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Abstract

Over the last decade, fatigue cracks have been observed at welded joints between U-ribs and deck plates in many orthotropic
steel deck bridges in Japan. This paper focuses on fatigue cracks that initiate from a weld root of rib-to-deck welded joints and
propagate to a deck plate. This study examines the effect of a countermeasure that uses overlaying Ultra-High Performance
Fiber Reinforced cement-based Composites (UHPFRCs) on steel decks with cracks from U-rib welds, and confirms the
fatigue durability of this method. Specifically, the retardation of crack propagation and the fatigue durability of the UHPFRC
itself as well as the interface between the UHPFRC and the deck plate were confirmed by a wheel running test and finite
element analysis. Based on the results, it was clarified that this countermeasure has a positive effect on retarding further
crack propagation compared with the method of overlaying steel fiber reinforced concrete, which is generally adopted. In
addition, it was revealed that the studied countermeasure has sufficient fatigue durability.

Keywords Orthotropic steel deck - Fatigue crack - UHPFRC overlay - Maintenance

1 Introduction

There have been reports of deck and bead propagation type
cracks initiating from a weld root of rib-to-deck welded
joints of orthotropic steel decks. These cracks may cause
unevenness in the road surface and impede the safe passage
of vehicles, so countermeasures are urgently required.

In general, countermeasures for these cracks include
plate patching, welding repair, replacement of members, and
change of pavement material. Considering the large scope of
these methods and the necessity of preventive maintenance,
reinforcement by changing the pavement material is consid-
ered to be a reasonable choice.

Reinforcement by changing the pavement material is
a method in which the conventional asphalt pavement is
changed to a pavement material with higher stiffness and
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lower temperature dependence of the modulus of elasticity
in order to suppress the local deformation of the deck plate,
which is one of the causes of fatigue cracks in the weld root
of rib-to-deck welded joints of orthotropic steel deck. In
previous studies, cement-based materials have been mainly
considered as pavement materials, and many studies have
focused on steel fiber reinforced concrete (SFRC) in particu-
lar (Inokuchi et al., 2010; Murakoshi et al., 2012; Ono et al.,
2005a, 2005b; Walter et al., 2007).

In the case of SFRC laying, it is common to apply crack
treatment to the cracks before laying. On the other hand, for
deck propagation type cracks, it has been shown that under
some conditions, such as when the crack size is sufficiently
small, SFRC laying alone can retard crack growth without
crack treatment (Murakoshi et al., 2012). The combination of
appropriate inspection methods and countermeasures using
paving materials can lead to a maintenance scenario that
omits crack treatment, which in turn can lead to rationaliza-
tion of maintenance management. Considering the expanded
applicability of this maintenance scenario, it is desirable to
apply a bedding material that can tolerate a wider range of
crack sizes than SFRC.

The stress at the crack tip of a deck propagation type
crack is expected to be reduced by the higher modulus of
elasticity of the bedding material. In addition, Ultra-High
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Performance Fiber Reinforced cement-based Composites
(UHPFRCs) are being developed as a material that has a
higher modulus of elasticity than SFRC and can be installed
in the field with the same construction machinery as SFRC.
Based on the above, UHPFRCs may be more suitable than
SFRC as a laying material in the maintenance scenario
without crack treatment. There have been several studies on
composite structures using UHPFRCs and pavement materi-
als with similar material properties laid on orthotropic steel
deck (Dieng et al., 2013; Liu et al., 2019; Shao et al., 2013).
However, the effect of UHPFRC laying on the retardation
of deck propagating crack growth and the durability of the
countermeasure itself have not been fully clarified.

The purpose of this study is to clarify the effect of UHP-
FRC laying on the retardation of deck propagation type
crack growth and to confirm the fatigue durability of the
countermeasure itself at the weld between the U-rib and the
deck plate of the existing orthotropic steel deck, which usu-
ally has relatively thin deck plate. Specifically, fatigue tests
and finite element analyses were conducted to investigate
the propagation of deck propagation type cracks and stress
intensity factors before and after the countermeasure, as well
as the fatigue durability of the laid material and the interface
with the deck plate. The countermeasure effect of UHPFRC
laying was clarified in comparison with the commonly used
SFRC laying. The fatigue tests were conducted using wheel

running tests with rubber tires in order to approximate the
loading conditions of the actual bridge.

2 Outline of Wheel Running Test

The specimen is a partial model of an orthotropic steel deck
bridge with three cross ribs and three U-ribs, as shown in
Fig. 1. By analytically comparing the local stress behavior
of one panel of an orthotropic steel deck bridge and the test
specimen, it is confirmed that the partial model is able to
reproduce the real bridge. In the following, the section name
is defined as shown in Fig. 1 (e.g. Sec. A, Line 1). The weld
penetration depth of rib-to-deck welded joint is 83.7% of
the U-rib thickness and the weld leg length is 7.3 mm on the
deck plate side and 6.9 mm on the U-rib side in Sec. G. The
specimen is fixed to the support frame at the position shown
by the green box in Fig. 1.

After applying the epoxy resin adhesive on the deck plate,
UHPFRC is overlaid with a thickness of 40 mm. The elastic
modulus of the UHPFRC was 44.1 kN/mm? at the start of
the test. Bolted joints and UHPFRC construction joints that
are thought to affect fatigue durability are provided within
the load running area. In addition, the bolted joints were
smoothed with resin mortar and coated with adhesive before
overlaying the UHPFRC.
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Figure 2 shows the wheel running machine. A loading
trolley with tandem shaft double tires makes 6 round trips
per minute over 3 m range. The machine is installed out-
doors. The load running area is the part of the blue hatch
shown in Fig. 1, so that the center of the double tire passes
through Line 3. The weight of trolley is 140 kN, assuming a
legal load (including impact effects) in Japan.

The test was conducted according to the following flow.

Step 1 Fatigue test with only orthotropic steel deck (1.26
million cycles) and introducing two fatigue cracks (Crack
1, 2 as shown in Fig. 1).

Step 2 Overlaying UHPFRC without crack treatment.
Step 3 Fatigue test in natural environment after UHPFRC
overlay (1.02 million cycles).

Step 4 Fatigue test in water-filled state after UHPFRC
overlay (1.01 million cycles).

Step 5 UHPFRC adhesion test.

Step 6 Observing the fracture surface of the cracks.

Step 1 was conducted to introduce deck propagation type
cracks into the specimen. The loading was terminated at
1.26 million cycles when the crack depth of Crack 2, esti-
mated by ultrasonic testing, exceeded 10 mm. After that,
a dye-marking was left on the crack surface by spraying
blue varnish around the crack from the inner surface of the
U-rib in order to record the crack sizes at the timing of the
UHPFRC laying.

In Step 2, UHPFRC was laid on the top of the deck plate
with the crack in place without crack treatment. In the
construction, the bolted joints were smoothed with a resin
mortar repair material. After that, adhesive was applied and
the UHPFRC was laid. The laying was carried out over 2
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days, and the construction joints were introduced into the
specimens.

Steps 3 and 4 were conducted to apply cyclic loading by
wheel load running to the existing cracks, UHPFRC and its
interface with the deck plate. In Step 3, the test specimen
was loaded 1.02 million cycles under the same conditions
as in Step 1. Since the wheel load traveling test machine
used in this study was installed outdoors, this is referred to
as a test under natural environmental conditions. In Step 4,
the test was continued in a water-filled condition where the
UHPFRC was immersed in water. The water-filled condition
was created by pooling such that the edges of the UHPFRC
were flooded as shown in Fig. 3.

Step 5 was conducted to check the residual adhesion
strength between the UHPFRC and the deck plate. The adhe-
sion test was carried out by drilling a core with a diameter
of 80 mm from the top of the UHPFRC to the deck plate,
and applying a tensile load to a pull-out jig bonded to the
top of the core.

In Step 6, macro-fracture surface observation was con-
ducted to confirm the propagation of the existing cracks.
Cross-sectional observations were also made by cutting the
specimen at the point where the crack depth was the deepest.

3 Outline of Finite Element Analysis

FE analysis was conducted to confirm the effect of reducing
the stress intensity factor by UHPFRC overlay. The analy-
sis model is shown in Fig. 4. The analysis program used is
Abaqus 6.14. The analysis is performed using a global model
and submodels, and the submodels are driven based on the
displacements of the global model. The elements were based
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Fig.2 Wheel running machine
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Fig.3 Water-filled condition at the edge of the UHPFRC

on linear 3D 8-node solid elements. The dimensions of the
global model are the same as those of the specimen. As
boundary conditions, the bottom surface of the lower flanges
shown with green boxes in Fig. 1 were completely fixed.
The weld bead and root are created in the submodels. The
weld leg length is 6 mm and the penetration depth is 75%
(4.5 mm) of the U-rib thickness. Although the penetration
depth differs between the experiment and the analysis, the
effect of this difference on the stress properties of the root is
considered to be small (Hattori et al., 2021). Semi-elliptical

Nunber of elements Nunber of nodes
a=1 a=l11 Nunber of elements | Nunber of nodes
No reinforcement 382,504 382,504 390,959 No reinforcement 296,209 397,999
Reinforcement 452,260 459,574 463,389 Reinforcement 855,755 974,159
Submodel 2 (Sec. C) Global model

6=15°
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Nunber of elements Nunber of nodes
a=1 a=11
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Fig.4 Finite element analysis model
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cracks are introduced in the submodels by double nodes as
shown Fig. 4. Since no crack was introduced in the global
model, the submodeled area was considered to be enough
large so that the displacement at the boundary between the
global model and submodel is not affected by existence of
a crack. In this study, crack closure and welding residual
stress are not considered. The crack shape is based on pre-
viously reported deck propagation type cracks (Kainuma
et al., 2016; Ono et al., 2005a, 2005b, 2009). The crack size
is determined by referring to the literature (Kainuma et al.,
2017; Murakoshi et al., 2019), which is larger than the cracks
obtained in this experiment and can provide a conservative
consideration. The element size around the crack front used
to calculate the stress intensity factor is 0.1 x0.1x 0.1 mm.

Table 1 shows the analysis cases. There are three cases:
no reinforcement, UHPFRC overlay, and SFRC overlay for
comparison. Since there is a possibility that the adhesive
may not work well, the analysis cases are also created with-
out an adhesive. The no-adhesion condition was simulated
by making the elastic modulus of the adhesive extremely
small.

The load model is created with reference to the load
for fatigue design of Japanese road bridges. Specifically,
we assume a double tire shape in which a loading area of
200% 200 mm is arranged at intervals of 100 mm as shown
in Fig. 4, and 140 kN is loaded there.

Poisson's ratio

0.2

lus (kKN/mm?)

45
33

(mm)

Thickness Elastic modu-

Laying material

40

Poisson's ratio

0.2

Thickness Elastic modu-
lus (kKN/mm?)
0.01
0.01

Adhesive

(mm)

4 Effect of Retarding Crack Propagation
with UHPFRC Overlaying

Poisson’s ratio

0.3

In order to clarify the retarding effect on crack propagation
by overlaying UHPFRC, the fracture surface observation and
crack propagation behavior obtained by the wheel running
test and the relationship between stress intensity factor and
crack depth obtained by FE analysis were considered.

Elastic modulus (kN/mm?)

206

4.1 Fracture Surface Observation

From the macro fracture surface observed in Step 6, the
crack surfaces were semi-elliptical centered on the cross rib
section. The crack sizes were 2c =58 mm and a =7.0 mm for
Crack 1, and 2¢ =88 mm and ¢ =8.7 mm for Crack 2. Here,
c is the half crack length, and a is the crack depth. The crack
surface was dye-marked with blue varnish after the comple-
tion of Step 1, and it was confirmed in Step 6 that the fatigue
fracture surface and the surface colored in blue coincide.
In other words, it can be confirmed that there was no crack
propagation after the UHPFRC was overlaid.

12

Deck plate
Thickness (mm)

Name
NR
UH-B
UH-N
SF-B
SFE-N

Table 1 Analysis cases
No reinforcement

Analysis case
UHPFRC
SFRC
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4.2 Relationship Between Stress Intensity Factor
and Crack Depth

Figure 5 shows the relationship between the stress intensity
factor K and the crack depth a when loaded on Submodel

2

here v is Poisson's ratio and the subscripts I, II, and III rep-
resent deformation modes of the crack tip. The equivalent
stress intensity factor K, is the stress intensity factor cor-
responding to mode I for cracks in the same direction as the
fracture angle, and can be calculated from Eq. 2 (Chang
et al., 2006).

1
2] _ 2
K., = [ L cos? —f{ ! V(Klz(l + cos 0;) — 4K K sin 6; + K (5 — 3 cos 6;) ) +K12H}] @)

2 of Sec. C in analysis case NR. The deformation mode of
the crack is defined as shown in Fig. 6. The displacement
indicated by the arrow is the positive, and the opposite is the
negative. It is noted that the analysis can give the negative
value to K| because it does not take into account the crack
surface contact. The fracture angle 6; is the angle at which
the energy release rate at the crack tip is maximized, and was
calculated from Eq. 1 (Chang et al., 2006).

% {KIZ (sin % + sin %) + 4K K} cos %
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Fig.5 The relationship between the stress intensity factor and the
crack depth when loaded on Sec. C

RY RN

Mode 1 Mode II Mode III

Fig.6 Definition of crack deformation mode

From Fig. 5, the absolute value of Kj is almost the same
as K, in the range of a/r=1/6 to 5/6 (¢: deck plate thick-
ness), and it can be said that mode I is dominant in the deck
propagation type crack in this range. Based on the above, we
will consider only mode I in the following.

K; has an extremum near a =6—7 mm. In other words,
after the crack reaches a size of a/t=1/2-7/12, the stress
intensity factor decreases with the subsequent propagate, so
it is possible to arrest propagation of the remaining cracks
depending on the countermeasure method. On the other
hand, there is a concern about new crack formation from
the upper surface of the deck plate due to the reduction of
the ligament, but this crack formation can be prevented
because the stress at the ligament can be reduced by the
countermeasures.

4.3 Crack Propagation Behavior

Figure 7 shows a cross-sectional photograph of the deepest
part of Crack 1 observed in Step 6. The figure also shows
the crack propagation curve obtained by the analysis assum-
ing that the crack propagates in the direction of the fracture
angle 6;. In terms of the crack path, the angle is large at a
small stage of the crack, decreases as the crack propagates,

Bottom

Fig.7 A cross-sectional photograph of the deepest part of Crack 1
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and increases again as the crack propagates. The behavior of
the change is almost consistent with that of the crack propa-
gation curve obtained from elastic finite element analysis,
which does not take into account crack closure and welding
residual stress. In other words, the crack propagation behav-
ior can be simulated to some extent by the analysis method
in this study.

4.4 Stress Intensity Factor Range

The relationship between the stress intensity factor range
and the crack depth was determined for different overlay-
ing materials. Figure 7 shows the relationship between the
stress intensity factor range and the crack depth when loaded
on Sec. C. Here, we assume a double tire shape in which a
loading area of 220 X 235 mm is arranged at intervals of
100 mm as shown in Fig. 2, and 70 kN is loaded there. As
an overall tendency, AK| becomes smaller in the order of
analysis cases UH-B, SF-B, UH-N, SF-N, and NR. The dif-
ference in AK; between the UHPFRC and SFRC is smaller
than that between with and without adhesive. In other words,
the durability of the adhesive, which is responsible for the
composite function, is considered to be important.

Figure 8 also shows the threshold stress intensity fac-
tor range AK,, =63 N/mm*? (JSSC, 2012). AK is about the
same as AK,, in the case UH-B at about a =4 mm and in the
case SF-B at about a=1 mm. If crack arrest can be evaluated
by AK,;,, in the case of the UHPFRC, there is a possibil-
ity that the crack depth that is arrested can be increased by
about 3 mm compared to SFRC. In other words, it is inferred
that the UHPFRC overlay is superior to the SFRC overlay in
the maintenance scenario without crack treatment.

The stress intensity factor ranges calculated for the
cracks from the wheel load tests (see in Sect. 4.1) were
51.1 N/mm*? for Crack 1 and 118.4 N/mm™? for Crack 2,
respectively. In other words, the cracks could be arrested at

900
800
700
600
500
400
300

200 BTG O R
100

AK=63N/mm??

AK; (N/mm3?)

o1 2 3 4 5 6 7 8 9 10 11 12

least up to AK;=118.4 N/mm>?. Therefore, the evaluation
by AKj, is considered to be conservative.

5 Fatigue Durability of UHPFRC Overlaying

The fatigue durability of UHPFRC itself and the interface
between UHPFRC and the deck plate was clarified in Step
3 and 4 in the wheel running test.

100
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40
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Stress range (N/mm?)

0 50 100 150 200 250
Number of cycles (10%cycles)

300 350

Fig.9 The relationship between the fluctuation range of stress at
a reference point 5 mm away from the weld toe and the number of
cumulative loads during the wheel load running test
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Fig. 8 The relationship between the stress intensity factor range and the crack depth when loaded on Sec. C (The vertical axis in the left graph is

expanded in the right graph)
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Figures are residual adhesion strength (N/mm? )
The red figures indicate destruction at the jig part.

—_——\f e L

Number of cycles after Step 3

0.44 million cycles

0.69 million cycles

| == 1.02 million cycles
(At the end of Step 3)

2.03 million cycles
(At the end of Step 4)

Fig. 10 The cracks on the top surface of the UHPFRC and the residual adhesion strength between the UHPFRC and the deck plate

5.1 Relationship Between Stress Range Near
the Weld and the Number of Cycles

Figure 9 shows the relationship between the fluctuation
range of stress at a reference point 5 mm away from the weld
toe and the number of cumulative loads during the wheel
load running test. In Step 1, Crack 1 and 2 were confirmed
near Ref. 1 and 2, these were considered that the stress range
had been decreased as the crack propagation. On the other
hand, there are almost no changes in the stress range during
Step 3 and 4. From this, it is presumed that there is no dete-
rioration of the UHPFRC itself and the interface between
the UHPFRC and the deck plate due to repeated loading, at
least near the stress measurement point.

5.2 Cracks on the Surface of the UHPFRC

The cracks on the top surface of the UHPFRC are shown in
Fig. 10. When loading 0.44 million cycles in Step 3, cracks
in the transverse direction were confirmed in Sec. C, G, and
K. After that, the crack density increased around the load
running area as the number of cycles increased. However,
the maximum crack width at the end of Step 4 was 0.08 mm,
and it is presumed that the crack width did not become large
due to the crack dispersibility of UHPFRC. In addition, there
was no noticeable damage on the bolted joints and UHP-
FRC construction joints. The results of core drilling at the
location with the largest crack width are shown in Pic. 1
in Fig. 10. Cracks that reach the deck plate can be seen,
but they are so fine that they can only be seen by applying
acetone. Although the opening width of the UHPFRC con-
struction joints was at most 0.3 mm, it was already open at

the start of the test. Therefore, the main cause of opening
was material shrinkage, and the effect of cyclic loading was
considered to be small.

5.3 Residual Adhesion Strength Between
the UHPFRC and Deck Plate

The residual adhesion strength between the UHPFRC and
the deck plate determined from the adhesion test is shown in
Fig. 10. After Step 4, the residual adhesion strength between
the UHPFRC and the deck plate was investigated by adhe-
sion tests of 30 locations. Adhesion tests were conducted by
drilling a core from the UHPFRC up to the deck plate and
then pulling it out vertically. The residual adhesion strength
is the maximum load in the adhesion test divided by the
cross-sectional area of the core. The test points were Sec.
C, which had the maximum crack width, Sec. E, which had
UHPFRC construction joints, Sec. G, which was on cross rib
section, and Sec. I, which had bolted joints. A residual adhe-
sion strength with an average of 5.0 N/mm? and a standard
deviation of 0.8 N/mm? was confirmed in the results. The
maximum stress acting on the adhesive obtained from FE
analysis is 2.4 N/mm?, and it is considered that sufficient
adhesiveness can be obtained.

6 Conclusions
This study aimed to clarify the effect of UHPFRC laying

on the retardation of deck propagation type crack growth
and to confirm the fatigue durability of the countermeasure
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itself at the weld between the U-rib and the deck plate of the
orthotropic steel deck. For this purpose, wheel running tests
and finite element analysis were conducted. The main results
obtained are shown below.

(1) For two deck propagation type cracks obtained by
wheel running tests, it was confirmed that the propaga-
tion of the cracks could be retarded by UHPFRC over-
lay without crack treatment. It was also shown that the
crack propagation trends could be roughly evaluated by
elastic finite element analysis, which does not take into
account the crack closure and welding residual stress.

(2) TItis clear that Mode I is dominant for the propagation
of cracks, at least in the range of crack depths from 1/6
to 5/6 of the deck plate thickness. The stress intensity
factor of Mode I reached its extreme value when the
crack depth was 1/2-7/12 of the deck plate thickness,
and then decreased with the progress of the crack.

(3) The difference between the UHPFRC and the SFRC
overlay in the stress intensity factor range of deck prop-
agating cracks was smaller than the difference between
overlaid materials with and without adhesion to the
deck plate. In other words, the durability of the adhe-
sive is more important than the stiffness of the overlaid
material.

(4) It was shown that there is a difference of about 3 mm
in the crack depth within the same stress intensity fac-
tor range between UHPFRC and SFRC. In the case of
UHPFRC, there is a possibility that the arresting crack
depth can be increased by about 3 mm compared with
that of SFRC, and it is inferred that UHPFRC is supe-
rior to SFRC in the maintenance scenario without crack
treatment.

(5) The wheel running test confirmed that there was no
significant degradation of the UHPFRC material itself
or its interface with the deck plate, indicating that the
UHPFRC laying had sufficient fatigue resistance.
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