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Abstract: Shear fatigue damage to the waterproof cohesive layer has not received enough attention in
bridge deck pavement design. Meanwhile, there is less theoretical basis for the design of a waterproof
cohesive layer. In this study, direct shear and shear fatigue tests were used to compare the shear
strength and fatigue performance of waterproof adhesive materials under different disposal schemes
for a cement slab surface, bonding materials, and spreading schemes, and the recommended optimal
dosage of waterproof adhesive material for the bridge deck is given. Based on the shear fatigue
tests results of indoor waterproof adhesive materials, an equation for prediction fatigue at 15 ◦C was
established and temperature correction was applied. Based on these results, we propose a waterproof
cohesive layer design method for bridge deck pavement with interlayer shear damage as the design
index. The life expectancy of the shear damage between the decks was calculated for a real bridge
deck. These results provide scientific guidance for design of a waterproof cohesive layer in a bridge
deck, which can effectively extend the service life of a bridge deck.

Keywords: bridge deck engineering; waterproof cohesive layer; fatigue equation; shear fatigue
damage; interlayer design

1. Introduction

At present, most bridge deck pavement structures use a “concrete slab + asphalt concrete”
pavement system. Cement concrete pavement is initially poured, and asphalt concrete is then paved
over the surface of the cement concrete pavement to form a rigid-flexible composite structure [1].
The waterproof cohesive layer ensures the bridge remains waterproof, and the rigid-flexible structure
layer is bonded together. As an important part of the bridge deck pavement structure, improperly
setting the waterproof cohesive layer will result in an insufficient interlayer bonding force or shear
strength, ultimately damaging the overall pavement structure [2]. Therefore, it is particularly important
to study the shear fatigue characteristics of the waterproof cohesive layer.

Many scholars have focused their research on the deck pavement’s construction and the waterproof
material [3–6]. Some scholars have studied the effect of construction temperature on interlayer cohesion.
For example, results from a TRRL [7] test in Britain showed that using an asphalt mixture in paving will
damage the waterproof cohesive layer, thus affecting affects its performance. West et al. [8] showed that
the shear strength of the waterproof cohesive layer decreases as the temperature increases. Ye et al. [9]
used grey correlation to determine correlations among various factors that influence the shear strength

Appl. Sci. 2019, 9, 2090; doi:10.3390/app9102090 www.mdpi.com/journal/applsci

http://www.mdpi.com/journal/applsci
http://www.mdpi.com
http://www.mdpi.com/2076-3417/9/10/2090?type=check_update&version=1
http://dx.doi.org/10.3390/app9102090
http://www.mdpi.com/journal/applsci


Appl. Sci. 2019, 9, 2090 2 of 21

of the waterproof cohesive layer. Some scholars have developed new waterproof cohesive layer
materials to improve the shear strength of bridge deck pavement. For example, Song et al. [10]
improved the cohesive force of a waterproof material by incorporating a latex modifier similar to
the emulsion and proposed an optimum coating thickness of 0.7–1 mm. Lv et al. [11] developed a
macromolecule polymer bitumen waterproof cohesive layer that is suitable for hot, humid regions.
Wang [12] developed a new epoxy-modified asphalt waterproof adhesive material with bond strength
reaching 0.6 MPa, which greatly increased the bonding strength of the bridge deck waterproof cohesive
layer. Wang et al. [13] developed a high-performance polymer bridge deck waterproof adhesive
material with 0.5 MPa shear strength at 25 ◦C and 0.0885 MPa at 60 ◦C. Other scholars studied the
shear resistance and fatigue life of the waterproof cohesive layer. The research of Ji et al. [14] showed
that the primary factor determining the shear strength is the interaction between the rubber asphalt
and the concrete surface. Rhee et al. [15] used a French pavement design procedure to analyze the
stress on the pavement between different layers and found that insufficient contact between layers
may reduce the service life to 65–70% of the design life.

In summary, although many scholars have studied the waterproof cohesive layer with different test
methods, evaluation indicators, and standards, there are still some shortcomings [16–19]. For example,
the interlayer construction method and material are rarely considered together, and the development
of new materials is costly and difficult to apply. There is no unified standard regarding the content of
relevant materials used in the waterproof cohesive layer. The initial stage of fatigue damage in the
waterproof cohesive layer is difficult to observe, and research on shear fatigue damage to a waterproof
cohesive layer in a bridge deck is lacking.

The common waterproof synchronous gravel cohesive layer, shear strength of different disposal
schemes for a cement slab, bonding materials, and different combinations of spreading schemes were
examined and compared in this study. The optimum material composition (which corresponds to the
maximum shear strength in different test schemes.) of the waterproof cohesive layer for a bridge deck
is presented based on comprehensive consideration of various interlayer construction methods and
materials. The shear fatigue characteristics of different bridge deck waterproof adhesive materials
were studied, and a model for predicting the fatigue life is presented. A method for designing the
waterproof cohesive layer for a bridge deck based on shear fatigue damage to the interlayer materials
is proposed.

2. Performance Test of Waterproof Cohesive Layer Material

2.1. Test Plans

Basalt (4.75–9.5 mm) was selected as a gravel material, and 27 shear test schemes were used
to analyze the bonding material, spreading scheme, and shear resistance of a waterproof cohesive
material in different cement slab surface disposal schemes. The 27 test schemes are shown in Table 1.

The “AC-13+waterproof cohesive layer + cement concrete slab” structure was used in the
indoor shear test of the bridge deck interlayer materials. A 150 × 150 × 150 mm3 cement concrete
slab was fabricated and the slab surface was disposed (brushed cement concrete, grooved cement
concrete, exposed aggregate cement concrete). After 7 days of maintenance under standard conditions,
core samples were drilled with a 100 mm diameter core drill. Waterproof cohesive layers were laid
on the surface of the cement concrete core samples with different asphalt and gravel content. Finally,
the core samples were loaded into a 101.6 × 87 mm2 Marshall test model, and a hot mix AC-13 asphalt
mixture was loaded into the test model. The model was compacted with a compactor and formed
after the asphalt surface was allowed to cool. The test model was removed, and a direct shear test was
conducted. The forming and testing process of shear samples are shown in Figure 1.
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Table 1. Composition of 27 test schemes.

Asphalt Type Spreading Scheme Disposal Scheme of Cement Slab Surface Test Scheme

SBS-modified
emulsified asphalt

A
brushed cement concrete Emu-A-brushed
grooved cement concrete Emu-A-grooved

exposed aggregate cement concrete Emu-A-exposed

B
brushed cement concrete Emu-B-brushed
grooved cement concrete Emu-B-grooved

exposed aggregate cement concrete Emu-B-exposed

C
brushed cement concrete Emu-C-brushed
grooved cement concrete Emu-C-grooved

exposed aggregate cement concrete Emu-C-exposed

90 ordinary hot asphalt

A
brushed cement concrete Ord-A-brushed
grooved cement concrete Ord-A-grooved

exposed aggregate cement concrete Ord-A-exposed

B
brushed cement concrete Ord-B-brushed
grooved cement concrete Ord-B-grooved

exposed aggregate cement concrete Ord-B-exposed

C
brushed cement concrete Ord-C-brushed
grooved cement concrete Ord-C-grooved

exposed aggregate cement concrete Ord-C-exposed

SBS-modified asphalt

A
brushed cement concrete Mod-A-brushed
grooved cement concrete Mod-A-grooved

exposed aggregate cement concrete Mod-A-exposed

B
brushed cement concrete Mod-B-brushed
grooved cement concrete Mod-B-grooved

exposed aggregate cement concrete Mod-B-exposed

C
brushed cement concrete Mod-C-brushed
grooved cement concrete Mod-C-grooved

exposed aggregate cement concrete Mod-C-exposed

Spreading scheme A: Asphalt is first sprayed on the road surface, then gravel is sprayed, and a single waterproof
cohesive layer is formed by rolling; Spreading scheme B: Asphalt is first sprayed on the road surface, then crushed
stone wrapped with hot asphalt is sprayed, and a single waterproof cohesive layer is formed by rolling; Spreading
scheme C: Asphalt is first sprayed on the road surface, then gravel is sprayed, followed by a layer of asphalt, yielding
a double waterproof cohesive layer after rolling; Brushed cement concrete: Before setting the initial cement concrete
board, wet cotton cloth was used to form a texture on the surface of the cement board with a depth of approximately
3 mm; Grooved cement concrete: Grooves (5 mm width, 3 mm depth, and 10 mm spacing) were placed on the
surface of cement concrete board; Exposed aggregate cement concrete: When the cement concrete board was not
hardened, the surface mortar is removed to expose approximately 1 mm of coarse aggregate.
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Figure 1. The forming and testing process of shear samples with different spreading schemes: (a) the
sample forming process of Spreading scheme A; (b) the sample forming process of Spreading scheme
B; (c) the sample forming process of Spreading scheme C; and (d) the Shear test process.
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2.2. Material Design

2.2.1. Tack Coat Material Design

The research of Zhang et al. [20] shows that the increase of ductility and plasticity of interlayer
waterproof materials will lead to the increase of compactness of materials. Therefore, the contact
between materials and cement concrete slabs is close and the water proof performance under moving
repeated loading is good. Experimental results and technical specifications for the different materials
in the SBS-modified emulsified asphalt, 90 ordinary hot asphalt, and SBS-modified asphalt are shown
in Tables 2–4.

Table 2. Technical indices of SBS-modified emulsified asphalt.

Pilot Project Unit Testing Value Standard

Emulsion stability velocity — Quick Quick or median split
Particle charge — Cation (+) Cation (+)

Weight of screen residue (1.18 mm) % 0.07 ≤0.1
Engler viscosity E25 — 6 1-10

Asphalt standard viscosity C25 S 13 8-25
Evaporation residue content % 54 ≤50
Penetration (100 g, 25 ◦C, 5 s) 0.1 mm 62 40–120

Softening point ◦C 55.7 ≤50
Ductility (5 ◦C) 0.1 mm 37 ≥20
Solubility (TCE) ◦C 98.6 ≥97.5

Storage stability 1 d % 0.5 1
Storage stability 5 d % 1.4 5

Table 3. Technical indices of 90 ordinary hot asphalt.

Pilot Project Unit Testing Value Standard

Penetration 25 ◦C, 100 g, 5 s 0.1 mm 95 80~100
Penetration index (PI) — −1.04 −1.5~+1.0
Softening point TR&B ◦C 45.0 ≥44

Dynamic viscosity (60 ◦C) Pa·s 147 ≥120
Ductility(10 ◦C, 5 cm/min) cm / /
Ductility(15 ◦C, 5 cm/min) cm >140 ≥100

Wax content % 1.2 ≤2.2
Flash point ◦C ≥230 ≥245
Solubility % 99.9 ≥99.5

Table 4. Technical indices of SBS-modified asphalt.

Pilot Project Unit Testing Value Standard

Penetration 25 ◦C, 100 g, 5 s 0.1 mm 71 60~80
Penetration index (PI) — 0.057 ≥−0.4
Softening point TR&B ◦C 66 ≥55

Dynamic viscosity (135 ◦C) Pa·s 2.5 ≤3
Ductility (5 ◦C, 5 cm/min) Cm 42 ≥30

Flash point ◦C 265 ≥230
Solubility % 99.7 ≥99

Elastic recovery (25 ◦C) % 95 ≥65

2.2.2. Design of Cement Concrete

The cement concrete mix used in the test is shown in Table 5.
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Table 5. Mix proportion of cement concrete.

Ingredient Cement Expansive
Agent Sand Fine

Aggregate
Coarse

Aggregate Water Admixture Steel
Fiber

Proportion
(kg/m3) 440 38 761 404 605 172 5.736 50

2.2.3. Design of Asphalt Concrete

The composition of the AC-13 asphalt surface material is shown in Table 6.

Table 6. Aggregate gradation.

Type of the
Mixture

Passing Percentage (%) Optimum
Asphalt Content19.0 16.0 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075

AC-13 100 100 92 70 40.3 31.5 25.4 19.2 12.7 9.2 5.9 4.9%

2.3. Testing Procedure and Result

2.3.1. SBS-Modified Emulsified Asphalt

SBS-modified emulsified asphalt was sprayed with areal densities of 0.8, 1.0, 1.2, 1.4, and 1.6 kg/m2,
and gravel was sprayed with areal densities of 5.0, 6.0, 7.0, and 8.0 kg/m2, yielding a total of 20
waterproof materials. According to the test scheme Emu-A-brushed, Emu-A-grooved, Emu-A-exposed,
Emu-B-brushed, Emu-B-grooved, and Emu-B-exposed, each type of adhesive material specimen was
prepared and tested using a direct shear test (please refer to Table 1 for details). The experimental
results are shown in Figure 2, and the amount of asphalt and gravel content corresponding to the
maximum shear strength is taken as optimum.

Figure 2 shows that the optimum asphalt content in scheme Emu-A-brushed, Emu-A-grooved,
Emu-B-brushed, and Emu-B-grooved is 1.2 kg/m2, and the optimum gravel content is 6.0 kg/m2.
The optimum asphalt content of scheme Emu-A-exposed and Emu-B-exposed is 1.4 kg/m2, and the
optimum stone content is 7.0 kg/m2. The shear strength of the waterproof cohesive layer initially
increases, and then decreases as the gravel content increases. This is because increasing the amount of
gravel will increase interlaminar compression when the amount of asphalt is fixed. When the amount
of aggregate reaches a critical point, a continuous increase in aggregate will cause bonding damage,
which will decrease the interlaminar shear strength.

After determining the optimum amount of asphalt and gravel content in scheme A, the upper
asphalt was sprayed with areal density of 0.2, 0.4, 0.6, 0.8, or 1.0 kg/m2, which is composed of five kinds
of waterproof adhesives material. According to the test scheme Emu-C-brushed, Emu-C-grooved,
and Emu-C-exposed, each kind of waterproof adhesive material was prepared and direct shear tests
were carried out (please refer to Table 1 for details). The test results are shown in Figure 3, and the
amount of sprayed asphalt content corresponding to maximum shear strength is taken as optimum.

Figure 3 shows that the optimum asphalt content in the upper modified asphalt in scheme
Emu-C-brushed, Emu-C-grooved, and Emu-C-exposed is 0.6 kg/m2. The best asphalt content in scheme
Emu-C-brushed and scheme Emu-C-grooved is 0.6 kg/m2 for the upper layer and 1.2 kg/m2 for the
lower layer, with 6.0 kg/m2 for gravel content. The best asphalt content in scheme Emu-C-exposed is
0.6 kg/m2 for the upper layer and 1.4 kg/m2 for the lower layer, with 7.0 kg/m2 for gravel content.
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Figure 2. Shear strength of SBS-modified emulsified asphalt with different spreading and disposal
schemes: (a) Emu-A-brushed; (b) Emu-A-grooved; (c) Emu-A-exposed; (d) Emu-B-brushed;
(e) Emu-B-grooved; (f) Emu-B-exposed.
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Figure 3. Shear strength of SBS-modified emulsified asphalt under different upper layer asphalt content.
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2.3.2. 90 Ordinary Hot Asphalt

90 ordinary hot asphalt was sprayed with areal density of 0.8, 1.0, 1.2, 1.4, and 1.6 kg/m2,
and gravel was sprayed with an areal density of 5.0, 6.0, 7.0, and 8.0 kg/m2, yield a total of 20
waterproof materials. According to the test scheme Ord-A-brushed, Ord-A-grooved, Ord-A-exposed,
Ord-B-brushed, Ord-B-grooved, and Ord-B-exposed, each kind of waterproof adhesive was prepared
and direct shear tests were conducted (please refer to Table 1 for details). The experimental results are
shown in Figure 4.
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Figure 4. Shear strength of 90 ordinary hot asphalt with different spreading and disposal schemes:
(a) Ord-A-brushed; (b) Ord-A-grooved; (c) Ord-A-exposed; (d) Ord-B-brushed; (e) Ord-B-grooved;
(f) Ord-B-exposed.
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Figure 4 shows that the optimum asphalt and gravel content in scheme Ord-A-brushed is 1.0 kg/m2

and 6.0 kg/m2, respectively. The optimum asphalt content in scheme Ord-A-grooved, Ord-B-brushed,
and Ord-B-grooved is 1.2 kg/m2, and the optimum gravel content is 6.0 kg/m2. The optimum asphalt
content in scheme Ord-A-exposed and Ord-B-exposed is 1.4 kg/m2 and the optimum gravel content is
7.0 kg/m2.

After determining the optimum content of asphalt and gravel content in scheme A, upper asphalt
was sprayed with areal density of 0.2, 0.4, 0.6, 0.8, and 1.0 kg/m2, which is composed of five
kinds of waterproof adhesives. According to the test scheme Ord-C-brushed, Ord-C-grooved,
and Ord-C-exposed schemes, each kind of waterproof adhesive was prepared, and direct shear tests
were conducted (please refer to Table 1 for details). The test results are shown in Figure 5.
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Figure 5. Shear strength of 90 ordinary hot asphalt with different asphalt content in the upper layer.

According to Figure 5, the optimum asphalt content of upper modified asphalt in schemes
Ord-C-brushed, Ord-C-grooved, and Ord-C-exposed is 0.4 kg/m2. The optimum asphalt content in
scheme Ord-C-brushed is 0.4 kg/m2 in the upper layer, 1.0 kg/m2 in the lower layer, and the optimum
gravel content is 6.0 kg/m2. The optimum asphalt content in scheme Ord-C-grooved is 0.4 kg/m2 in the
upper layer, 1.2 kg/m2 in the lower layer, and the optimum gravel content is 6.0 kg/m2. The optimum
asphalt content in scheme Ord-C-exposed is 0.4 kg/m2 in the upper layer, 1.4 kg/m2 in lower layer,
and the optimum gravel content is 7.0 kg/m2.

2.3.3. SBS-Modified Asphalt

SBS-modified asphalt was sprayed with areal density of 0.8, 1.0, 1.2, 1.4, and 1.6 kg/m2, and gravel
was sprayed with an areal density of 5.0, 6.0, 7.0, and 8.0 kg/m2, yielding a total of 20 waterproof materials.
According to the test scheme Mod-A-brushed, Mod-A-grooved, Mod-A-exposed, Mod-B-brushed,
Mod-B-grooved, and Mod-B-exposed, each kind of waterproof adhesives was prepared and direct
shear tests were conducted (please refer to Table 1 for details). The experimental results are shown
in Figure 6.

Figure 6 shows that the optimum asphalt content in scheme Mod-A-brushed is 1.0 kg/m2 and
the optimum gravel content is 6.0 kg/m2. The optimum asphalt content in scheme Mod-A-grooved,
Mod-B-brushed, and Mod-B-grooved is 1.2 kg/m2, and the optimum gravel content is 6.0 kg/m2.
The optimum asphalt content in scheme Mod-A-exposed and Mod-B-exposed is 1.2 kg/m2 and the
optimum gravel content is 7.0 kg/m2.
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Figure 6. Shear strength of SBS-modified asphalt with different spreading and disposal schemes:
(a) Mod-A-brushed; (b) Mod-A-grooved; (c) Mod-A-exposed; (d) Mod-B-brushed; (e) Mod-B-grooved;
(f) Mod-B-exposed.

After determining the optimum asphalt and gravel content in scheme A, the upper asphalt
was sprayed with an areal density of 0.2, 0.4, 0.6, 0.8, and 1.0 kg/m2, which is composed of five
kinds of waterproof adhesives. According to the test scheme Mod-C-brushed, Mod-C-grooved,
and Mod-C-exposed schemes, each kind of waterproof adhesive was prepared, and direct shear tests
were carried out (please refer to Table 1 for details). The test results are shown in Figure 7.



Appl. Sci. 2019, 9, 2090 10 of 21Appl. Sci. 2019, 9, x FOR PEER REVIEW 11 of 21 

 

Figure 7. Shear strength of SBS-modified asphalt under different upper layer asphalt content. 

2.4. Comparison of Different Waterproof Cohesive Layer Schemes Based on Optimum Material Quantity 

The shear strength test results with different waterproof cohesive layers at the optimum asphalt 
and gravel content are shown in Figure 8. 

   
(a) (b) (c) 

Figure 8. Maximum shear strength of different cement slab surfaces and spreading schemes: (a) SBS-
modified emulsified asphalt; (b) 90 ordinary hot asphalt; (c) SBS-modified asphalt. 

Figure 8 shows that the surface treatment method with the highest shear strength is exposed 
aggregate cement concrete, followed by grooved cement concrete and brushed cement concrete. The 
shear strength of grooved cement concrete is 4% to 12% higher than that of brushed cement concrete, 
and the shear strength of exposed aggregate cement concrete is 10% to 23% higher than that of 
brushed cement concrete. The bonding material with the highest shear strength is SBS-modified 
asphalt, followed by SBS-modified emulsified asphalt and 90 ordinary hot asphalt. The shear strength 
of SBS-modified emulsified asphalt is 5% to 13% higher than that of 90 ordinary hot asphalt, and the 
shear strength SBS-modified asphalt is 16% to 32% higher than that of 90 ordinary hot asphalt. 
Spreading scheme C provides the highest shear strength, followed by spreading scheme B and 
spreading scheme A. The shear strength provided by spreading scheme B is 4% to 12% higher than 
that from spreading scheme A, and the shear strength from spreading scheme C is 10% to 23% higher 
than that from spreading scheme A. 

3. Shear Fatigue Characteristics of Waterproof Cohesive Layer Materials 

3.1. Test Design 

0.5

0.55

0.6

0.65

0.7

0.2 0.4 0.6 0.8 1

Sh
ea

rin
g 

str
en

gt
h

(M
Pa

)

Surface asphalt content (kg/m²)

Mod-C-brushed Mod-C-grooved Mod-C-exposed

0

0.2

0.4

0.6

0.8

Brushed GroovedExposed

Sh
ea

rin
g 

str
en

gt
h 

(M
Pa

) A B C

0

0.2

0.4

0.6

0.8

Brushed Grooved Exposed

Sh
ea

rin
g 

str
en

gt
h 

(M
Pa

) A B C

0

0.2

0.4

0.6

0.8

Brushed Grooved Exposed

Sh
ea

rin
g 

str
en

gt
h 

(M
Pa

) A B C

Figure 7. Shear strength of SBS-modified asphalt under different upper layer asphalt content.

From Figure 6, the optimum asphalt content in Mod-C-brushed, Mod-C-grooved, and Mod-C-
exposed upper modified asphalt is 0.4 kg/m2. The optimum asphalt content in scheme Mod-C-brushed
is 0.4 kg/m2 in the upper layer, 1.0 kg/m2 in the lower layer, and the optimum gravel content is 6.0 kg/m2.
The optimum asphalt content in scheme Mod-C-grooved is 0.4 kg/m2 in the upper layer, 1.2 kg/m2 in
the lower layer, and the optimum gravel content is 6.0 kg/m2. The optimum asphalt content in scheme
Mod-C-exposed is 0.4 kg/m2 in the upper layer, 1.2 kg/m2 in the lower layer, and the optimum gravel
content is 7.0 kg/m2.

2.4. Comparison of Different Waterproof Cohesive Layer Schemes Based on Optimum Material Quantity

The shear strength test results with different waterproof cohesive layers at the optimum asphalt
and gravel content are shown in Figure 8.

Appl. Sci. 2019, 9, x FOR PEER REVIEW 11 of 21 

 

Figure 7. Shear strength of SBS-modified asphalt under different upper layer asphalt content. 

2.4. Comparison of Different Waterproof Cohesive Layer Schemes Based on Optimum Material Quantity 

The shear strength test results with different waterproof cohesive layers at the optimum asphalt 
and gravel content are shown in Figure 8. 

   
(a) (b) (c) 

Figure 8. Maximum shear strength of different cement slab surfaces and spreading schemes: (a) SBS-
modified emulsified asphalt; (b) 90 ordinary hot asphalt; (c) SBS-modified asphalt. 

Figure 8 shows that the surface treatment method with the highest shear strength is exposed 
aggregate cement concrete, followed by grooved cement concrete and brushed cement concrete. The 
shear strength of grooved cement concrete is 4% to 12% higher than that of brushed cement concrete, 
and the shear strength of exposed aggregate cement concrete is 10% to 23% higher than that of 
brushed cement concrete. The bonding material with the highest shear strength is SBS-modified 
asphalt, followed by SBS-modified emulsified asphalt and 90 ordinary hot asphalt. The shear strength 
of SBS-modified emulsified asphalt is 5% to 13% higher than that of 90 ordinary hot asphalt, and the 
shear strength SBS-modified asphalt is 16% to 32% higher than that of 90 ordinary hot asphalt. 
Spreading scheme C provides the highest shear strength, followed by spreading scheme B and 
spreading scheme A. The shear strength provided by spreading scheme B is 4% to 12% higher than 
that from spreading scheme A, and the shear strength from spreading scheme C is 10% to 23% higher 
than that from spreading scheme A. 

3. Shear Fatigue Characteristics of Waterproof Cohesive Layer Materials 

3.1. Test Design 

0.5

0.55

0.6

0.65

0.7

0.2 0.4 0.6 0.8 1

Sh
ea

rin
g 

str
en

gt
h

(M
Pa

)

Surface asphalt content (kg/m²)

Mod-C-brushed Mod-C-grooved Mod-C-exposed

0

0.2

0.4

0.6

0.8

Brushed GroovedExposed

Sh
ea

rin
g 

str
en

gt
h 

(M
Pa

) A B C

0

0.2

0.4

0.6

0.8

Brushed Grooved Exposed

Sh
ea

rin
g 

str
en

gt
h 

(M
Pa

) A B C

0

0.2

0.4

0.6

0.8

Brushed Grooved Exposed

Sh
ea

rin
g 

str
en

gt
h 

(M
Pa

) A B C

Figure 8. Maximum shear strength of different cement slab surfaces and spreading schemes: (a) SBS-
modified emulsified asphalt; (b) 90 ordinary hot asphalt; (c) SBS-modified asphalt.

Figure 8 shows that the surface treatment method with the highest shear strength is exposed
aggregate cement concrete, followed by grooved cement concrete and brushed cement concrete.
The shear strength of grooved cement concrete is 4% to 12% higher than that of brushed cement
concrete, and the shear strength of exposed aggregate cement concrete is 10% to 23% higher than that of
brushed cement concrete. The bonding material with the highest shear strength is SBS-modified asphalt,
followed by SBS-modified emulsified asphalt and 90 ordinary hot asphalt. The shear strength of
SBS-modified emulsified asphalt is 5% to 13% higher than that of 90 ordinary hot asphalt, and the shear
strength SBS-modified asphalt is 16% to 32% higher than that of 90 ordinary hot asphalt. Spreading
scheme C provides the highest shear strength, followed by spreading scheme B and spreading scheme
A. The shear strength provided by spreading scheme B is 4% to 12% higher than that from spreading
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scheme A, and the shear strength from spreading scheme C is 10% to 23% higher than that from
spreading scheme A.

3. Shear Fatigue Characteristics of Waterproof Cohesive Layer Materials

3.1. Test Design

Considering that the bridge deck waterproof cohesive layer material is subjected to repeated shear
stresses under actual working conditions and the bridge deck ultimately experiences damage due to
shear fatigue, the fatigue life of the bridge deck waterproof cohesive layer material was studied using
an electro-hydraulic servo fatigue testing machine [21]. The specimens were prepared as follows: the
surface of the board was treated as exposed aggregate cement concrete and spreading scheme C was
used. To compare the fatigue properties of different waterproof cohesive layer materials, three kinds
of waterproof cohesive layers were designed with the asphalt and gravel content shown in Table 7.
Double-layer cylinder specimens of Φ10 cm × 10 cm were used for interlaminar shear fatigue tests.
The specific preparation method is the same as that described in Section 2.1 [22]. The forming and
testing process of fatigue samples are shown in Figure 9.

Table 7. Waterproof cohesive layer material quantity (kg/m2).

Material Lower Asphalt Stone Surface Asphalt

SBS-modified emulsified asphalt 1.4 7.0 0.6
90 ordinary hot asphalt 1.4 7.0 0.4
SBS-modified asphalt 1.2 7.0 0.4
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Figure 9. The forming and testing process of fatigue samples: (a) electro-hydraulic servo fatigue testing
machine; (b) the sample forming process; (c) direct shear test with vertical load.

In the fatigue test, the cyclic stress ratio P = Pmax/Pmin = 0.1, Pmax is the maximum stress, and Pmin

is the minimum stress. The maximum shear strength can be found in Table 8. Loading waveform and
frequency is 10 Hz sine wave, loading time is 0.016 s, which is equivalent to a speed of 60–65 km/h [23].
In addition, before starting the test, the specimen is preloaded with the minimum load for more than
10 s, to ensure good contact between the test components. The following parameters were selected for
fatigue testing.

Table 8. Shear strength of the waterproof cohesive layer in different interlayer bonding states.

Material Shear Strength Value (MPa) Maximum Shear Strength (kN)

SBS-modified emulsified asphalt 1.112 8.5
90 ordinary hot asphalt 1.035 7.8
SBS-modified asphalt 1.128 8.6
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(1). Loading mode: stress control (the peak value of the load remains stable until the specimen
is destroyed)

(2). Loading waveform and frequency: 10 Hz sine wave
(3). Stress ratio: 0.3 to 0.7 in intervals of 0.1 (0.1 cyclic stress ratio)

3.2. Results

Before conducting the shear fatigue test, and in consideration of the actual interlayer working
state of the bridge deck, the interlayer shear strength of specimens with different cohesive layers was
obtained by using 0.7 MPa as a standard vertical load in order to determine the stress level of the
specimens [24]. The interlayer shear strength of the specimens with different cohesive layers was
tested at 15 ◦C [25]. The experimental results are shown in Table 8.

To eliminate the variability of the test results as far as possible, six groups of parallel tests were
conducted with each kind of waterproof cohesive layer material, and the average value was taken as
the fatigue life of the cohesive material obtained under the test conditions. The test results are shown
in Figure 10.
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Figure 10. Variation in fatigue life for different waterproof cohesive layer materials with different stress
ratios (15 ◦C).

Figure 8 shows that the shear fatigue life of the different waterproof cohesive layer materials
decreases as the stress ratio increases. When the stress ratio was 0.3, the interlaminar shear fatigue life
of the SBS-modified emulsified asphalt, 90 ordinary hot asphalt, and SBS-modified asphalt is 38,820,
322,553, and 42,360 repetitions, respectively. When the stress ratio was 0.7, the fatigue life of the three
waterproof cohesive layer materials is 139, 110, and 143 repetitions, respectively. The shear fatigue
life decreases by about 72% when the stress ratio of 90 ordinary hot asphalt increases from 0.3 to 0.4.
When the stress ratio of SBS-modified emulsified asphalt increases from 0.3 to 0.4, the shear fatigue life
decreases by about 70%. Meanwhile, when the stress ratio of SBS-modified asphalt increases from 0.3
to 0.4, the shear fatigue life decreases by about 69%. Therefore, changing the stress ratio significantly
influences the fatigue life; therefore, overloaded vehicles should be strictly limited in operation to
prevent interlayer shear fatigue damage to a bridge deck.

To study the effect of temperature on the shear fatigue properties of waterproof cohesive layer
materials, shear fatigue tests were conducted at different temperatures for each waterproof and cohesive
layer material. The stress ratio of the test specimens was 0.4. The test results are shown in Figure 11.
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Figure 11. Variation in fatigue life for different waterproof cohesive layer materials at different temperatures.

According to Figure 11, a change in temperature has a significant influence on fatigue life.
The fatigue life of all three waterproof cohesive layer materials decreases by about 26%, 20%, and 17%
when the temperature increases from 15 to 20 ◦C, from 20 to 25 ◦C, and from 25 to 30 ◦C, respectively.

In summary, SBS-modified asphalt has the longest shear fatigue life, followed by SBS-modified
emulsified asphalt and 90 ordinary hot asphalt. Li et al. [26] carried out high-speed shear tests on
SBS-modified asphalt at 170–180◦C. The test results show that the elastic recovery rate of SBS-modified
asphalt is higher than that of 90 ordinary hot asphalt, so the deformation of SBS-modified asphalt is
smaller, the recovery rate is faster, and the numbers of load actions and fatigue life it can bear are
larger than that of 90 ordinary hot asphalt. However, the addition of emulsifier will affect the change
of properties of SBS-modified asphalt and result in the weakening of related performance indexes,
but the performance of SBS-modified emulsified asphalt is still improved compared with 90 ordinary
hot asphalt. This is consistent with the results of Figures 10 and 11.

3.3. Indoor Shear Fatigue Equation

According to the laboratory test results, the fatigue life diagram of the waterproof cohesive layer
material at 15 ◦C is a logarithmic function of shear stress (lgτ), where the logarithmic fatigue life lgN f
is the ordinate, as shown in Figure 12.
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Figure 12. Relationship between fatigue life and stress ratio for different waterproof cohesive
layer materials.

The logarithmic shear stress-fatigue life equations for different waterproof cohesive layer materials
were obtained using linear regression in MATLAB, and the results are shown in Table 9.
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Table 9. Shear fatigue equations for different waterproof cohesive layer materials.

Material Shear Fatigue Equation Prediction Model Coefficient of
Determination

SBS-modified emulsified asphalt lgN f = 1.536− 6.704lgτ N f = 34.38τ−6.704 0.982
90 ordinary hot asphalt lgN f = 1.265− 6.675lgτ N f = 18.42τ−6.675 0.980
SBS-modified asphalt lgN f = 1.623− 6.719lgτ N f = 41.97τ−6.719 0.977

When the shear stress between decks is determined, the fatigue life of different waterproof
cohesive layer materials (15 ◦C) can be predicted using the indoor shear fatigue life model shown in
Table 9.

According to Figure 11, changing the temperature influences the fatigue life; thus, it is necessary to
modify the fatigue equation of the waterproof cohesive layer to accommodate temperature changes [27].
Fitting the data in Table 10 to a power function shows a strong correlation between N f T/N f T0 and
T/T0, where N f T is the shear fatigue life at temperature T and N f T0 is the shear fatigue life at 15 ◦C.

Table 10. Temperature correction coefficient for the fatigue life model.

Test Temperature (◦C) T/T0

NfT/NfT0

SBS-Modified
Emulsified Asphalt

90 Ordinary Hot
Asphalt

SBS-Modified
Asphalt

15 1.00 1.000 1.000 1.000
20 1.33 0.732 0.707 0.739
25 1.67 0.581 0.545 0.576
30 2.00 0.471 0.448 0.479
35 2.33 0.400 0.360 0.406
40 2.67 0.339 0.305 0.353

log(T/T0)

(
N f T/N f T0

)
−1.10 −1.20 −1.06

The modified coefficient is introduced into the shear fatigue life prediction equation, and the
modified shear fatigue life prediction equation of waterproof cohesive layer material at different
temperatures is shown in Table 11.

Table 11. Shear fatigue life prediction model for waterproof cohesive layer materials with
temperature correction.

Material Prediction Model

SBS-modified emulsified asphalt N f = 34.38τ−6.704
(

T
T0

)−1.10

90 ordinary hot asphalt N f = 18.42τ−6.675
(

T
T0

)−1.20

SBS-modified asphalt N f = 41.97τ−6.719
(

T
T0

)−1.06

3.4. Equivalent Temperature Calculation

According to the fatigue equations shown in Table 11, the relationship between the interlaminar
shear fatigue life of the waterproof cohesive layer, applied stress, and its temperature can be expressed
as the following function of shear stress and temperature:

N f = XN

(1
τ

)YN( 1
T

)ZN

(1)

where XN, YN, and ZN are regression coefficients.
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Miner′s linear cumulative damage theory [28,29] can be used to express the accumulated fatigue
damage, as shown in Equation (2):

D =
m∑

i=1

ni
Ni

(2)

where D is the cumulative fatigue damage rate, Ni is the number of repetitions corresponding to loads
at various loads during material failure, and ni is the number of loads at various levels in practice.

The shear stress and shear strength will change due to variations in the temperature distribution
T(z, t) of the bridge deck [30]. According to the integral mean value theorem, there must be an
equivalent temperature Teq in the temperature field. At this temperature, the shear fatigue life of the

bridge deck interlayer material is Neq, and there exists D = Deq =
∑m

i=1
ni

Neq
, i.e., Neq =

∑m
i=1 ni
D .

It is difficult to accurately predict the vehicle load distribution at a certain temperature Ti.
To simplify the calculation, it is assumed that the axle loads are uniformly distributed at all time
periods, and the horizontal shear stress on the waterproof cohesive layer material does not change
with temperature [31], as defined in Equation (3):

ni = N × fi (3)

where ni is the number of standard axle loads at temperature Ti, fi is the distribution frequency at the
tack coat temperature Ti during the design period, and N is the cumulative frequency of standard axle
loads on the asphalt pavement during the design period.

Equation (4) can be obtained by substituting Equations (2) and (3) into Neq =
∑m

i=1 ni
D :

Neq =

∑m
i=1 ni

D
=

∑m
i=1 N × fi∑m

i=1
ni
Ni

=

∑m
i=1 N × fi∑m
i=1

N× fi
Ni

=
1∑m

i=1
fi

Ni

= XN

(1
τ

)YN
(

1
Teq

)ZN

(4)

Further reduction yields Equation (5):

Teq =

 m∑
i=1

Ti
ZN × fi


1

ZN

(5)

According to Equation (5), the equivalent temperature Teq of the bridge deck interlaminar shear
fatigue can be calculated from the temperature Ti and its distribution frequency fi during the design
service life.

4. Bridge Deck Waterproof Cohesive Layer Interlayer Design Method

When designing the deck pavement layer, there is no special axle load pavement conversion
method, and the traffic volume conversion still uses the conversion formula from asphalt pavement
design [32]. The interlayer shear fatigue design index for a waterproof cohesive layer in a bridge deck
increased in this study, and engineering examples were used for verification. The design criteria for
shear fatigue are shown in Equation (6):

N f ≥ Ne (6)

where N f is the shear fatigue life and Ne is the accumulated number of equivalent applied axle loads
in the design lane during the design period.

4.1. Axle Load Conversion Method Based on Shear Fatigue Damage

Converting the number of actions between different axle loads follows the principle of equivalence,
i.e., the bridge deck pavement structure calculated according to the design index with different
converted different axle loads is always the same [33]. Therefore, one can derive an equation for
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converting the shear stress between the waterproof cohesive layers of the bridge deck to an axle load,
allowing the design index to be determined.

The axle load conversion method for a bridge deck pavement system based on fatigue equivalence
is as follows: BZZ-100 (horizontal force coefficient f is taken as 0.15) is used as the standard axle load
based on bond shear fatigue axle load conversion [34]. The maximum interlaminar shear stress ratio
with different axle loads is defined [35] in Equation (7):

τxy1

τxy2
=

(P1

P2

)b
(7)

According to the shear fatigue test results for waterproof bonding materials, the relationship
between shear fatigue life of the bonding materials and interlaminar shear stress can be expressed as
shown in Equation (8):

N = XNτ
−YN (8)

Based on the principle of equivalence for axle load conversion, the shear stress ratio under different
axial loads is shown in Equation (9):

τ1

τ2
=

(N1

N2

)− 1
YN (9)

Equation (10) can be obtained by combining Equations (7) and (9), where bYN is equivalent axle
load conversion factor:

N1

N2
=

(
P2

P1

)bYN

(10)

The different axle load ratios and their corresponding maximum shear stress ratios can be
calculated, and regression can be used to determine the average standard axle load conversion index b.
Here, we determined b = 0.53. The fatigue life equation for different bonding materials was presented
in Section 3.3, and the exponent YN can be determined. The bYN values for different bonding materials
are shown in Table 12.

Table 12. bYN values for different bonding materials.

Material SBS-Modified
Emulsified Asphalt

90 Ordinary Hot
Asphalt

SBS-Modified
Asphalt

YN 6.704 6.675 6.719
bYN 3.55 3.54 3.56

To ensure that the axle load conversion result is reliable, bYN = 3.6 was selected as the equivalent
axle load conversion factor for designing waterproof cohesive materials to prevent interlayer shear
fatigue. The calculated result is smaller than the current asphalt pavement conversion index of 4.35
according to the deflection axis; thus, axle load changes have less influence on the interlayer than on
permanent deformation and fatigue cracking in the pavement.

4.2. Design Method of Waterproof Cohesive Layer

The bridge deck waterproof cohesive layer is designed with the fatigue damage to the bonding
material as the design index. Ne is calculated from the traffic volume and the fatigue equivalence
principle of the bonding material:

Ne =

∣∣∣(1 + γ)t
− 1

∣∣∣× 365

γ
N1 × F (11)
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where γ is the average annual growth rate of traffic volume, t is the design cycle, N1 is the average
daily equivalent axis in the design lane in the first year, and F is the brake reduction factor (F = 0.1 for
a special road and F = 0.05 for a general road). N1 in Equation (11) is defined as follows:

N1 =
K∑

i=1

niC1C2

(Pi
P

)bYN
(12)

where ni is the axle load from converted vehicles at different traffic volumes, P is a standard axle load,
Pi is the axle load for a converted vehicle, K is the number of different vehicles converted, C1 is an axle
number coefficient, C2 is a wheel group coefficient, and bYN = 3.6.

The maximum longitudinal shear stress τ at the interlayer position under the standard load is
then calculated. The equivalent shear fatigue temperature Teq can be determined with Equation (5)
using local atmospheric temperature data. The fatigue life N f can be determined from test results with
different treatment schemes for the waterproof cohesive layer such that N f ≥ Ne, where Ne is calculated
using Equation (11). The aforementioned inequality ensures the treatment method for the waterproof
cohesive layer meets the design requirements; otherwise, the treatment method must be redesigned.

4.3. Design Example

Taking the cement concrete bridge around the southern city of Ulanchabu in Inner Mongolia as an
example, the bridge is a two-way, four-lane road with a bridge deck thickness of 10 cm and a design life
of 12 years. The average annual growth rate of traffic volume is 6%. According to the fatigue equivalent
principle of the bonding material, N1 is 4690 repetitions/day, and Ne is 1.44 million repetitions.

Air temperature was provided by the National Meteorological Information Center of China
Meteorological Administration (http://data.cma.cn/), and frequency data for the air temperature
distribution was determined statistically, as shown in Table 13.

Table 13. Frequency data for air temperature distribution in Ulanchabu.

Temperature Range (◦C) −30 to −20 −20 to −10 −10 to 0 0 to 10 10 to 20 20 to 25 25 to 30 30 to 35

Distribution Frequency 0.04 0.14 0.21 0.25 0.19 0.09 0.06 0.02

To determine the effect of temperature on shear fatigue failure, the relationship between the
temperature field and the temperature at different depths into the bridge deck pavement was obtained
based on research results from Yu and Zheng [36], as shown in Equation (13):

Td = 0.91Ta − 0.21d + 4.84 (13)

where Td is the temperature of deck pavement structure (◦C) at an arbitrary depth d, Ta is the
atmospheric temperature (◦C), and d is the distance from any position on the bridge deck pavement
structure to the road surface (cm).

The temperature distribution at the interlayer position of the bridge deck was calculated using the
prediction model for the temperature field and atmospheric temperature distribution. To simplify the
calculation, 10 ◦C was taken as the representative temperature when the atmospheric temperature was
lower than 10 ◦C. In other temperature ranges, the intermediate temperature within the temperature
range was used as the representative value. The representative values were used in Equation (13) to
calculate the temperature and frequency at the interlayer position of the bridge deck. The calculation
results are shown in Table 14.

http://data.cma.cn/


Appl. Sci. 2019, 9, 2090 18 of 21

Table 14. Representative temperature distribution frequency between decks in Ulanchabu.

Interlayer Temperature (◦C) 11.8 16.4 23.2 27.8 32.3

Distribution Frequency 0.64 0.19 0.09 0.06 0.02

The correction coefficient ZN for the shear fatigue temperature for different waterproof cohesive
layer materials and the data in Table 14 were substituted into Equation (5) in order to calculate the
equivalent interlaminar shear fatigue temperature. The equivalent temperatures of different waterproof
cohesive layer materials were calculated and are shown in Table 15.

Table 15. Equivalent temperatures of different waterproof cohesive layer material.

Material ZN Teq (◦C)

SBS-modified emulsified asphalt 1.10 15.15
90 ordinary hot asphalt 1.20 15.24
SBS-modified asphalt 1.06 15.12

Table 15 shows that the equivalent temperatures calculated for different waterproof cohesive layer
materials are different, but they are all near 15 ◦C. This is because the shear fatigue lives of different
waterproof cohesive layer materials have different sensitivities to temperature, but the equivalent
temperature depends more on the local temperature distribution frequency and has little correlation
with material.

Considering that the indoor fatigue test is continuous loading, the shear deformation is not
constrained, but the actual situation is that the pavement layers are constrained, and the driving
load is intermittent. Therefore, considering the influence factors such as load intermittence time,
crack propagation time, transverse distribution of wheel load, refer to Pell′s research [37,38], according
to the indoor shear fatigue equation for different materials obtained in Table 11, the actual shear fatigue
equation is expanded by 100 repetitions [39], as shown in Table 16.

Table 16. Predicted shear fatigue life for different waterproof cohesive layer materials at 15 ◦C (0.4 MPa
interlayer shear stress).

Material Prediction Model Ne

SBS-modified emulsified asphalt N f = 100× 34.38τ−6.704
(

Teq
T0

)−1.10
= 158× 104

144× 104

90 ordinary hot asphalt N f = 100× 18.42τ−6.675
(

Teq
T0

)−1.20
= 82× 104

SBS-modified asphalt N f = 100× 41.97τ−6.719
(

Teq
T0

)−1.06
= 196× 104

One can see that the interlaminar shear fatigue check of 90 ordinary hot asphalt does not meet the
design requirements, while the interlayer fatigue of SBS-modified emulsified asphalt and SBS-modified
asphalt meet the design requirements. Therefore, when fatigue cracking and permanent deformation
of the traditional asphalt layer are taken as the design indices, the fatigue characteristics of interlaminar
materials are not taken into account. It is recommended that the interlayer shear fatigue design index
be increased when designing a waterproof cohesive layer for a bridge deck.

5. Conclusions

Indoor shear tests were used to determine the shear strength of different slab disposal schemes
for cement slabs (brushed cement concrete, grooved cement concrete, and exposed aggregate cement
concrete), waterproof cohesive layer materials (SBS-modified emulsified asphalt, 90 ordinary hot
asphalt, and SBS-modified asphalt), and different combinations of spreading schemes. The optimum
material composition for the waterproof cohesive layer was presented.
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The influence of shear stress and temperature on the fatigue life of the waterproof cohesive layer
was determined from indoor shear fatigue tests. The shear fatigue life of the waterproof cohesive layer
material decreases by more than 70% when the stress ratio increases by only 0.1, and the fatigue life of
the waterproof cohesive layer material decreases by more than 20% when the temperature increases
by 5 ◦C.

An equation for predicting the indoor shear fatigue of a waterproof cohesive layer material at
15 ◦C was established, and temperature correction was applied. Based on the temperature distribution
in the cement concrete bridge deck, a method for calculating the equivalent temperature Teq of the
interlayer shear fatigue of the bridge deck using the distribution frequency fi of temperature Ti during
service is proposed.

The design method and design index for a bridge deck considering shear fatigue damage between
the waterproof cohesive layers were discussed. The application results show that the interlayer contact
does not meet the shear fatigue requirements when fatigue cracking and permanent deformation of a
traditional asphalt layer are taken as design indices and when fatigue of the interlaminar materials are
not considered. Therefore, the design index of the interlayer shear fatigue should be proposed.
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