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Abstract

To reveal the damage mechanism of cement-stabilized macadam, the mechanical properties of cement-stabilized
aggregates immersed in water for different times were examined by uniaxial compression tests, and the evolution of
damage factors of cement-stabilized aggregates specimens was investigated. On the basis of theory of Weibull
distribution, the material constitutive relationship suitable for the destruction of cement-stabilized macadam materials
immersed in water was proposed. Results show that the strength/elastic modulus of cement-stabilized macadam decreases
with the increase in immersion time in water, indicating that water has a weakening effect on cement-stabilized macadam.
Linear/nonlinear phases appear in the stress-strain curve. The influence of shape parameters on nonpore compression
stage is greater than that on pore compression stage. The damage variable remains constant in the early stage. The stress-
strain curve of the damage model is in good agreement with that of the test data. The conclusions obtained in this study
provide a significant reference for cement-stabilized macadam engineering.
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1. Introduction

Since the high compressive strength of aggregate at the early
stage of subgrade formation, it is commonly used as a load-
bearing layer in the structural design of high-grade
bituminous pavements in China. The main raw materials of
the pavement are soil, stone, and industrial waste. Aggregate
has wide sources of accessible, low-cost raw materials and
simple construction process, thus providing it with
significant technical and economic advantages [1-3]. It is an
important pavement structural linkage layer, since the
cement-stabilized aggregates play an important role in
ensuring the load-bearing capacity, stability, and durability
of the pavement structure. However, the cement-stabilized
aggregates encounter many problems, such as loosening,
interface slippage, cracks, and water damage during the
course of application under various environmental factors,
construction techniques, construction equipment, and traffic
loads, causing great losses to the society and economy.

To investigate the damage evolution of cement-
stabilized aggregates, many scholars studied the damage
mechanism under different working conditions using various
methods, such as flushing, dissolution, and loading and
unloading. The obtained results have solved many
construction problems [4]. However, due to the wide
distribution of monsoon climate in China and the high
pressure of highway traffic, the water damage problem of
pavement subgrade has become prominent. As the main
material of high-grade highway subgrade, the cement-
stabilized aggregates exhibit water softening when immersed
in water for a long time. With the extension of soaking time,
the peak load stress, elastic modulus, and other conventional
mechanical parameters that cement-stabilized aggregates can
withstand will be seriously reduced. Current investigations
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failed to reveal the performance deterioration law of cement-
stabilized aggregates under water immersion conditions. In
addition, theoretical and experimental support for the
construction and optimization of the damage model of
cement-stabilized aggregates is lacking.

Therefore, it is of great significance to extend the service
life of cement-stabilized aggregates subgrade and the design
of pavement structure by simulating the actual road base
material with water immersion and analyze the damage
mechanism of cement-stabilized aggregates material
structure.

2. State of the art

Some scholars have studied the cement composite materials
[5-7]. Tasnimi et al. [8] proposed a new constitutive relation
to study the nonlinear mechanical behavior of cement
concrete construction. On basis of the damage variables and
fracture parameters of the specimen under compression, the
same principle holds true for the specimen under tension.
When constructing the damage model of cement concrete,
Darabi et al. [9] added some nonlinear damage models into
the damage model. The healing effect of material
microdamage was considered, and the variation of damage
density was analyzed. Under axial and cyclic lateral loads,
Kenawy et al. [10] proposed a uniaxial nonlocal constitutive
model that could accurately predict the local deformation of
concrete structures based on damage mechanics and
plasticity theory. When analyzing the damage characteristics
of cement mixture, Zhang and Oeser [11] regarded fatigue
failure as residual strength degradation. Combining with the
continuum damage model, they constructed the residual
strength model of the phenomenological damage evolution
theory and verified that by experiments. Using the damage
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function to simulate the energy storage function, Lanzoni
and Tarantino [12] established the relationship between
material constitution and energy release rate based on the
continuum and thermodynamic theory and then derived the
dominant expression from the value of the equilibrium edge.
To analyze the damage of cement mixture, Tan et al. [13]
established the structural damage model according to the
energy theory and they found the consistency between
material damage and energy dissipation. In addition, the
ratio of lime to sand was proportional to the energy reserve
of material.

Lemaitre [14] established a mean continuous—isotropic
plastic damage model based on effective stress and proved
the linear relationship between structural damage and
equivalent strain by experiments. To accurately simulate the
fracture of concrete, Abu Al-Rub and Kim [15] proposed an
isotropic/anisotropic damage coupling model based on the
continuity hypothesis and damage mechanics. Breccolotti et
al. [16] established a concrete damage model by optimizing
structural damage, which was suitable for structural fatigue.
Doherty and Muir [17] proposed a constitutive model that
could reflect the weak cementing particles in cement mixture
through the mechanical relationship of weak cementing
materials and they analyzed the transient curing of cement
mixture in specific environments. The damage of low
temperature to cement concrete structures has been
considered in several studies [18-22]. Under sulfate addition,
the damage constitutive model of cement concrete was built
and the damage mechanism of cement concrete was
analyzed [23-26].

For the weakening of cement-stabilized crushed stone, it
is commonly used as the pavement base. This phenomenon
is directly regarded as linear compression in the early and
middle nonlinear stages in uniaxial compression test (stress-
strain curve) of cement-stabilized macadam. Meanwhile, the
pore and microcracks within the specimen itself are ignored.
When early pore compression stage is directly ignored, it
will cause a large error in the research of cement concrete
damage when the damage mechanism of cement-stabilized
macadam is analyzed from the meso perspective.

In this study, different immersion tests of cement-
stabilized macadam were first carried out. The stress-strain
curve was obtained by the uniaxial compression test. The
unit strength of meso-particles in cement-stabilized
macadam was assumed to conform to Weibull distribution
[27]. The stress-strain curve including the early pore
compression and the late nonpore compression was
constructed based on statistical damage mechanics theory.
The size parameters and shape parameters of the damage
model were obtained by experiments. The damage variables
of water to cement-stabilized macadam under different
immersion conditions were analyzed. The simulation data
were compared with the experimental data. Finally, a
damage model of cement-stabilized macadam under water
weakening effect was proposed.

The rest of this study is organized as follows. Section 3
introduces the specimen preparation and damage model of
water weakening and uniaxial compression. Section 4
analyzes the simulation and test results, and finally, the
conclusions are summarized in Section 5.

3. Methodology

3.1 Specimen preparation

The cement-stabilized macadam specimens were prepared in
accordance with the standard of Chinese Test Code for The
Stability of Inorganic Binder in Highway Engineering (JTG
E51-2009). The specimen is a standard cylinder of @150
mm x 150 mm. The material composition of the specimens
is listed in Table 1. After reaching the curing age, the
prepared standard specimen was kept in an area of
ventilation and dryness for 30 d to reduce the influence of
high moisture content on the test during the curing period.
Finally, the intact specimens were selected for immersion
test (Fig. 1). Firstly, the lower quarter of the specimen was
immersed in water for 2 h. Water was then added to the
lower half of the specimen, followed by immersion for
another 2 h. Water was added again, and the lower 3/4 of the
specimen was immersed in water for 2 h. Finally, water was
continuously added until the whole specimen was immersed
in water, and immersion was performed for the time required
for the test. The specimens were immersed in water for 3, 7,
15, 20, 25, and 30 d, respectively.

Table. 1. Particle distribution of test pieces.

Particle size (mm) 0-5 5-10 10-20 20-25

Percentage (%) 32 19 35

60

Fig. 1. Specimens immersed in steps.

3.2 Damage model of water weakening and uniaxial
compression

3.2.1 Constitutive relationship of damage coupling

According to the theory of damage mechanics, the damage
degree of specimen is usually expressed by the change of
contact area and damage factor D,. When the specimen is
damaged, the contact area of the cementing material between
the aggregates in the specimen will inevitably decrease,

which is denoted by 4—A . The ratio of 4—4 to the
original total contact area A4 is the damage factor as follows:

D:ﬂ

= M

where, A4 is the total contact area of the cementing material

between particles. 4 is the contact area between particles
after the damage of cementitious material.

When D, = 0, the specimen was in the undamaged state.
When D, = 1, the specimen has been eventual failure. When
0 <D, <1, the specimen was in the damaged state.

According to the relationship between damage factor,
elastic modulus £y and effective strain ¢, , effective stress

& could be shown as follows [13]:

— O
G=——=Eyg,

1-D @
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According to Eq. 2, the basic mechanical relationship of
continuous damage is:

o, =Ey(1-D,)e, 3)

According to the principle of equivalent strain, the
effective strain produced by the effective stress in the first
damage state to the second damage state is equal to the
effective stress in the second damage state on the first
damage state. The stress under different damage states can
be obtained as follow:

azEO(l—DW)g 4

o=E/(1-D))¢ (5)

According to phenomenological damage mechanics, the
damage factor induced by water weakening can be defined
as follows:

E
D =1-2t
Ey

(6)

where, E; is the elastic modulus after the immersed for time ¢,
and E) is the elastic modulus in dry state. D; is the damage
variable caused by uniaxial compression, D, is the damage
variable caused by immersion for ¢ d, and Dy is the total
damage variable.

According to Egs. 3 to 6, the total damage of specimen
produced by water weakening and uniaxial compression,
could be obtained in Eq. 7.

Dy =Dy +D, - DD, (N
3.2.2 Optimization of damage model

The internal particles of cement stabilized macadam
aggregate are randomly distributed from microscopic view.
The strength of the meso-particle element conforms to
Weibull distribution [27]. According to statistical damage
mechanics theory, the probability density function of
damaged particles could be shown as follow:

®)

where, # and m respectively represented scale parameters
and shape parameters, which can reflect the response
characteristics of the specimen, and they are non-negative
values. ¢ represents the strain of the specimen.

When the specimen was loaded to time 7, the strain

generated is ¢. The microdamage P(x)dx generated in the
interval [ £,£ +de |and the total contact N of the particles

inside the specimen can be regarded as the total damage of
the specimen. So, the microdamage that has been generated

&
is J NP(x)dx. When the strength damage is subject to
0

Weibull, the damage variable can be obtained as follows:
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D, _w_l_;@m ©)

According to Egs. 3 to 5 and Eq. 9, the total damage
variable formed by the combined action of water weakening
and uniaxial compression can be obtained as follows:

ol
D, =1-Lre n

7 (10)
w EO
The constitutive relation can be obtained as follows:
| £ 11
o=Ezee ("’ J (1

When the stress-strain curve of the uniaxial compression
test after the specimen is immersed in water is analyzed, the
pore compression of the specimen was defined as the early
nonlinear stage, so the stress-strain curve is treated in
sections.

Mt

&
Eegll-e ™ e<gy
i)

(12)

£—64

My

]’”2-,1
+o

The initial stage of uniaxial compression is called the
first stage. At the first stage, with the increasing load, the
pores of the specimen were constantly compressed. The
initial cracks in the specimen were compacted and the pore
volume was reduced. There were no visible cracks at first
stage. According to the theory of damage mechanics, this
stage is usually regarded as no damage.

4 (e>¢y)

E, (g gc,t)e[

1—% (SS SA)

0

Dw = 7[5—5‘4 sz’t (13)
1 g—; ot (g > gA)

where, 77, and m;, respectively represent the scale and shape

parameters of the distribution function at the ¢ time of
immersion.

The mechanical relation in the stress-strain curve can be
shown as follows:

e=0,0=0
E=¢4,0=0y
do
=8 4T (14)
€=Cmax » O = Opax
&€= Emax > d_UZ
de

When the stress reaches the maximum value, the
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relationship between stress and immersion time can be
shown as follows:

fee”
)8‘ My +O—A —c (15)

O—l = Et (‘qmax —&y max

5:‘5‘/1111)(
At the peak point, the stress is differentiated, Eq. 15
could be generalized as follows:

o
_[ Emax—64 )
=Ee "\ ™M X

do
de|,._ !
mz,z_l
Myl Emax — €
1_(€max_‘9A) Smax 4 =0
PN M.

In the stage of nonpore compression, when the strain is
greater than ¢, , the size and shape parameters can be

derived from Eqs. 15 and 16, as shown in Eq. 17.

1
,{’M} 17)

Omax ~ 04

my =

1

m, 18

Uz,zz(g_gA)letz' (1%
At the end of the pore compression phase, the pores are

compacted. The stress o, can be generalized as follows:

7(&]”’“
Thy
alg:gA =Eeg |l-e\" =0y (19)

When the stress is differentiated, the expression of
elastic modulus can be obtained as follows:

m,
_[57/4] ' my,—1
_ s M| €4
=-Ee I-¢4 —[—

M Mt

my,—1
£ )| Epe Z o -
—eA) |\ — &y
M M,

The shape parameter and scale parameter in the stage of
pore compression can be shown as follows:

m, = 1-— |/In| 1- %4 1)
’ 1- %4 €4E,
&4k,
b
my,
My =€4 —ln[l— 94 j ' (22
' &4k,

4. Results analysis and discussion

4.1 Uniaxial compression test of cement stabilized
macadam after water weakening

4.1.1 Analysis of stress-strain curve
In the uniaxial compression test of cement-stabilized
macadam material, the classical linear stress-strain curve is
shown in Fig. 2. The four main stages are observed. When
the strain reaches ¢a, the stress reaches oa in OA segment,
which is the stage of pore compression. With the increase in
load, the strain and slope of the specimen gradually increase.
As the slope increases to a certain point, the slope tends to
stabilize at this point. The slope is nonlinear at this stage.
AB is the linear compression stage. The stress-strain curve
increases linearly, and the slope is E. When the strain
reaches ¢, it enters the BC segment, which is the nonlinear
compression stage, during which the slope of the curve
begins to decrease. The rate of stress decreases and the
plastic deformation increases when the strain increases.
When the stress—strain curve reaches its maximum value, it
enters the final stage of compression failure, which is the CD
segment. As the strain increases, the stress decreases rapidly,
leading to failure.

Uniaxial compression tests were conducted on cement-
stabilized macadam with different immersion times, and the

stress-strain curves obtained are shown in Fig. 3.
G

0.0 £, £ e

Fig. 2. Typical stress-strain curves of cement stabilized crushed stone
specimens under uniaxial compression.

30
—— 0d in water
—— 3 d in water
25 - ——7dinwater
—— 15 d in water
—— 20 d in water
20 F —25dinwater
——— 30 d in water

15 -

Stress (MPa)

10 -

1 1 1 1 1 ]
0.0000 0.0005 0.0010 0.0015 0.0020 0.0025
Strain

Fig. 3. Stress-strain curves of uniaxial compression tests at different
immersion times.

As shown in Fig. 3, the dry specimen has the maximum
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peak strength and can withstand the maximum stress. With
the increase in immersion time, the compressive strength
gradually decreases. The variation of the stress-strain curve
can be divided into four stages. The first stage is pore
compression stage. The stress increases slowly when the
strain increases. After the tiny pores in the specimen are
gradually compacted, the aggregate is gradually stressed. In
the second stage, the stress-strain curve is approximately
linear with a fixed slope during the loading of cement-
stabilized macadam specimen. In the third stage, the plastic
deformation of the specimen increases. With the increase in
strain, the stress shows a slowly increasing trend. In the
fourth stage, the stress reaches a peak and then decreases
rapidly. The maximum stress of the dry specimen is 27.67
MPa. After 30 d of immersion, the maximum compressive
stress is 15.11 MPa, a reduction of about 45.38%.

In the uniaxial compression test of cement-stabilized
macadam, microcracks are mainly generated along the
vertical direction (Fig. 4). As the loading time increases, the
crack continues to grow vertically. Cracks mostly occur in
the middle of the specimen. A dynamic strain gauge was
pasted on the flat surface of the specimen (Fig. 5) to test the
vertical strain in the uniaxial compression test.

(a) Initial stage (b) Fina stage )
Fig. 5. Initial and final stages of specimen compression.

4.1.2 Parameter variation under water weakness effect
The peak stress variation curve of cement-stabilized
macadam under different immersion conditions is shown in
Fig. 6. The close relationship between the peak value of the
maximum stress and the time of immersion can be described
by the following formula:

17.51941

P 1.22743
+ B —
[13.53874]

According to the variation rule of immersion time and
stress peak, the maximum stress decreases rapidly with the
increase in immersion time at 0-7 d and the curve is almost
linear. After 7-20 d of immersion, the maximum stress
decreases slowly and the curve shows a nonlinear trend.

o, =10.18229 + (23)
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The changing curve of elastic modulus of cement-
stabilized macadam under different immersion conditions is
shown in Fig. 7. At 0-7 d, the elastic modulus of cement-
stabilized macadam decreases with prolonged immersion
time. At 7-20 d, the elastic modulus of cement-stabilized
macadam decreases at a relatively high rate.
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Fig. 6. Fitting curve of peak stress.

The formula of elastic modulus of specimen and
immersion time can be expressed as:

43.15787

jl.81106

4.2 Analysis of damage evolution

When the specimens were immersed in water for different
times, the size parameters and shape parameters of cement-
stabilized macadam materials could be solved (Table 2)
according to the damage mechanics theory and uniaxial
compression test. M_(1,t) and M_(2,t) represent the curve
shape parameters in the stages of pore compression and
nonpore compression, respectively. The shape parameters
range from 1.083 to 1.526 in the pore compression stage and
from 2.681 to 5.739 in the nonpore compression stage. The
influence of nonpore compression stage on the shape
parameters is greater than that of the pore compression stage.

E=-42527+

. t 24)
22.20814

40 -
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[
T

%)
(=}
T

I3
13
T

[
=1
T

Modulus of elasticity (MPa)

._.
w
T

m  Experimental data
— Fitted data

—_
(=}
T

1 " 1 L 1 L 1 L 1 L 1 L 1
0 5 10 15 20 25
Soaking time (d)

Fig. 7. Fitting curve of elastic modulus.

With the increase in immersion time, the elastic modulus
of cement-stabilized macadamia decreases with values
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between 38.90 and 11.04 MPa. The peak stress of uniaxial
compression test is between 27.67 and 15.11 MPa, and the
corresponding strain is between 0.0013 and 0.0021. The
relationship between the total loss of cement-stabilized
macadam and the strain under different immersion
conditions is shown in Fig. 8.

1.0 |
0.8 -
2
=
=
g 0.6 I —— Immersion for 0 d
gn —— Immersion for 3 d
g —— Immersion for 7d
5 04r ——— Immersion for 15
g Immersion for 20
= Immersion for 25
02 ——— Immersion for 30
0.0 -
P N T E R S N SR R
-0.001 0.000 0.001 0.002 0.003 0.004 0.005 0.006 0.007
Strain

Fig. 8. Relationship between total damage variable and strain.

In the early stage of uniaxial compression, damage
variables remain constant (due to water weakening) as
shown in Fig. 8. When the load continues to increase, the
strain and total damage of the specimen increase sharply
(due to uniaxial compression). Finally, the damage variable
of the specimen reaches 1. Owing to the water weakening
effect, the damage variables reach 0, 0.026, 0.130, 0.336,
0.558, 0.568, and 0.716 after 0, 3, 7, 15, 20, 25, and 30 d of
immersion, respectively. The longer the immersion time, the
greater the damage variable and the strain of the specimen
due to water weakening. The damage from being immersed
in water for 20 d has exceeded 0.5.

Table 2. Parameters of the experimental model.

4.3 Comparison of experimental and simulation data

The shape parameter m and scale parameter 5 of the early
and late pore compression stages of the damage model were
obtained through theoretical calculation (Table 2). The
stress-strain curves of different immersion time can be
obtained by substituting the calculated results into the stress-
strain formulas of different stages. The stress-strain curves
of the test and simulation figures are shown in Fig. 9.

30 ~

- Test data(0 d) Simulation (0 d)
r Test data(3 d) Simulation (3 d)
Test data(7 d) —— Simulation (7 d)

5 - Test data(15 d)

Test data(20 d)
- Test data(25 d)
Test data(30 d)

Simulation (15 d)
Simulation (20 d)
Simulation (25 d)
Simulation (30 d)

20 -

15

Stress (MPa)

10

1
0.0010 0.0015
Strain

Fig. 9. Comparison of test stress-strain curve and simulation data.

1 " I
0.0020 0.0025

0 =
0.0000

0.0005

The data of the theoretical calculation model is in good
agreement with that of the test. With regard to the pore
compression stage of the specimen, the damage accuracy of
cement-stabilized macadam can be improved.

Test data (MPa) Theoretical calculation
Immersion time my 4 ‘ M, my 4 UpR:
@ £ 24 Opt ot Oct Pore compression stage | Non-pore compression stage
[N E>EA

0 38.90 0.0013 27.67 0.0005 2.601 1.0828 0.0025 3.2085 0.0013
3 37.90 0.0013 25.48 0.0006 6.867 1.2048 0.0014 2.6807 0.0010
7 33.84 0.0013 22.03 0.0006 4.45 1.1416 0.0019 3.2804 0.0010
15 25.85 0.0014 18.80 0.0006 2.57 1.0926 0.0031 5.2358 0.0010
20 17.19 0.0017 16.71 0.0007 3.33 1.1673 0.0021 5.7392 0.0013
25 16.80 0.0020 15.58 0.0010 3.58 1.1366 0.0032 2.7146 0.0015
30 11.04 0.0021 15.11 0.0013 8.07 1.5257 0.0016 5.1549 0.0011

5. Conclusions

Water immersion test of cement-stabilized macadam was
carried out in this study. The macroscopic mechanical
characteristics of the specimens were tested in uniaxial
compression test. The effect of water weakening on cement
stabilized macadam was determined. The main conclusions
were obtained as following:

(1) The strength and elastic modulus of cement-
stabilized macadam are influenced by water immersion. The
longer the immersion of cement-stabilized macadam in
water, the greater the decrease in strength and elastic
modulus. This finding shows that water has a weakening
effect on cement-stabilized macadam. The linear/nonlinear
phases appear in the stress-strain curve.

(2) The influence on shape parameters in the nonpore
compression stage is greater than that in the pore
compression stage. The value of damage variable of water to
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cement-stabilized macadam remains constant in the early
stage but increases sharply in the later stage. The damage
variable has exceeded 0.5 after 20 d of immersion. The
longer the immersion time, the greater the damage variable.
When the strain reaches 0.004, the value of each damage
variable becomes close to 1, that is, the water weakening
effect on cement-stabilized gravel is large.

(3) The initial damage of the specimen is mainly caused
by water weakening and uniaxial compression. The
parameters of the damage model can be obtained by uniaxial
compression test. The stress-strain curve of the damage
model is in good agreement with the test data.

This work only performed uniaxial compression
experiments and simulation analysis of cement-stabilized
aggregates under different soaking times. The subsequent
studies can analyze the damage patterns of the specimens
under different surrounding pressures on the basis of the
current results.
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