
dN

A K n� �� � 	 (5)

Where a is the crack length, N is the number of load 
cycles, da/dN is the crack growth rate, ∆K is the stress 
intensity factor range, and A and n are the fatigue fracture 
parameters of asphalt concrete.

The stress intensity factors characterize the singu-
lar stress field at the crack tip and were used to evalu-
ate the fracture response of untreated and micro-sur-
facing-treated bridge-deck pavement. The three basic 
cracking modes are shown in Fig. 1, and the SIFs were 
calculated by the M-integral method in FRANC3D, as 
shown in Eq. (6) [9].

			   (a)			            (b)				    (c)
Fig. 1 Patterns of Structural Cracks: (a) Tension cracks; (b) Shear cracks; (c) Tear-off cracks
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Where M is the interaction (M-)integral, E is Young's 
modulus, ν is Poisson's ratio, and KⅠ, KⅡ, KⅢ are the stress 
intensity factors.

The J-integral was also used to quantify the crack-driv-
ing energy at the crack front, following Rice's path-in-
dependent integral formulation [26]. The  J-integral 
values of untreated and treated specimens were  
calculated using Eq. (7).
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Where W is the strain energy density, T  is the exter-
nal force vector exerted on the arc element ds of the inte-
gration loop, and U  is the displacement vector on the  
integration loop.

2.2 Macro-meso modeling method
The global bridge model and local crack-propagation sub-
model were constructed using solid elements. C3D8 ele-
ments were used for mechanical analysis and DC3D8R ele-
ments for thermal analysis. Crack initiation was governed by 
the maximum principal stress criterion, and Fig. 2 shows the 
pavement sealing-treatment scheme.

2.3 Macro-meso analysis method
The proposed macro-meso procedure consists of material 
characterization, global bridge analysis, local crack-prop-
agation simulation and feedback evaluation of pave-
ment-seal performance. The global model provides bound-
ary conditions for the mesoscale crack submodel, and the 
local fracture results are used to assess the crack-retarda-
tion effect of micro-surfacing, as shown in Fig. 3.

•	 Step 1: Material characterization of the steel-concrete 
composite girders, bridge deck pavement, and seal coats 
is conducted to ascertain the constituent properties for 
both the macroscopic and mesoscopic sub-models.

•	 Step 2: Dynamic analyses are performed on the 
macroscopic full-bridge model to derive dynamic 
boundary conditions for mesoscopic sub-models of 
critical regions, accounting for mechanical, thermal, 
and coupled loading scenarios.

•	 Step 3: Fracture analyses are conducted within the 
mesoscopic sub-model to capture crack propagation 
patterns in critical localized regions (vulnerable areas).

•	 Step 4: The crack propagation results from the meso-
scale sub-model are evaluated. Subsequently, the 
localized fracture state is extrapolated to the macro-
scopic model to refine the global analysis results.

•	 Step 5: Guided by the crack propagation character-
istics derived from the revised macroscopic model, 
the design parameters of the bridge deck pavement 
seal coat are optimized to extend the service life of 
the composite girder.

2.4 FRANC3D-ABAQUS interaction method
A sequential thermal-mechanical coupling strategy was 
adopted [27]. In the thermal analysis, the influence of the 
crack on heat conduction is neglected, and the transient tem-
perature field is solved on the uncracked layered geometry, 
since the crack dimension is negligible relative to the over-
all pavement structure. The mechanical fracture model, by 
contrast, does not assume a measured finite pre-existing 
crack. Instead, a numerically seeded planar crack was intro-
duced at the bottom of the pavement layer near the steel-con-
crete interface above the girder, where reflective crack-
ing is most likely to initiate according to reported overlay 
and pavement-cracking observations [12, 16, 17]. The seed 
crack was used only to define the initial crack-front location 
for FRANC3D adaptive remeshing, and its dimension was 
treated as negligible relative to the pavement-layer thickness; Fig. 2 Schematic diagram of micro-surfacing

Fig. 3 Flow chart of the global‐local crack propagation analysis
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therefore, the reported SIFs and J-integral values are evalu-
ated as functions of the subsequent propagated crack length 
rather than as responses to a prescribed large initial defect.

The transient temperature field was first solved on the lay-
ered bridge-deck pavement and then mapped to the mechan-
ical fracture model as a predefined field. The initial crack 
was introduced near the steel-concrete interface, where 
reflective cracking is most likely to occur. FRANC3D adap-
tively remeshed the local crack-front region during propaga-
tion, while ABAQUS solved the corresponding stress field. 
Crack growth was evaluated using mixed-mode SIFs and 
J-integral values along the crack front, and the computa-
tional workflow is shown in Fig. 4.

3 Case study: steel-concrete composite bridge in a 
high-altitude cold region
3.1 Bridge description
The prototype bridge is a continuous steel-concrete com-
posite girder bridge on the G312 Highway in Gansu 
Province, Northwest China. The bridge is located at an alti-
tude of approximately 1700 m in a semi-arid plateau cold 
region with intense solar radiation, large daily temperature 
variation and a seasonal freeze-thaw environment.

The selected segment has a 4×40 m span arrangement 
and an 11.75 m wide deck. The superstructure consists of a 
single-cell box girder with a concrete deck slab, corrugated 

steel webs and steel flanges. The pavement system contains 
an asphalt layer above the concrete deck, with polymer-mod-
ified micro-surfacing applied as the surface treatment layer. 
The main geometric parameters are listed in Table 1.

3.2 Material characteristics
The thermal-mechanical properties of steel, concrete, 
asphalt pavement and micro-surfacing were defined 
according to their material roles. Steel and concrete were 
modeled as isotropic linear elastic materials using stan-
dard design parameters, while asphalt pavement and 
micro-surfacing were assigned thermal and mechanical 
properties based on pavement specifications and pub-
lished thermal-property studies [28–32]. The adopted 
material parameters are summarized in Table 2.

Thermal boundary conditions included solar-radiation 
absorption on the top pavement surface, wind-speed-de-
pendent convection and long-wave radiation to the sky. 
The lateral faces were treated as adiabatic by symmetry, 
and the bottom steel-girder surface exchanged heat with 
the surrounding air. Winter and summer meteorological 
inputs for Lanzhou were taken from January 12 and July 
15, 2025, respectively, as listed in Tables 3 and 4.

The numerical model used a sequential coupled ther-
mal-stress procedure in FRANC3D-ABAQUS. DC3D8R 
elements were used in the thermal step, and the resulting 

Fig. 4 Computational framework for FRANC3D-ABAQUS



Liu et al.
Period. Polytech. Civ. Eng.|5

nodal temperatures were transferred to the mechanical 
model. The   crack front was locally refined and propa-
gated incrementally until the predefined crack-growth 
criterion was reached.

3.3 Analysis of thermal insulation mechanism
Fig. 5 shows that micro-surfacing changes the vertical heat-
flux distribution in the bridge-deck pavement. In the untreated 
deck, heat penetrates rapidly into the pavement, whereas the 
treated deck shows a more diffuse heat-flux field. This indi-
cates that polymer-modified micro-surfacing reduces direct 
heat transfer and functions as a thermal buffer at the pave-
ment surface. The introduction of a high-thermal-resistance 
barrier reduces the peak internal heat flux by approximately 
10% to 38.1% relative to the untreated reference. 

The vertical temperature profiles in Fig. 6 confirm the 
buffering effect. In winter, the treated pavement maintains 
a higher internal temperature than the untreated system, 
reducing low-temperature brittleness and thermal con-
traction. In summer, micro-surfacing lowers the surface 
temperature and reduces the vertical gradient. Overall, the 
treatment decreases the temperature gradient by 10.0%-
38.1%, which weakens thermally induced stress accumu-
lation near the steel-concrete interface.

3.4 Fracture behavior under mechanical loading
Mechanical loading was first analyzed separately to estab-
lish the baseline fracture response. The reflective crack 
was initiated at the bottom of the pavement layer near the 
steel-concrete interface, consistent with reported reflec-
tive-cracking mechanisms [12, 16, 17]. Fig. 7 shows that 
micro-surfacing reduces both SIFs and J-integral values 
during upward crack growth, indicating lower crack-driv-
ing force under wheel loading.

As the crack approaches the wheel-load influence 
zone, the crack-tip stress field increases nonlinearly. 
The  untreated model shows a sharper rise in fracture 
parameters, whereas the treated model maintains lower KI 
and J-integral values. This suggests that micro-surfacing 
redistributes local tensile stress and restrains crack open-
ing at the pavement surface.

3.5 Crack propagation under coupled thermal-
mechanical actions
Thermal-mechanical coupling produces the most unfa-
vorable fracture condition for the bridge-deck pave-
ment. In winter, thermal contraction of asphalt intensifies 
the tensile stress generated by vehicle loading, causing 
higher SIFs and J-integral values in the untreated deck. 
As shown in Fig. 8, the treated system maintains lower 
fracture parameters along the crack path, demonstrat-
ing stronger resistance to unstable upward crack propa-
gation. Under summer coupling (Fig. 9), micro-surfacing 

Table 2 Material parameters [28–32]

Category Parameter/Component Value Unit

Steel

Density 7850 kg/m3

Elastic modulus 2.06×105 MPa

Poisson's ratio 0.3 −

Thermal expansion 
Coefficient 1.20×10−5 ℃−1

Thermal conductivity 48 W/(m×K)

Specific heat capacity 470 J/(kg×K)

Concrete

Density 2400 kg/m3

Elastic modulus 3.55×104 MPa

Poisson's ratio 0.2 −

Thermal expansion 
Coefficient 1.0×10−5 ℃−1

Thermal conductivity 1.8 W/(m×K)

Specific heat capacity 960 J/(kg×K)

Pavement layer

Density 2450 kg/m3

Elastic modulus 2000 MPa

Poisson's ratio 0.25 −

Thermal expansion 
Coefficient 2.4×10−5 ℃−1

Thermal conductivity 1.3 W/(m×K)

Specific heat capacity 960 J/(kg×K)

Radiation absorption 0.9 −

Surface emission rate 0.81 −

Micro-surfacing

Density 2350 kg/m3

Low temperature elastic 
Modulus 4500 MPa

Poisson's ratio 0.3 −

Thermal expansion 
Coefficient 2.0×10−5 ℃−1

Thermal conductivity 0.85 W/(m×K)

Specific heat capacity 1100 J/(kg×K)

Radiation absorption 0.9 −

Surface emission rate 0.81 −

Table 1 Geometric parameters

Parameter/Component Value Unit

Span arrangement 4×40 m

Bridge deck width 11.75

Steel girder height 2.0

Center-to-center spacing of girders 6.5

Concrete slab thickness 0.28

Micro-surfacing thickness 0.1
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Table 3 Meteorological parameters (Winter)

Time (h) Temperature (℃) Time (h) Temperature (℃) Time (h) Temperature (℃)

0 −9.2 8 −13.5 16 2.5

1 −10.5 9 −11.2 17 0.8

2 −11.8 10 −8.5 18 −1.5

3 −12.9 11 −5.3 19 −3.8

4 −13.8 12 −2.1 20 −5.9

5 −14.5 13 1.2 21 −7.2

6 −15.0 14 4.2 22 −8.1

7 −14.8 15 3.8 23 −9.0

Total daily insolation (MJ/m2) 13.8

Table 4 Meteorological parameters (Summer)

Time (h) Temperature (℃) Time (h) Temperature (℃) Time (h) Temperature (℃)

0 26.2 8 27.8 16 38.0

1 25.8 9 30.2 17 37.5

2 25.5 10 32.5 18 36.2

3 25.1 11 34.1 19 34.8

4 24.7 12 35.3 20 32.9

5 24.3 13 36.5 21 30.7

6 24.0 14 37.2 22 28.5

7 25.5 15 37.8 23 27.1

Total daily insolation (MJ/m2) 25.2

Fig. 5 Evolution of internal heat flux along the pavement depth: (a) untreated control, winter; (b) treated control, winter; (c) untreated control, summer;
(d) treated control, summer

(d)(c)

(a) (b)
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(a)

(b)
Fig. 7 Fracture parameters under Load: (a) K-value; (b) J-integral

(b)
Fig. 8 Comparative evolution of fracture parameters (Winter):

(a) K-value; (b) J-integral

(a)

(d)(c)

(b)(a)

Fig. 6 Vertical temperature profiles: (a) untreated control, winter; (b) treated control, winter; (c) untreated control, summer; (d) treated control, summer.
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also reduces the fracture-driving parameters, although the 
effect is less severe than in winter.

The crack-retardation mechanism is attributed to both 
thermal buffering and mechanical constraint. Thermally, 
micro-surfacing moderates internal temperature fluc-
tuations and reduces shrinkage-induced tensile stress. 
Mechanically, its surface stiffness restricts crack open-
ing and redistributes the local crack-tip stress field. These 
coupled effects explain the lower SIFs and J-integral val-
ues observed in the treated pavement system. 

3.6 Benchmarking against experimental and field 
observations
To address the need for comparison with experimental 
and field evidence, the simulated crack-propagation trends 
were benchmarked against published observations, as 
shown in Table 5. The comparison focuses on crack path, 
low-temperature cracking tendency, surface-treatment 
crack retardation and fracture-mechanics indicators.

As shown in Table 5, the simulated trends are consis-
tent with mechanisms reported in previous experimen-
tal and field-related studies. The upward propagation 
from a lower high-stress interface agrees with over-
lay-test and DIC observations of cracking from notches or 

strain-concentrated regions [12, 17]. The winter increase in 
crack-driving parameters is consistent with the enhanced 
brittleness and cracking susceptibility of asphalt at low 
temperature [16, 32]. The reduction in SIFs and J-integral 
values after applying micro-surfacing also agrees with 
observations that modified or reinforced overlays can 
delay crack growth and reduce crack opening [4, 8, 17]. 
Thus, micro-surfacing acts as both a thermal buffer and a 
mechanical constraint layer. This benchmark-based com-
parison therefore provides mechanism-level support for 
the simulated crack-retardation process.

4 Conclusions
This study examined the crack-retardation mechanism of 
polymer-modified micro-surfacing in steel-concrete com-
posite bridge deck pavements in high-altitude cold regions 
using a 3D thermal-mechanical fracture framework and 
project-based structural parameters. The main conclu-
sions are as follows.

Micro-surfacing acts as a thermal buffer layer. Compared 
with untreated decks, it reduces the vertical temperature 
gradient by 10.0% to 38.1%, thereby alleviating thermal 
stress concentration near the steel-concrete interface and 
lowering the tendency for interfacial cracking under severe 
diurnal and seasonal temperature variations.

Under wheel loading and thermal-mechanical coupling, 
micro-surfacing reduces the stress intensity factors (SIFs) 
and J-integral values at the crack front. This indicates a 
lower crack-driving force and delayed upward propaga-
tion of reflective cracks. Mechanistically, the treated layer 
constrains crack opening and redistributes tensile stress 
around the crack tip.

The benchmark comparison with published exper-
imental and field-related observations supports the 

Table 5 Benchmark comparison with published observations

Aspect Present result Published observation

Crack path
Upward propagation 
from the lower steel-
concrete interface.

Overlay/DIC tests report 
upward cracking from notches 
or high-stress zones [12, 17].

Low-
temperature 
effect

Winter coupling 
increases the crack-

driving force.

Cold conditions increase 
asphalt brittleness and cracking 

susceptibility [16, 32].

Overlay 
retardation

Micro-surfacing 
reduces SIFs and 
J-integral values.

Modified/reinforced overlays 
delay cracking or reduce crack 

opening [4, 8, 17].

Fracture 
indicators

Mixed-mode SIFs 
and J-integral 
quantify crack 

evolution.

Bridge-deck studies use crack 
paths and fracture parameters for 

crack assessment [18, 21, 26].

(b)
Fig. 9 Comparative Evolution of Fracture Parameters (Summer):

(a) K-value; (b) J-integral

(a)
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physical consistency of the simulated mechanisms, includ-
ing upward crack propagation from high-stress zones, 
low-temperature amplification and overlay-induced crack 
retardation. This indicates that the simulated crack-retar-
dation mechanism is consistent with reported experimen-
tal and field-related evidence.

The model uses idealized crack geometry, material 
parameters, interface conditions and selected traffic-tem-
perature loading scenarios; future work should combine 
project-specific laboratory tests, field monitoring and cal-
ibrated long-term simulations to further validate the pro-
posed mechanism.
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