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Abstract: For asphalt pavement structures, semi-rigid road base course has to sustain repeated
high-axle load during its service life and the performance of semi-rigid road base materials directly
influences the durability of pavement structures. The dynamic compressive resilience modulus of
two commonly used semi-rigid road base materials, cement stabilized aggregates (CSG) and lime-fly
ash stabilized aggregates (LFSG) were evaluated at different frequencies using a Universal Testing
Machine (UTM). The results showed that LFSG had higher dynamic modulus than that of CSG and
the load frequency had less influence on the dynamic modulus of these two semi-rigid road base
materials. The four-point bending test was applied to measure the flexural-bending strength and the
fatigue life of these two semi-rigid materials. A higher flexural-bending strength of LFSG indicated
its better bearing capacity than that of CSG. The fatigue life of LFSG and CSG decreased with the
increase of stress–strength ratio and the LFSG performed better in terms of fatigue resistance. The
fatigue damage models of CSG and LFSG based on Stress-Life (S-N) curve are established. As per
incremental-recursive mechanics, a general modulus degradation model was established and verified
by the results of full-scale accelerate loading test. This model cannot only be used to predict the
fatigue deterioration of semi-rigid road base materials under different stress levels, but is also able to
calculate the current bending elastic modulus based on its initial modulus value.

Keywords: cement stabilized aggregates; lime-fly ash stabilized aggregates; fatigue; modulus
degradation model

1. Introduction

An asphalt pavement can be recognized as a multiple-layer structure, which is typically
composed of asphalt surface layers, road base layers and road sub-base layers. As a layered
system, each layer carries and spreads loads from the above layer and passes the load to
the next layer below [1–3]. Due to its high strength, good moisture stability and low cost,
semi-rigid material is the most commonly used road base material for asphalt pavements
in China. The semi-rigid base material is a type of hydraulic material which is produced
by mixing predetermined ratios of water, aggregates (coarse and fine) and hydraulic
materials, after a paving and compaction process to form a semi-rigid road base [4,5]. In
general, the two commonly used semi-rigid road base materials are lime-fly ash stabilized
aggregate (LFSG) and cement stabilized aggregate (CSG). Compared to flexible/asphalt
base materials, LFSG and CSG can be more environmentally friendly as they consumed
more fly ash and other waste materials [6,7].

In a semi-rigid pavement structure system, semi-rigid road base plays an important
role for structural bearing capacity and has to sustain repeated traffic loading. One of
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main failure modes in the semi-rigid base is then the bending fatigue damage. Fatigue
of semi-rigid pavement is a type of distress associated with the weakening behavior of
semi-rigid base materials caused by repeatedly applied loads at certain stress levels [8]. The
fatigue distress of semi-rigid base material is usually initiated in the form of microcracks
and propagated to macrocracks due to repeated shear and tensile stresses in the semi-rigid
base layer [9]. Propagation of cracks in the base layer is related to the fractures of both
adhesive and cohesive modes in mastic films [10]. The fatigue life of the road base layer is
strongly affected by the mechanical properties of semi-rigid base materials [11].

Mechanical properties of semi-rigid base materials are important for the pavement
durability and many researchers have focused on this field. Sheng et al. investigated the
modulus attenuation of semi-rigid base material and found that the mechanical behavior
of pavement is stable when the modulus of semi-rigid road base is in a proper range [12].
Sheng et al. also studied the influence of elastic modulus on the pore pressure of the
semi-rigid pavement and established correlations between semi-rigid base modulus and
pore pressure [13]. Wang et al. investigated the dynamic compressive resilient modulus
of semi-rigid base materials and demonstrated that the cement content and curing time
are the main factors [14]. The research of Yao et al. reached the same conclusion [15–17].
Zhou et al. investigated the fatigue resistance of semi-rigid base material and established a
fatigue performance model including aggregate gradation, cement dosage, water content
as well as air void [18]. Sha et al., evaluated the fatigue performance of semi-rigid base
material by using MTS and analyzed the influence of structure type and flexural strength
on the fatigue life of semi-rigid base materials [19].

In summary, a significant amount of research has been conducted to understand the
mechanical performance of semi-rigid road base materials. However, the dynamic modulus
and fatigue resistance of semi-rigid road base materials still need to researched because of
the discreteness and variability.

The objective of this paper is to further understand the dynamic performance of dif-
ferent semi-rigid base materials. A comparative study of two commonly used semi-rigid
base materials (LFSG and CSG) was conducted by characterizing the dynamic compres-
sive resilience modulus and four-point bending fatigue life. The dynamic compressive
resilience modulus of semi-rigid base materials was evaluated by using uniaxial dynamic
compression test through a Universal Testing Machine (UTM). The four-point bending
test was performed by using a Universal Testing Machine (UTM) to measure the fatigue
resistance of semi-rigid base materials. Finally, a general modulus degradation model of
these two semi-rigid road base materials was developed based on fatigue test results and
mechanical principle of continuous damage.

2. Materials and Experimental
2.1. Materials
2.1.1. Cement

Ordinary Portland cement of 425 type supplied by Lvzhou cement factory (Jinan,
China) was used to prepare cement stabilized aggregate (CSG). The property of this cement
was evaluated in accordance with the Chinese Standard JTG E30-2005 [20], and the results
are listed in Table 1.

2.1.2. Lime

A type of calcareous hydrated lime supplied by Jinan lime factory (Jinan, China)
was used to prepare lime-fly ash stabilized aggregate (LFSG). The physical and chemistry
properties of this lime were characterized according to the Chinese Standard JTG E51-2009,
and the results are listed in Table 2.

2.1.3. Fly Ash

The fly ash used for LSFG preparation was supplied by Laiwu coal-fired power plants
in Shandong Province (Jinan, China). The properties including loss on ignition, particle
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size and chemical components were tested in accordance with the Chinese Standard JTG
E51-2009 [21], and the results are presented in Table 3.

Table 1. Physical properties of cement used.

Inspection Items Test Results Technical Requirement

Fineness (%) Qualified ≤10
Water quantity for standard consistence (%) 28 Actual measurement

Stability (Standardized Approach) Qualified ≤5 mm
Setting Time

(min)
Initial setting 210 ≥45 min
Final setting 280 ≤12 h

Cement mortar
strength (MPa)

Compressive
strength

3 d 18.9 ≥16.0
28 d 43.1 ≥42.5

Bending
Strength

3 d 4.5 ≥3.5
28 d 8.23 ≥6.5

Table 2. Physical and chemistry properties of lime.

Inspection Items Test Results Test Method

CaO content (%) 52.6 T 0811-1994
MgO content (%) 3.79 T 0812-1994

CaO + MgO content (%) 56.4 T 0813-1994d

Table 3. Physical chemistry properties of fly ash.

Inspection Items Test Results Technical Requirement

Loss on ignition (%) 3.32 ≤20

Passing rate (%) 0.3 mm 99.20 ≥90
0.075 mm 72.30 ≥70

Chemical component (%)
SiO2 56.62

∑ > 70Fe2O3 7.05
Al2O3 27.40

2.1.4. Aggregate

The aggregate used for CSG and LSFG preparation was obtained from a limestone
quarry named Changqing in Shandong Province (Xinli stone factory, Jinan, China). The
mineral composition of this type of limestone was evaluated by using an X-ray Diffraction
(XRD) test (D2 PHASER, Bruker, Billerica, MA, USA). The dominant composition is calcite
with the content of 99.15 wt.%, and another two low-content components are quartz
(0.81 wt.%) and iron-oxide (0.04%). The physical properties of fine and coarse aggregate
were characterized according to the Chinese standard JTG E20-2011 [22], and the results
are listed in Table 4.

Table 4. Physical properties of aggregates.

Inspection Items
Test Result Technical

RequirementFine Aggregate Coarse Aggregate

Specific gravity (g/cm3) 2.73 2.73 ≥2.6
Water absorption (%) 0.75 0.38 ≤2.0
LA Abrasion loss (%) - 17.60 ≤28
Crushing value (%) - 14.30 ≤26

2.2. Mix Design
2.2.1. Aggregate Gradation

Dense gradations with a maximum particle size of 31.5 mm were chosen in this
research to prepare the LFSG and CSG, according to the Chinese Standard JTG D50-
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2017 [23]. The aggregate size distribution of LFSG and CSG is presented in Tables 5 and 6,
respectively.

Table 5. Aggregate gradation passing rate of LFSG.

Sieve Pit (mm) 31.5 26.5 19 9.5 4.75 2.36 1.18 0.6 0.075

Composed gradation 100.0 97.2 68.1 33.5 15.6 10.2 8.1 6.1 2.2
Lower limit 100 95 48 24 11 6 2 0 0
Upper limit 100 100 68 34 21 16 12 6 3

Table 6. Aggregate gradation passing rate of CSG.

Sieve Pit (mm) 31.5 19 9.5 4.75 2.36 0.6 0.075

Composed gradation 100.0 81.1 50.5 26.4 17.6 9.0 3.1
Lower limit 100 68 38 22 16 8 0
Upper limit 100 86 58 32 28 15 3

2.2.2. Cement Dosage and Optimum Moisture Content

A compaction test was conducted to decide the cement dosage as well as the optimum
moisture content of LFSG and CSG in accordance with the Chinese standard JTG E51-2009,
and their determined values are presented in Table 7. The significantly higher unconfined
compressive strength of CSG showed its higher pavement structural capacity than that
of LFSG.

Table 7. Mixture design of LFSG and CSG.

Stabilized
Aggregate

Mixture Ratio
(by Weight)

Moisture
Content

(%)

Maximum
Dry Density

(g/m3)

7d Compressive
Strength (MPa)

LFSG lime: fly ash: aggregate = 6:
12: 82 6.20 2.13 0.95

CSG cement: aggregate = 4.5: 100 5.30 2.33 6.70

2.3. Test Methods
2.3.1. Dynamic Modulus Test

The dynamic modulus of LFSG and CSG was evaluated by using a Universal Testing
Machine with the maximum force of 10 kN (UTM-100, IPC global Co., Ltd., Milan, Italy).
The dynamic modulus of the stabilized material is defined as the ratio of the axial stress
to the recoverable axial strain. Before testing, cylinder specimens with dimensions of ϕ
150 mm × 150 mm were first prepared by using a static pressing method according to
the predetermined moisture dosage and maximum dry density. Then, these specimens
were put in a curing chamber with a curing temperature of (20 ± 2) ◦C and humidity
of >95% (T 0845-2009). The dynamic modulus of the stabilized material specimens was
measured at a temperature of 20 ◦C and loading frequency from 0.1 to 25 Hz. During
testing, the UTM loading head generated a sinusoidal loading wave and the strain level
was controlled at 25 µm. The stress was recorded by the UTM stress sensor (UTM-100, IPC,
Milan, Italy) and the strain was measured by the Linear Variable Differential Transformer
(LVDT, UTM-LVDT, IPC, Milan, Italy) attached on the specimen surface. The dynamic
modulus of semi-rigid materials at different loading cycle and different frequency was
calculated automatically by the UTM [14].

2.3.2. Four-Point Bending Fatigue Test

Fatigue cracking is a major type of distress observed in pavements and the fatigue
resistance of semi-rigid road base material plays an important role in the service duration
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of asphalt pavements. The four-point bending is a commonly used test to assess the fatigue
life of asphalt mixtures. According to the JTG E51-2009 standard, the fatigue resistance of
CSG and LSFG was carried out after 90 d age and 180 d age, respectively. Before testing,
beam specimens with dimensions of 380 mm × 63.5 mm × 50 mm need to be prepared.
Big semi-rigid road base material beams with dimensions of 150 mm × 150 mm × 550 mm
were first prepared and then separated by cutting machine to obtain required dimensions.
With the view of neglecting the dispersion of test results, two beam specimens from the
same layer were performed for flexural-tensile strength and fatigue evaluation, respectively,
as shown in Figure 1.

Figure 1. Testing beam specimens from a large beam specimen for the strength and fatigue test.

The flexural-bending strength of CSG and LSFG was evaluated by using a three-point
pressure at a constant loading rate of 50 mm/min and the detailed procedure was described
in the JTG E51-2009 standard. Four replicate tests were performed on each stabilized
material. Based on this test, the ultimate failure load was recorded and the flexural-bending
strength was calculated according to Equation (1). This parameter provides a standard
index for the determination of loading level in the fatigue test.

Rs =
PL
b2h

(1)

where, Rs is the flexural-bending strength (MPa), P is the ultimate failure load (N), L is
the span of the beam (mm), b is the width of the beam (mm), and h is the height of the
beam (mm).

The four-point bending test was conducted using a Universal Testing Machine (UTM)
at a controlled stress mode to evaluate the fatigue resistance of semi-rigid materials. The
target stress–strength ratios of LSFG were 0.6, 0.65, 0.7 and 0.75, while the target stress
ratios of CSG were 0.55, 0.6, 0.65 and 0.7. Six replicate tests were performed at each stress
ratio. Before testing, samples need to be conditioned at the target temperature (20 ◦C) for
at least 4 h. During testing, a sinusoidal loading pattern was induced to the specimen at a
loading cycle frequency of 10 Hz. The failure life was defined when the beam specimen
was brittle break. Physical parameters such as the initial flexural modulus (MPa), initial
flexural strain (µm), critical failure flexural modulus (MPa), and flexural fatigue life (times)
were calculated automatically by the UTM.

2.3.3. Full-Scale Accelerated Loading Test

In order to investigate the fatigue deterioration and verify the fatigue model of semi-
rigid road base materials in the full-scale pavement, the accelerated loading test was
performed [24]. The full-scale accelerated loading test was conducted on an experimental
road in Jinan, China. The accelerated loading system was employed to induce fatigue
damage for the experimental CSG and LFSG materials. The dimensions of the accelerated
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loading system are 26.24 × 3.48 × 7.92 m. A 20.2 t axle load with dual-tire wheels and
1.15 MPa tire pressure was applied to the experimental pavement at an average speed of
23 km/h, as shown in Figure 2. In each day, around 50,000 loading passes were applied.

Figure 2. Accelerated loading system.

The full-scale pavement had three different pavement structures with CSG and LFSG,
as shown in Figure 3. The thicknesses of the pavement layers in Structure 1 and 2 included
40 mm of asphalt surface layer and 290 mm of CSG or LFSG base over a 260 mm of subgrade
treated with lime soil. The thicknesses of the pavement layers in Structure 3 included 40 mm
of asphalt surface layer and 180 mm of LFSG base over a 260 mm of subgrade treated with
lime soil.

Figure 3. Full-scale pavement structure design (a) and FWD test in the full-scale pavement (b).

The pavement deflection was detected after every 70,000 loading cycles by Dynatest
8000, Falling Weight Deflectometer (FWD, Dynatest 8000, Ballerup, Denmark). As shown
in Figure 3, three different pavement structures were prepared and their deflection on the
wheel pass was detected. The diameter of FWD-bearing plates is 30 cm. FWD had nine
deflection sensors and three levels of loading with 566, 707 and 848 kPa, respectively. The
modulus of CSG and LFSG bases was back calculated by the pavement deflection using
SIDMOD software (version 1.0, Zhengzhou University, Zhengzhou, China).

3. Results and Discussion
3.1. Dynamic Modulus of LFSG and CSG

The dynamic modulus of LFSG and CSG at different loading frequencies was measured
and the results are presented in Figure 4. The coefficient of variation (the ratio of standard
deviation to the average value) of the dynamic modulus of LFSG and CSG is shown in
Figure 5.
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Figure 4. Dynamic modulus of CSG and LSFG.

Figure 5. Coefficient of variation of dynamic modulus for CSG and LSFG.

As shown in Figure 4, the dynamic modulus of LFSG is in the range of 32,000–35,000 MPa,
which is obviously higher than that of CSG with the values between 18,000 and 22,000 MPa.
This indicates the LFSG road base course can generate less vertical strain than that of CSG
under the same loading level. This can supply two benefits to the pavement structure.
Firstly, the traffic load can be transferred to the roadbed area more evenly and reduce the
pressure in roadbed area. Secondly, less vertical strain of base course can reduce the strain
level of upper asphalt surface, which in turn improves the fatigue life of the asphalt layer.

With respect to the same semi-rigid material, the influence of loading frequency on
the dynamic modulus seems not obvious. After considering the coefficient of variation in
Figure 5, the data fluctuation of dynamic modulus can be neglected. It indicates that the
dynamic modulus of semi-rigid material remains unchanged at different frequencies.

3.2. Flexural-bending Strength of LFSG and CSG

The flexural-bending strength of stabilized materials is an indicator of resistance to
bending and tension in the pavement layer. Figure 6 presents the flexural-bending strengths
of CSG and LSFG. It can be seen that the flexural-bending strength of LFSG is 3.12 MPa,
which is higher than that of CSG, at 2.59 MPa. The higher flexural-bending strength of
LFSG shows its better resistance to high traffic loading. When used for the base course of
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pavement, the LFSG can supply a higher bearing capacity than that of CSG, which in turn
has better resistance to reflection crack.

Figure 6. Flexural-bending strength of CSG and LSFG.

As expected, based on previous studies [25], two types of CSG with the same cement
contents had different flexural strength. The CSG in this study was 119% higher than the
previous study. The result showed the flexural strength of CSG was influenced by different
aggregate gradation.

3.3. Fatigue Behavior of CSG and LSFG

In this research, the flexural stiffness at the 100th cycle of repeated loading was defined
as the initial flexural modulus. This parameter reflects the capability of the beam to resist
the flexural deformation. Figure 7 presents initial flexural modulus of CSG and LFSG. It
can be found that the initial flexural modulus of CSG was higher than that of LFSG at any
stress–strength level, which indicates better resistance of CSG to the flexural deformation.
With respect to the same stabilized material, the initial flexural modulus first increased with
the increase of stress–strength ratio and followed by a rapid decline once the peak value
reached. This is because high stress level may cause potential damage of stabilized material,
which in turn decrease the flexural stiffness. Based on the curves presented in Figure 7, the
peak initial flexural modulus value of CSG occurs at the stress–strength ratio of around
0.65, while the LFSG reached to the peak initial flexural modulus at the stress–strength ratio
of around 0.675. This means that the LFSG is more flexible than CSG. In combined with the
analysis in Figure 6, the LFSG has both better ability of deformation and toughness.

In this research, the fatigue life of the stabilized material beam was defined as the
occurrence of brittle fracture. Figure 8 shows the fatigue life of CSG and LFSG and the
average fatigue life of these two materials was presented in Figure 9. As shown in Figure 8,
the fatigue life of these two stabilized materials decreased with the increase of stress–
strength ratio. The stress level significantly influenced the fatigue life of these two materials.
It was found that a higher traffic load will accelerate the fatigue deterioration of the
stabilized materials in the road base course. With respect to the same stress–strength ratio,
some fatigue life values of these two materials nearly overlapped. With respect to the
average fatigue life in Figure 9, the influence of stress level on the fatigue life is obvious. For
instance, when the stress ratio increased from 0.6 to 0.65, it can result in around a five-times
decline of the fatigue life. As for these two materials, the LFSG obtained slightly higher
fatigue life than that of CSG under the same stress ratio. It is suggested that the LFSG is
expected to be more fatigue-resistant than CSG. This phenomenon is well corresponded to
the initial flexural modulus in Figure 7. It is demonstrated that stabilized materials with
more flexibility have a positive effect on its fatigue resistance.
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Figure 7. Initial flexural modulus of CSG and LFSG with different stress–strength ratio.

Figure 8. Fatigue life of CSG and LFSG in different stress–strength ratios.

Figure 9. Average fatigue life of CSG and LFSG in different stress–strength ratios.
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3.4. Analysis on Fatigue Damage of Semi-rigid Road Base Materials
3.4.1. Introduction of Fatigue Damage Model

The fatigue deterioration behavior of semi-rigid road base materials is usually repre-
sented by an empirical method, such as an S-N curve, Basquin equation and Goodman
method [25,26]. The S-N curve is based on the calculation of accumulated fatigue damage
and indicated the relationship between fatigue stress levels and number of loading cycles at
failure. The parameter S represents the stress level which is indicated by the stress–strength
ratio. N represents the fatigue life which is indicated by the number of loading cycles at
fatigue failure. S-N curves can be represented by Equations (2)–(4), respectively.

S = a − b log N (2)

log S = a − b log N (3)

(S − S0)
aN = b (4)

where, S is stress–strength ratio, N is the number of loading cycles at fatigue failure, a and
b are calculated by linear regression, S0 is fatigue limit stress.

3.4.2. Fatigue Damage Model Construction

The four-point bending fatigue test results of LFSG and CSG are regressed by Equation (5),
which is based on Equation (2).

log N = a + b(σ/S) (5)

where, N denotes number of loading cycles at fatigue failure, σ denotes flexural-tensile stress
(MPa), S denotes flexural-tensile strength (MPa), a and b denote regression coefficients.

Fitting curves of logarithm fatigue life with stress–strength ratio of LFSG and CSG
are shown in Figures 10 and 11, respectively. According to the two fitting curves, fatigue
damage models of Equations (6) and (7) are established. And the results of significance
test are shown in Tables 8 and 9. The results show that the effects of curve regression are
significant, and the values of a and b are reliable.

log N = 13.76 − 12.23(σ/S) (6)

log N = 12.26 − 9.96(σ/S) (7)

Figure 10. Fitting curves of LFSG fatigue test in different stress–strength ratios.
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Figure 11. Fitting curves of CSG fatigue test in different stress–strength ratios.

Table 8. Mixture design of LFSG and CSG.

Quadratic Sum Degree of
Freedom

Standard
Deviation Statistics F

Confidence
Interval
Fα (1, 20)
α = 0.01

Regression 12.40 1
Residue 1.12 20 0.24 219.75 8.10

Sum 13.53 21 Significant

Table 9. Significance test of CSG fatigue model.

Quadratic Sum Degree of
Freedom

Standard
Deviation Statistics F

Confidence
Interval
Fα (1, 12)
α = 0.01

Regression 3.19 1
Residue 0.21 12 0.13 185.97 9.33

Sum 3.39 13 Significant

The fatigue test results of LFSG and CSG are also regressed by Equation (8) which is
based on Equation (3).

log(σ/S) = a − b log N (8)

where, N denotes number of loading cycles at fatigue failure, σ denotes flexural-tensile stress
(MPa), S denotes flexural-tensile strength (MPa), a and b denote regression coefficients.

Fitting curves of logarithm fatigue life with logarithm stress–strength ratio of LFSG
and CSG are shown in Figures 12 and 13, respectively. According to the two fitting curves,
fatigue damage models of Equations (9) and (10) are constructed. And the results of
significance test are shown in Tables 10 and 11. The results show that the effects of curve
regression are significant, and the values of a and b are reliable.

log N = 2.26 − 18.89(σ/S) (9)

log N = 3.09 − 14.33(σ/S) (10)
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Figure 12. Fitting curves of LFSG fatigue test.

Figure 13. Fitting curves of CSG fatigue test.

Table 10. Significance test of CSG fatigue model.

Quadratic Sum Degree of
Freedom

Standard
Deviation Statistics F

Confidence
Interval
Fα (1, 20)
α = 0.01

Regression 19.16 1
Residue 5.63 20 0.53 68.09 8.10

Sum 13.53 21 Significant

Table 11. Significance test of CSG fatigue model.

Quadratic Sum Degree of
Freedom

Standard
Deviation Statistics F

Confidence
Interval
Fα (1, 12)
α = 0.01

Regression 3.20 1
Residue 0.19 12 0.13 203.64 9.33

Sum 3.39 13 Significant
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3.5. Analysis on Attenuation of Bending Modulus of Semi-Rigid Road Base Materials

As for the beam specimen in the four-point bending test, the bending moment in the
one third of the middle region is the same. So, the deterioration mechanism of the material
modulus in this region is also the same. During the four-point bending testing, parameters
such as the load and the displacement on each loading cycle were recorded by sensors,
and the bending elastic modulus of beam specimen at each loading cycle was calculated.
Based on the four-point bending fatigue test, the bending elastic modulus of every loading
cycle under each stress–strength ratio can be obtained. It attempts to establish the relation
models of the bending elastic modulus attenuation, loading cycles and stress ratio [27,28].

3.5.1. Introduction of Modulus Degradation Model

Incremental-recursive mechanics of continuous damage was applied in this research
to establish a modulus degradation model related to the stress ratio. As a type of algorithm,
incremental-recursive has been utilized to perform pavement structure analysis. For
instance, mechanical-empirical Pavement Design Guide (MEPDG) used the incremental-
recursive to analyze the fatigue and permanent deformation of asphalt pavement [29].
The characteristic of this method is to separate the whole process into several stages. The
deterioration at this stage was defined as an increment to iterate with the summation of
previous stages [30]. As a non-linear fatigue damage curve in Figure 14, the Ei is the initial
modulus of the material, Np is the accumulated loading cycles, dE is the decrement of
modulus. The incremental-recursive model is establishing the relationship between the
modulus degradation rate (dE/Ei) and loading cycles (N) (Equation (11)):

dE
Ei

= F(N, S) (11)

where, S is the mechanical response under loading, this parameter can be selected as
required (stress, strain, or stress ratio).

Figure 14. Model of non-linear fatigue damage.

According to the theory of continuum damage mechanics, cracks result from the
growth and accumulation of micro-cracks in material microstructures [31,32].

In the uniaxial tensile test, the occurrence of fracture will cause the decrease of effective
cross-section, and the stress must be transferred to the remaining intact cross-section. So,
the damage can be defined as the relative value of the effective cross-sectional reduction, as
shown in Equation (12):

ω =
A0 − A

A0
=

dA
A0

(12)
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where, ω is the damage, A0 is the initial cross-section, A is the retained cross-section.
The damage can also be explained as the attenuation of material modulus, as shown

in Equation (13):

ω =
E0 − E

E0
=

dE
E0

(13)

where, ω is the damage, E0 is the initial material modulus, E is the modulus after material
damage.

The development of material damage is a function of the actual stress, as shown in
Equation (14):

ω =

(
N

106

)α

×
(σ

S

)β
× (1 − ω)γ (14)

where, ω is the damage, σ/S is the stress ratio, N is the loading cycles, and α, β, γ are
constant.

The modulus attenuation model related to the mechanical index of fatigue equation
can be established by using Equation (14).

3.5.2. Modulus Attenuation Model Construction

Fatigue damage of semi-rigid base material accumulates continuously under the
repeated loading. When the loading cycle accumulates to a certain degree, the material will
eventually lead to fatigue damage. As the accumulation of fatigue damage in the semi-rigid
base material is a gradual process, it is impossible to observe the damage process directly.
The deterioration of bending elastic modulus provides a feasible approach to evaluate the
damage degree of semi-rigid base material. Therefore, the change of elastic modulus is
very important to evaluate the damage state of semi-rigid materials and structures.

During the model establishment, the development of bending elastic modulus under
different stress ratios and different loading cycles need to be considered. The attenuation
of bending elastic modulus had three stages included rapid decline stage, slow decline
stage and destruction stage, respectively. The rapid decline and slow decline stages were
prediction regions. The destruction stage was the discarded stage, as shown in Figure 15.
In order to ensure the fitting accuracy, the bending elastic modulus data in the destruction
stage were neglected. So, the incremental-recursive model only predicts the degradation
of bending elastic modulus from the initial modulus to the decay of the modulus before
failure.

Figure 15. Development of bending elastic modulus in two regions.
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According to the data of bending elastic modulus and the incremental-recursive model,
constants in Equation (5) were obtained by using Levenberg–Marquardt fitting algorithm
method. The fitting equations of LFSG and CSG are presented in Equations (15) and (16),
respectively. The relatively high correlation coefficients R2 (0.9674 and 0.8488) of these two
equations indicate this model can achieve reliable fitting effect.

ω =

(
N

106

)0.33
×

(σ

S

)3.73
× (1 − ω)−1.58 (15)

ω =

(
N

106

)0.31
×

(σ

S

)2.78
× (1 − ω)−0.78 (16)

This modulus degradation model can not only be used to predict the fatigue deteriora-
tion of semi-rigid materials under different stress levels, but is also able to calculate the
current bending elastic modulus based on the initial modulus value [33]. So, the fatigue life
of LFSG and CSG under different loading levels can be predicted, which in turn supplies a
reliable model and indexes for the fatigue damage analysis of semi-rigid base course of
pavement structure.

As expected based on previous studies [25], two types of CSG with same cement
contents had different modulus degradation models. The results showed the stress–strength
ratio should be considered.

3.5.3. Modulus Attenuation Model Verification

The modulus of three pavement structures with CSG and LFSG is back calculated
after different loading cycles. Meanwhile, the modulus of CSG and LFSG under the same
loading cycles is calculated by the two modulus attenuation models. The modulus of back
calculation and degradation model in three pavement structures are shown in Figures 16–18.
In these figures, the deflection back calculate modulus was back calculated by the surface
deflection basin data in the three pavement structures. The degradation modulus was
calculated by the Equations (15) and (16). The deflection back calculates the modulus based
on the actual measurement deflection basins. However, the degradation modulus is based
on the fitting models.

Figure 16. The modulus of deflection back calculation and degradation model in Structure 1.
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Figure 17. The modulus of deflection back calculation and degradation model in Structure 2.

Figure 18. The modulus of deflection back calculation and degradation model in Structure 3.

According to the back-calculation modulus of Structure 1 to 3, the modulus degra-
dation of semi-rigid base can be classified as three stages, which are the fatigue cracking
generation stage, cracking development stage and cracking stable stage, in the cyclic load-
ing. The time of fatigue cracking generation stage is equal to the fatigue life of the four-point
bending fatigue test. The four-point bending fatigue test is influenced by specimen dimen-
sions and loading modes. As microcracks appear on the bottom of specimen, the cracks
will spread across the specimen rapidly and lead to the specimen failure. However, the
full-scale accelerate loading test is different. Cracks through the semi-rigid base require
a long time as microcracks appear and this is the cracking development stage. When the
cracks go through the semi-rigid base completely, the modulus of the semi-rigid base will
be stable. It is the cracking stable stage.

In cracking stable stage, the modulus of deflection back-calculation is decreased to
18.3%, 15.7% and 18.8% of the initial modulus in Structure 1 to Structure 3, respectively. The
average modulus of deflection back-calculation reduced to 17.6% of its initial modulus. The
modulus calculated by modulus degradation models is less than the modulus of deflection
back-calculation. However, in the full-scale accelerated test, the results of the modulus
prediction model still have good correlation with the results of FWD.
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4. Conclusions

This research assessed the mechanical performance of semi-rigid road base materials
(LFSG and CSG) under the dynamic load. The dynamic compression test, the four-point
bending test and full-scale accelerate loading test were performed to evaluate the dy-
namic compressive resilience modulus and fatigue resistance of semi-rigid base materials,
respectively. The following conclusions were given based on the results in this study:

1. From the dynamic compression test, the LFSG had a 59% higher dynamic modulus
than that of the CSG. The load frequency had less influence on the dynamic modulus
of these two semi-rigid road base materials;

2. The LFSG obtained a 19.7% higher flexural-bending strength than that of the CSG,
which indicated its higher bearing capacity as a road base course material. The LFSG
had the potential to resist flexural tensile failure as a road base course;

3. The fatigue life of LFSG and CSG decreased with the increase of stress ratio. It is
indicated that a higher traffic loading will accelerate the fatigue deterioration of the
semi-rigid base course. Slightly higher fatigue life of LFSG indicated its better fatigue
resistance than that of the CSG;

4. A fatigue damage model was established by S-N curve. This model can be used to
predict the fatigue life of CSG and LFSG materials under different stress–strength
ratios; and

5. A modulus degradation model was developed based on the incremental-recursive
mechanics. This model can not only be used to predict the fatigue deterioration of
semi-rigid materials under different stress levels, but is also able to calculate the
current bending elastic modulus based on the initial modulus value.

The results of this study will help to evaluate the performance decay and predict the
residual life of road accurately in the future. The results will also guide the preventive
maintenance of the highway. However, these results could only predict the fatigue life of
semi-rigid road base asphalt pavement. In the future works, the investigation of fatigue life
with different types of asphalt mixtures was recommended.
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