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Abstract: As a new binder, polyurethane (PU) is used to overcome the poor durability of porous pave-
ment. This study focuses on the fatigue performance of a porous polyurethane mixture (PPM) under
immersion conditions and compares it with a porous asphalt mixture (PAM). The results showed
that under the immersion conditions, the initial stiffness of the PPM decreased by approximately
50%. However, the initial stiffness of the PAM was almost unaffected by the immersion conditions.
In addition, the PPM exhibited a longer fatigue life under immersion conditions. In comparison,
the fatigue life of the PAM decreased. The cracking propagation rate of the PPM decreased under
immersion conditions, while the cracking propagation rate of the PAM increased. The fatigue termi-
nation condition for the PPM was set to S; = 0.455 (S is the initial stiffness, and Sy is the termination
stiffness), and that of the PAM was set to S; = 0.4Sj. Compared to the Weibull function, the Chaboche
function provides a more accurate description of fatigue damage in the PPM and PAM. From the
obtained data, it can be inferred that the fatigue performance of the PPM is far superior to that of the
PAM. Therefore, polyurethane has broad application prospects in long-life permeable pavements.

Keywords: damage model; fatigue; polyurethane (PU); porous polyurethane mixture (PPM)

1. Introduction

In pavement engineering, polyurethane was first used as a new binder by RWTH
Aachen University. Due to its good corrosion resistance [1], low carbon environmental
protection [2], excellent aging resistance [3], and high adhesion [4], polyurethane binders
have been gradually applied to permeable pavements. Benefiting from its porous structure,
permeable pavements can quickly remove water from the road surface to improve the safety
of vehicles on rainy days [5-7]. Permeable pavement is conducive to the recovery of the
natural water cycle [8,9]. With more study of the PPM, it is found that the road performance
of the PPM is extremely excellent. The PPM has over one order of magnitude greater
fatigue life than the PAM. When compared with the low glass-transition temperature
(Tg) of the PU binder, the high Tg of the PU binder significantly improved resistance to
moisture damage and decreased the Cantabro loss of the PPM in the 60 °C immersion
conditions [10]. Additionally, a polyurethane permeable mixture (PUPM) has superior
deformation resistance compared with conventional porous asphalt (PA) [11]. These
advantages are mainly due to the high cohesion of polyurethane, which can greatly enhance
the strength between aggregates [4]. Moreover, some experimental studies showed that
polyurethane mixtures have poor moisture stability, mainly due to their less ductility [12].
They have high brittleness, which leads to relatively high particle loss, and different
researchers have reached consistent conclusions in this respect [2,10]. From the perspective
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of the special use of pavement, polyurethane mixtures will have huge application potential
in tunnel pavement due to their lower heat release rate (HRR) and longer ignition time [12].
In addition, compared with asphalt mixtures, polyurethane mixtures have a longer freezing
time and a lower pull-off strength than the ice surface [13]. Therefore, the application of
polyurethane mixtures on roadways in cold regions also has a broad prospect.

Since the application of polyurethane in pavement engineering is in the initial stage,
there is little research on the fatigue properties of polyurethane mixtures. The fatigue
cracking of pavement is a common phenomenon. Under the combined effects of vehicle
loading, hot and cold cycles, moisture erosion, and other factors, the pavement performance
gradually deteriorates, which ultimately leads to pavement failure [14-16]. In recent years,
establishing a function that can accurately describe the fatigue damage of mixtures has
received considerable attention among road engineering experts [17-19]. From a statistical
point of view, the theory holds that a large number of continuous defects occur inside the
material under the action of external loading, and these defects are subject to a certain
probability distribution. Studies have shown that the evolution of fatigue damage in a
mixture can be described by the Weibull distribution function [20-22]. Considering the
thermodynamic theory, Lemaitre [23] and Chaboche [24] et al. deduced a classical nonlinear
fatigue damage function. This function has a strict theoretical background and clear
physical significance and has a wide range of applications in engineering experiments [19].
Regarding the fatigue termination condition, most studies have adopted the standard of
initial stiffness decreasing to 50% [25,26]. However, some scholars do not agree with this
standard; they believe that for different materials, different fatigue termination conditions
should be calibrated [18].

In general, the adhesion and durability of porous pavement have posed challenges,
and the fatigue performance of the PPM has rarely been studied. Hence, more research
is needed on the fatigue performance of the PPM [2,27-29]. In this study, the fatigue
properties of the PPM and PAM were compared and analyzed, especially considering the
influence of the water environment. The study is expected to provide insights into the
application of polyurethane binders in pavement engineering.

2. Objectives and Scope

In this study, four-point bending fatigue tests in strain-controlled mode were con-
ducted on the PPM and PAM under immersion and dry conditions. The Weibull distribution
function was used to analyze the fatigue damage process, recalibrate the fatigue termina-
tion conditions, and determine the fatigue threshold of the PPM and PAM. Moreover, the
fitting degree of the Weibull function and Chaboche function were compared using the
PPM and PAM. The test matrix is shown in Figure 1.

Four-point beam fatigue test

!

Polyurethane porous mixtures
and asphalt porous mixtures

Strain Levels: Text Condition:

400ue, 800ue, 1000pe dry and immersion

!

Fatigue damage analyze
Fatigue damage threshold
Fatigue termination condition

'

Weibull damage model
Chaboche damage model

Figure 1. Test matrix.
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3. Materials and Methods
3.1. Materials

A four-point bending beam was used for fatigue tests in this study. The gradation type
of the mixture was OGFC-13, the binder was polyurethane (PU, Yantai, China) and high-
viscosity asphalt (HVA, Jinan, China), and the aggregate was basalt (Jinan, China). The per-
formance indexes of polyurethane and high-viscosity asphalt are shown in Tables 1 and 2,
and the gradation curve of the mixture is shown in Figure 2. The optimal binder content
of the mixture determined by the Marshall test was 4.6%. The void rate of the mixture
specimen was 20% by measurement.

Table 1. Index results of PU.

Index Unit Result
Viscosity (25 °C) Mpa-s 1708
Dry time (30 °C, 90% RH) min 70
Tensile strength Mpa 241
Breaking elongation Y% 208
Density (15 °C) g/cm3 1.108

Table 2. Index results of HVA.

Index Unit Results Test Method
Penetration (25 °C, 5,100 g) 0.1 mm 46 T 0604
Ductility (5 °C, 5 cm/min) cm 37 T 0605
Softening point TR&B °C 92 T 0606
Dynamic viscosity (60 °C) Pa-s 58,600 T 0620
Flash point °C 358 T 0611
Density (15 °C) g/cm? 1.065 T 0603
100 Target gradation
—=— Upper limit
—&— Lower limit
80 [~|—=— Medium
X 60
~
)
=
g
&40
20
0 NN ©
Q.Q(\‘w\ SRR W N 2 o W

Size of sieve / mm

Figure 2. Gradation curve.

3.2. Methods

A four-point beam fatigue test was performed according to the AASHTO T 321 [30]
procedure to evaluate the fatigue behavior of the mixture. Beam samples were prepared
using a rolling wheel compactor. The final dimensions of the beam specimen were a length
of 380 mm, a height of 63.5 mm, and a width of 50 mm. Finally, the beam specimens
were numbered (Figure 3a). The beam specimens of the PPM and PAM were divided into
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two groups. The first group was immersed in completely immersed. The duration was
5 days (120 h). The water condition was pure water, and the temperature of the water was
25 °C. Then, the samples were taken out and wrapped with plastic wrap (Figure 3b). The
other group was stored indoors under dry conditions. Next, under the strain control mode,
the beam specimens were loaded under stain levels of 400, 800, and 1000 at a temperature
of 15 °C and a frequency of 10 Hz (Figure 3c). The test plan is shown in Table 3. According
to the AASHTO T 321 procedure, the stiffness of the specimen at the 50" time is defined
as the initial stiffness. Generally, the failure criterion of fatigue under the strain mode is
that the stiffness of the specimen is reduced to 50% of the initial stiffness. Since the fatigue
properties of the PPM are rarely studied, it is necessary to explore the failure criterion of
fatigue of the PPM. In this experiment, the failure criterion was set as the condition in which
the initial stiffness was reduced to 30%. In this study, 2 mixtures (the PPM and PAM), 2 test
conditions (dry and immersion), and 3 strain levels (400, 800, and 1000) were considered.
In order to ensure the accuracy of the test, 3 parallel experiments were conducted, with a
total of 36 sets of tests.

(a) Numbered (b) Wrapped (c) Tested

Figure 3. (a—c) Test images.

Table 3. Test program.

Number Category Strain/pe Immersion Number Category Strain/pe Immersion
P1 400 - Al 400 -
P2 800 - A2 800 -
P3 1000 - A3 1000 -
P4 PPM 400 " A4 PAM 400 -
P5 800 + A5 800 +
P6 1000 + A6 1000 +

4. Results and Discussion
4.1. Analysis of the Initial Stiffness and Fatigue Life

Table 4 provides partial details of the initial stiffness and fatigue life of the PPM and
PAM under immersion and dry conditions. The changes in the initial stiffness are shown
in Figure 4. Under both the immersion and dry conditions, the initial stiffness of the PPM
decreased slightly with increasing strain. However, the initial stiffness of the PAM changed
a little. In addition, under the same strain, compared to the dry conditions, the initial
stiffness of the PPM under the immersion conditions decreased by about 50%, while the
initial stiffness of the PAM did not show significant changes, indicating that the PPM
was more sensitive to moisture than PAM. Moreover, the initial stiffness of the PPM was
1.47~3.16 times that of PAM both under immersion and dry conditions.

Generally, three distinct regions can be identified during a fatigue test. They are
deceleration, linear, and acceleration (Figure 5). However, under 400 pe conditions, both
the PPM and PAM exhibited good fatigue performance. The dynamic stiffness of the
PPM and PAM decreased to 70%~90% of the initial stiffness and began to flatten out. As
shown in Figure 6, considering the loading trend used in this study, the fatigue termination
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conditions of the PPM and PAM could not be easily reached (or it would require a long
testing duration, which is also a huge challenge when conducting experiments). Through
fitting these four groups of S-N data, it was found that although the fitting degree R2 of
these four groups of equations is 1, it cannot describe the development trend of fatigue,
so the fatigue properties of the PPM and PAM under the 400 pe conditions will not be
discussed in this study.

Table 4. The fatigue life and initial stiffness of the PPM and PAM.

Initial Stiff-

50% Fatigue  40% Fatigue Initial Stiff-  50% Fatigue = 40% Fatigue

TestNumber | /(MPa)  Life/Times  Life/Times  \cotNumber o/(MPa)  Life/Times  Life/Times
P1 7860.85 Al 2489.14 \ \
P2 7258.23 320,000 830,000 A2 2414.77 109,000 279,000
P3 7086.84 150,000 325,000 A3 241221 29000 117,000
P4 434143 \ \ Ad 2382.47 \ \
P5 4229.82 815,000 2,170,000 A5 2469.15 87,000 231,000
P6 3178.85 540,000 1,690,000 A6 2159.68 32,900 122,000

8000
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7000 [ tmmersion
B Dry

6000 [ Immersion

5000
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0
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Figure 4. The initial stiffness of the PPM and PAM.
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Figure 5. Fatigue curves.

By comparing the fatigue performance of the PPM and PAM under high-strain condi-
tions (e.g., 800 pe and 1000 pe), it was found that the PPM exhibited a different mechanism
from the PAM under the immersion conditions. As shown in Figure 7, under the same
level of strain, the fatigue life of the PPM increased under the immersion conditions, which
was 2.55~5.20 times that of the dry conditions, while the PAM was almost unaffected.
In addition, when the strain level was 800, the fatigue life of the PPM was 3 times and
9.4 times that of the PAM under the dry and immersion conditions, respectively. When the
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strain level was 1000, the fatigue life of the PPM was 2.8~5.2 times and 13.8~16.4 times
that of the PAM under the dry and immersion conditions, respectively. From Figure 7,
it can also be observed that at the same strain level, the fatigue life of the 40% fatigue
termination condition was 2.16~4.03 times longer than that of 50%. At present, with the
diversity and excellent performance of materials, different fatigue termination conditions
will result in significant differences in fatigue life. Hence, it is imperative to reevaluate
fatigue termination conditions across diverse materials, ascertain distinct fatigue thresholds
for each material, and prevent the unnecessary depletion of material performance.

2600 | Al Measured Datal A4 - Measured Data
itting Cuver 2400 Fitting Cuver
2400 -
2300 [
3 2200 -
E § 2200
~
2 2000 [ R ~
8 S =2911.687 - 89.815 x In(N), R*=1 a 5
§ S S =2545.363-45.064 x In(N), R* = 1
3 1800 | ;S
2000 |
1600
1400 | 1900
! L ! L L L L L ) ) ) ) ) )
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Cycle (times) Cycle (times)
8200
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37800
~
33900 -
: S
=
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7400 &
3300 -
7200 - 3000 -
7000 T T T T T T T 2700 L L L L L L
0.0 5.0x10° 1.0x10° 1.5x10° 2.0x10° 2.5x10° 3.0x10° 0.0 5.0x10°  1.0x10°  1.5x10°  2.0x10° 2.5x10°  3.0x10°
Cycle (times) Cycle (times)

Figure 6. S-N diagrams of the PPM and PAM under 400p.e.
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Figure 7. The fatigue life of the PPM and PAM.
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4.2. Analysis of the Fatique Characteristics
4.2.1. Introduction of Fatigue Damage and Weibull Distribution Function

With repeated cyclic loading, the internal damage of the mixture accumulates con-
tinuously until fatigue failure. The fatigue damage process of the mixture is usually
accompanied by continuous stiffness attenuation. The stiffness ratio (SR) is widely used
to describe the attenuation of the mixture during fatigue, defined as the stiffness under
given conditions divided by the initial stiffness (the initial stiffness is usually set as the
stiffness of the 50th cycle). For fatigue damage, the constitutive relation can be expressed
as follows [31-33]:

Dn=1-— )

where Dy is the damage variable after N cycles of loading, Ey is the elastic modulus after
N cycles of loading, and Ej is the initial elastic modulus.

In order to apply to this study, the elastic modulus E was replaced by the stiffness S,
and the initial elastic modulus Eq was replaced by the initial stiffness Sg. The degree of
damage can be expressed as follows:

D:1—§:1—SR (2)
So
where D is the damage variable, S is the stiffness under the damage condition, Sy is the
initial stiffness, and SR is the stiffness ratio.

In strain-controlled fatigue tests, when the beam specimen fails, the termination
stiffness Sy is related to the selected fatigue termination criterion. Suppose that when the
fatigue failure criterion is set as the termination stiffness S; being 50% of the initial stiffness
Sp, that is, SR is 0.5, then D is 0.5. For the damage of the beam specimen during failure
under the strain control to be 1, we adopted the stiffness period ratio to define the damage,
which is expressed as follows:

AS;
D=1-ASR=1- 2> —1
5 AS

. 5-5 S-S
S-S5 S-S

)

where ASR is the stiffness period ratio, Sy is the initial stiffness, S is the stiffness under
damage conditions, and S; is the termination stiffness (S; = 30%S).

The cause of fatigue damage is due to the generation of a large number of continuous
defects inside the material. From a statistical perspective, these defects are subject to a
certain probability distribution. Due to the similarity between the fatigue damage curve of
the beam specimen and the Weibull function curve, the fatigue failure process of the beam
specimen can be properly described by the Weibull distribution function. In this study,
ASR was considered as an observation value, and the Weibull distribution function was
used to describe the relationship between ASR and In(N). In the Weibull dynamic method,
the Weibull distribution function has the following form:

f(t) = AytY lexp(—AMY) 0 < t < oo (4)

where A is the scale parameter, and v is the shape parameter. Therefore, the survivor
function can be expressed as follows:

S(t)=1-— /Ot f(u)du = exp(—AtY) (5)

This results in
In{—In[S(t)]} = In(A) + vIn(t) (6)

Then, Formula (6) can be written as follows:

In{—In[ASR]} = In(A) + yIn(N) 7)
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4.2.2. The Analysis of Fatigue Damage Using the Weibull Distribution Function

The Weibull distribution function was used to analyze the fatigue damage of the
PPM and PAM under immersion and dry conditions. The analysis results are shown in
Figures 8 and 9. According to the Weibull curve of the mixture, the fatigue process of the
PPM and PAM can be clearly divided into three stages: The first stage is the initial stage
or the cracking stage, that is, the test equipment and beam specimens gradually undergo
cracking until reaching the stable stage. The second stage is the cracking propagation stage,
which is the steady-state stage of uniform cracking generation in the beam specimen. The
third stage is the failure stage, which means that cracking accumulation reaches the value
that the beam specimen can withstand, leading to the rapid failure of the specimen. The
cracking propagation stage is the main stage of the fatigue life of the beam specimen. For
the first two stages, the linear regression formula for the corresponding line segments in
Figures 8 and 9 is shown, and the slope of the regression formula represents the cracking
and propagation speed of the mixture. The difference between the two successive stages
can be identified by the slope change in the In[—In(ASR)] and In(N) curves. Table 5 shows
the slopes of the PPM and PAM at different stages. The slope of the PPM and PAM in
the first stage follows the law indicating that the greater the strain, the greater the slope,
which suggests that the crack accelerates with the increase in strain. Meanwhile, due to the
operation of the equipment and the influence of human factors, the slope of the first stage
did not appear to be governed by a relatively uniform law.

2.5
(@) 15°C, 10Hz,800¢, dry Ittty Poi 3F (b) 15°C, 10Hz, 1000, dry
nstability Point Instability Poim\
T ¥ T R R, /
1F .
V, = -3.99 +0.45x, K = 0.996 ¥,=-6.26 +0.53x, R* = 0.996
- -0.5 - _-1f \
) 3
e g
T 20 =3
3 . I :
S e : RS A N
3.5 T\ Stabilty Point : St : Stability Point
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4 6 8 10 12 14 4 6 10 12 14
In(N) In(N)

Figure 8. The Weibull curves of the PPM.

For the second stage, the PPM exhibited different changes from the PAM. As shown
in Table 5, from the experimental data of the PPM, it can be inferred that under the dry
conditions, when the strain increased from 800 pe to 1000 pe, the cracking propagation
rate increased from 0.45 to 0.53, with an increment rate of 17.8%. Under the immersion
conditions, when the strain increased from 800 e to 1000 pe, the cracking propagation rate
increased from 0.33 to 0.38, with an increment of 15.1%. Compared to the dry conditions,
the cracking propagation rate of the PPM under the immersion conditions was relatively
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reduced as the strain increased. In addition, compared to the dry conditions at 800 e, the
cracking propagation rate of the PPM under the immersion conditions decreased from 0.45
to 0.33, with a decrease of 26.7%. At 1000 we, the cracking propagation rate decreased from
0.53 to 0.38, with a decrease of 28.3%. This means that the PPM had a longer fatigue life
under the immersion conditions.
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Figure 9. The Weibull curves of the PAM.

Table 5. The cracking propagation rate at different stages.

Category  Strain/ue  Condition Slope Category  Strain/ue  Condition Slope
Stage 1 Stage 2 Stage 1 Stage 2
800 dry 9.13 0.45 800 dry 7.82 0.28
1000 dry 10.33 0.53 1000 dry 8.67 0.35
PPM 800  immersion  7.48 0.33 PAM 800  immersion 876 0.31
1000 immersion 8.22 0.38 1000 immersion 5.75 0.41

Analyzing the data of the PAM during the cracking propagation stage, it can be
seen that under dry conditions, when the strain increased from 800 pe to 1000 e, the
cracking propagation rate increased from 0.28 to 0.35, with an increment of 25%. Under the
immersion conditions, as the strain increased, the cracking propagation rate increased from
0.31 to 0.41, with an increment of 32.3%. This indicates that the immersion conditions are a
disadvantageous factor for the fatigue performance of the PAM. Similarly, compared to the
dry condition at 800 e, the cracking propagation rate of the PAM under the immersion
conditions increased from 0.28 to 0.31, with an increase of 10.7%. Under 1000 pe, the
cracking propagation rate increased from 0.35 to 0.41, with an increase of 17.1%. The results
show that moisture has a certain erosion effect on asphalt and accelerates the fatigue failure
of the PAM.

In summary, the cracking propagation rate of the PPM decreased under the immersion
conditions, while the cracking propagation rate of the PAM increased. This may be because
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under the immersion conditions, the stiffness of the PPM decreased by about half, and the
elastic performance of the PPM was improved, resulting in the increase in the fatigue life of
the PPM. In the same experimental environment, when the strain increased, the increase in
the cracking propagation rate of the PPM was smaller than that of PAM. The results show
that the fatigue resistance of the PPM was better than that of PAM, especially under the
condition of large strain.

4.3. The Analysis of the Fatigue Threshold Using the Weibull Distribution Function

Polyurethane is a new type of pavement binder with excellent fatigue resistance. As
mentioned above, when different fatigue termination conditions are selected, the fatigue
life of the mixture will be significantly different. It is also necessary to select appropriate
fatigue termination conditions as a waste of material performance. Therefore, fatigue
termination conditions should be established in accordance with their own characteristics.

The fatigue damage threshold of the beam specimen is a critical value. Under loading, a
large number of microscopic defects are generated inside the material, and then macroscopic
cracks appear. When the beam specimen reaches the damage threshold under loading,
cracking expands rapidly until the beam specimen fails [34].

It can be seen from Figures 8 and 9 that there are two turning points in the Weibull
curve of the beam specimen. The first turning point indicates that the beam specimen
transitions from the first stage to the second stage, which is called the ‘steady point’.
After entering the second stage, the slope of the curve is significantly decreased and has a
significant linearity, indicating that the beam specimen enters the steady-state development
stage. For both the PPM and PAM, the range of their ‘steady point” corresponding to the
horizontal axis In (N) was 4.8. By back calculation, the range of cyclic loading times N
was determined to be 120, indicating that the cracking propagation of the beam specimen
entered the steady-state development stage after approximately 120 loadings. The second
turning point represents the transition of the beam specimen from the second stage to the
third stage, which is known as the “instability point’. The number of cycles corresponding
to the ‘instability point’ is the threshold for the fatigue damage of the beam specimen. The

‘instability point” and corresponding stiffness ratios (SRs) of the PPM and PAM are shown in

Table 6. The fatigue threshold of the beam specimen decreased with increasing strain [35,36],
and the fatigue threshold of the PPM was much higher than the PAM. In addition, under the
same strain conditions, the fatigue threshold of the PPM under the immersion conditions
increased by 350% to 430% compared to the dry conditions, indicating that appropriate
immersion will increase the fatigue threshold of the PPM. Regarding the stiffness ratio data
of the mixture, the stiffness ratio (SR) of the PPM fluctuated around 0.45, while the stiffness
ratio (SR) of the PAM fluctuated around 0.4. Therefore, the fatigue termination condition
for the PPM was set to 51 = 0.45Sp, and the fatigue termination condition for the PAM was
set to S = 0.4S;.

Table 6. Fatigue thresholds and the SR for the different mixtures.

Category Strain/pe Condition Stea(ril{;)()nnt Insta(l;;ll(llt\ly))l’ oint Threshold/10* SR
800 dry 471 13.31 60.30 0.468
PPM 1000 dry 4.86 12.63 30.55 0.455
800 immersion 471 14.56 210.54 0.437
1000 immersion 4.85 14.08 130.28 0.438
800 dry 4.86 12.82 36.95 0.417
PAM 1000 dry 4.78 12.08 17.63 0.383
800 immersion 491 12.93 41.25 0.397
1000 immersion 4.81 12.05 17.11 0.395
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4.4. Comparison of Fatigue Damage Function

Combining Equations (3) and (7), fatigue damage considering the Weibull distribution
function can be expressed using Equation (8).

D=1-ASR=1— exp(—)\(N/Nf)W) 8)

At the same time, the Chaboche function is introduced, which establishes a classic
nonlinear fatigue damage evolution function from a thermodynamic perspective using
macroscopic methods. It has a strict theoretical background and fully considers the nonlin-
ear accumulation and function of fatigue damage. The equation is as follows:

dD 1| A 7P
—=1|1-(1-D —_ 9
dN { ( ) ] M(1-D) ®)
N e -
D=1-|1-|— 1
{ () (o)
where o and (3 are related to temperature, and « is also related to stress amplitude.
Equation (10) is simplified to Equation (11).
A B
N
D=1-|1—-|— (11)
<Nf>

where A and B are the material parameters.

The fatigue damage curve of the mixture can be plotted considering the calculated
D (Equation (3)) as the vertical axis and the cyclic loading ratio N/Nf as the horizontal
axis. Figures 10 and 11 show the fatigue damage curves of the PPM and PAM, respectively.
As can be seen from the figure, 70%~80% of damage to the mixture occurred in the first
20% of the loading cycle, and the remaining 20% of damage occurred in the last 80% of
the loading cycle. Furthermore, the relevant parameters of the Weibull function and the
Chaboche function were fitted separately using the Origin (2019B, 9.65) software, and the
fitted curves are shown in the different color curves in Figures 10 and 11. The figure shows
that the Weibull function and Chaboche function have a high degree of fitting, which can
better describe the damage evolution of the mixture.

In order to further compare the fitting degree of the Weibull function and Chaboche
function, the damage values measured were compared with the damage values predicted
by the two functions in fatigue tests. The degree of damage at 20% to 100% cyclic loading
calculated by Equation (3) is noted as the measured value. The corresponding damage
values calculated from the damage function (shown in Equations (8) and (11)) are denoted
as fitted values. The percentages of difference between the fitted value and the measured
value were calculated (D,,: the percentage of difference using the Weibull function, D.: the
percentage of difference using the Chaboche function), and the mean value was calculated
and analyzed, and the reliability of the Weibull fatigue damage function and Chaboche
fatigue damage function was determined.

Table 7 provides specific data on the percentage difference between the Weibull func-
tion and the Chaboche function. The values of the percentage difference using the Weibull
function and the Chaboche function in Table 7 were plotted, as shown in Figure 12. From
the statistical data of the PPM, it can be seen that the percentage difference using the
Chaboche function is distributed between 0 and 0.32, while that of the Weibull function is
distributed between 1.0 and 2.76. The percentage difference using the Chaboche function is
significantly smaller than that of the Weibull function. In the statistical data of the PAM,
the percentage difference using the Chaboche function is distributed between 0.22 and
1.56, while that of the Weibull function is distributed between 1.3 and 4.0. The percentage
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difference using the Chaboche function is also significantly smaller than that of the Weibull
function. In addition, both the Chaboche function and Weibull function have a smaller
percentage difference in the PPM than in PAM.

0.2
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(b) 15°C, 10Hz10004€, dry

(/f
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Figure 10. Fatigue damage curves of the PPM.
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Figure 11. Fatigue damage curves of the PAM.
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Table 7. The percentage difference between the Weibull function and the Chaboche function.

... PPM PAM
Test Condition
DW DC Dw DC
a (800 pe, dry) 2.76 0.32 4.00 1.56
b (1000 pe, dry) 1.00 0.5 2.62 0.22
¢ (800 pe, immersion) 2.00 0 4.10 0.76
d (1000 pe, immersion) 2.02 0.42 1.30 0.36
5 5
(@PPM = o (b)PAM ] v
o 1 o

T
'S
T

@
T
w
T

Percentage of difference(%)
< %
©
T

Percentage of difference(%)

T
T

Category ° Category
Figure 12. Percentage of difference in the PPM and PAM.

In general, the difference rates of these two functions are less than 5%, indicating
that the Weibull function and Chaboche function are reliable in describing the nonlin-
ear evolution of fatigue damage of the PPM and PAM. This also indicates that the laws
underlying failure in the PPM and PAM are well described from both statistical and ther-
modynamic perspectives.

5. Conclusions

The fatigue properties of the PPM and PAM under immersion and dry conditions were
investigated in this study. In addition, taking the cyclic stiffness ratio ASR as the observed
value, the fatigue characteristics, the cracking propagation rate, and the fatigue threshold
of the PPM and PAM were investigated through a Weibull distribution function. This study
also used the Weibull damage function and Chaboche damage function to fit the fatigue
damage curves of the PPM and PAM and compared the reliability of the two functions
under different cyclic loading. Based on the results of this study, the following conclusions
were drawn:

(1) The initial stiffness of the PPM decreased by about 50% under the immersion
conditions, while the PAM was almost unaffected by the immersion conditions. The
initial stiffness of the PPM was 1.47~3.16 times than PAM both under immersion and dry
conditions. Moreover, the PPM achieved a longer fatigue life under immersion conditions,
and the fatigue life of the PPM was much better than the PAM.

(2) The cracking propagation rate of the PPM decreased under the immersion condi-
tions, while the cracking propagation rate of the PAM increased. In the same experimental
environment, when the strain increased, the increase in the cracking propagation rate of
the PPM was smaller than the PAM. The results showed that the fatigue resistance of the
PPM was better than the PAM, especially under the condition of large strain.

(3) The fatigue threshold of the mixture decreased with the increase in the strain,
and the fatigue threshold of the PPM was much higher than the PAM. In addition, the
immersion conditions increased the fatigue threshold of the PPM. However, the changes
in the PAM were not obvious. The fatigue termination condition for the PPM was set to
S1 = 0.45S), and that of the PAM was set to S; = 0.45).

(4) The fitting degree of the Chaboche damage function was higher than the Weibull
damage function, and the percentage difference between the two damage functions was
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smaller in the PPM than in the PAM. In general, the difference rates of these two models
were less than 5%, indicating that the Weibull damage function and Chaboche damage
function are reliable in describing the nonlinear evolution of fatigue damage of the PPM
and PAM.

This study shows that the fatigue property of the PPM is different from that of PAM.
Given the limited sample size of this experiment, more stringent experimental conditions
and a sufficient number of experimental samples should be designed to test the fatigue
characteristics of polyurethane binders.
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