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Abstract: This study adopted the uniform interpolation method to obtain five gradation types
(labeled A, B, C, D, and E, from “coarse-grained” to “fine-grained” types) based on the skeleton
dense structure and cement-stabilized macadam (CSM) aggregate gradation range recommended by
current specifications. The optimum water content of the CSM exhibited a linear increase with
gradation, whereas the maximum dry density exhibited a variation that can be described by a
quadratic curve, for which the peak maximum dry density was near the maximum dry density of the
Type B gradation. In the CSM structure, the skeleton void effect of the coarse-grained aggregate, the
filling effect of the fine-grained aggregate, and the cementation effect of the cement and aggregate
exhibited corresponding fluctuations. The ability to resist temperature shrinkage deformation was
reduced. Additionally, the optimum values of the compressive strength and compression rebound
modulus of the CSM plotted near the curve of the Type D gradation.

Keywords: CSM; aggregate gradation; skeleton dense structure; uniform interpolation; road
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1. Introduction

As a major semirigid base course material, cement-stabilized macadam (CSM) is widely applied
in pavement engineering, and its quality has considerably influenced the quality of the resulting road
structures. Therefore, research on the road performance of CSM has been of considerable interest [1-5].

Numerous studies have shown that the engineering performance of the cement base material,
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such as its strength, rigidity and shrinkage, is mainly influenced by specific material characteristics [6-10].
Aggregate is the main raw material and has a noticeable influence on the performance of
cement-based material. Although structural concrete and mortar are widely applied in engineering
construction, high-quality aggregate is required. In projects with demolition, superplasticizer can
greatly enhance the performance of mortars produced with construction and demolition waste
aggregate; in particular, the aggregate obtained from bricks can greatly improve the mechanical
strength of the composite [11]. In a study on the use of polyolefin waste aggregate (PWA) obtained
from recycled plastic material as the substitute for natural aggregate in the production of lightweight
aggregate concrete (LWAC), Colangelo et al. found that the performance of the concrete worsened
with the increase in the substitute material when different amounts of the natural aggregate were
replaced by the same amount of PWA; in addition, as the percentage of the recycled aggregate
increased, the compressive strength of the product was reduced when exposed to elevated
temperature up to 600 T [12].

CSM is a cement-based material. Although the type and fineness of the aggregate have a great
influence on the performance of CSM, the aggregate grade has received more attention than its other
properties, which can also significantly influence the road performance of CSM [2,13]. The
compressive strength and workability of the concrete can be greatly influenced by aggregate
gradation, and by changing aggregate gradation, the compressive strength of the concrete can be
increased by approximately 50% [14]. Fatmi et al. reported that the strengths of concrete prepared
with different mix design ratios and a combined gradation of prepared single-sized aggregates were
approximately 20% higher than those of concrete prepared with the same design mix and
combinations of aggregate gradation [15]. Jin and Zheng selected CSMs of five gradations for
compressive strength tests and comparisons, which they used to determine the optimum gradation
type [16]. The selection of an aggregate gradation is important for the design of concrete mixtures;
although some aggregate gradations can greatly improve the performance of concrete mixtures,
others may result in poor outcomes [17]. According to the aggregate gradation method, the Ministry
of Communications of PRC also classifies CSM into three categories, namely, those with a skeleton
dense structure (the void volume of the coarse aggregate is similar to the volume of the fine
aggregate after compaction), skeleton void structure (the void volume of the coarse aggregate is
larger than the volume of the fine aggregate after compaction) and skeleton suspension structure (the
void volume of the coarse aggregate is smaller than the volume of the fine aggregate after
compaction), based on the upper and lower limits of the sieve-passing rate for each aggregate particle
size [18]. Hu studied the strength properties and modulus characteristics through laboratory
experiments and found that different types of cement gravel structures had different properties and
that frame cement-stabilized aggregates exhibited excellent road performance [19]. Liu and Li
studied the unconfined compressive strength, splitting strength, and dry shrinkage of CSM specimens
with 16 aggregate grades using the orthogonal experimental design method and found that the
contents of coarse aggregate with a particle size larger than 13.2 mm and fine aggregate with a
particle size of 2.36 mm are directly related to the formation of the skeleton dense structure and are
the most influential factors [20]. Scholars have conducted indoor performance tests considering
different gradation types and different CSM mixtures to study the mechanical performance and
shrinkage performance of each mixture [5,21-23]. The results indicated that the unconfined
compressive strength and splitting strength of the midrange grade mixtures were the best, whereas
the dry shrinkage performance was the best for mixtures that included fine gradations.
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Coarse-grained mixes with high contents of fine grains exhibited better dry shrinkage performance;
however, the temperature shrinkage performance of these types of materials was worse than that of
open-grained mixes. Jiang, et al. performed tests on CSM of different gradation types and concluded
that CSM with a skeleton dense structure showed better crack resistance than those with skeleton
void or suspension structures [24].

Generally, previous studies have obtained useful results for various applications of CSM.
However, few studies have provided specific quantitative descriptions of the effect of gradation on
the CSM performance index variations and the associated mechanisms. Currently, CSM applications
in actual engineering typically employ skeleton dense structures, and the aggregate gradation design
of the material is generally based on the median of the recommended range (that is, following the
gradation median curve). However, in the construction control process, the actual gradation
constructed generally deviates from the designed median curve, and the strength and modulus and
other road performance indexes of the CSM material mixed in this manner deviate from the initially
designed values due to differences in many factors, including the aggregate source and mixing
machinery. Many engineering units are unable to reasonably quantify these deviations due to a lack
of equipment with which to perform actual measurements.

Based on the aforementioned issues, this study adopted the uniform interpolation method in the
aggregate gradation range to regularly obtain different gradations based on the skeleton dense
structure gradation recommended by the current specifications. We studied the effects of the
influential patterns and acting mechanisms of the aggregate gradations on the CSM road
performance via indoor experimental tests and obtained qualitative relationships between the CSM
gradations and geotechnical physical parameters, mechanical parameters, and shrinkage performance
indexes to facilitate assessments of CSM performance parameters based on the gradation type,
thereby providing a foundation for the application of CSM materials in engineering.

2. Materials and methods
2.1. Materials

The cement used in the experimentation was a commonly used silicate cement (Hanbang
“P 042.5”; Huaihai Cement Plant, Xuzhou, China). The main technical parameters are provided in
Table 1. The aggregate, produced in the Xuzhou area, was primarily composed of calcite,
accompanied by dolomite, magnesite and limestone, as well as a small proportion of impurities. The
material possesses excellent processability, polishability, and cementation, with a crushing value of
20.7% (according to the Ministry of Communications of PRC [25], the aggregate crushing value
should not exceed 22%).

Mathematical Biosciences and Engineering Volume 16, Issue 4, 2371-2390.
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Table 1. Comparisons of the technical parameters of the cement used in this study and
the standards.

Index Category
Standard Cement in this study

Loss on ignition (%) <5 4.7
Fineness sieving allowance (%) (80 pum square hole sieve) <10 9.1
Setting time (min)
Initial setting time >45 85
Final setting time <600 520
Unconfined compressive strength (MPa)
3d >16 20.5
28d >32.5 35.3
Rupture strength (MPa)
3d >3.5 3.9
28d >6.5 7.1

2.2. Mixture proportion design

The CSM mixture proportion design includes the determination of the respective proportions of
the basic raw materials (cement and macadam aggregate). It also includes the determination of the
gradation of the aggregate.

In this experiment, the cement content of the CSM was 4.0%, as is commonly used in
engineering practice [26,27], and the aggregate content was 96%, with a mass ratio of 4:96.

To better determine regularity and provide better theoretical support for engineering
applications, this study adopted the uniform interpolation method, i.e., 25%, 50%, and 75% intervals
between the upper- and lower-limit values of the passing rate at each particle size [18], to obtain
three intermediate gradation curves. The equation for interpolation is as follows:

Yii=Xij (Ei-Aj)+A; 1)

where i is the gradation type, including types B, C, and D; j is the mesh aperture (mm); Yj; is the
sieve-passing rate of the aggregate corresponding to the aperture j of the ith gradation type; Xj; is the
interpolation coefficient, where Xgj = 1/4, Xcj = 1/2, and Xp; = 3/4; and E; and A; are the passing rates
for aperture j corresponding to types A and E, respectively.

The three interpolation curves, as well as the upper- and lower-limit curves, present five
gradations, denoted as A—E from bottom to top, as shown in Figure 1. The results of the aggregate
particle sieving are provided in Table 2.

Mathematical Biosciences and Engineering Volume 16, Issue 4, 2371-2390.
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Figure 1. Uniform interpolation curve of aggregate gradation.

Table 2. Aggregate gradation.

. . Passing rate of various gradations (%)
Size of square mesh sieve (mm)

A B C D E
315 100.0 100.0 100.0 100.0 100.0
19 68.0 72,5 77.0 81.5 86.0
9.5 38.0 43.0 48.0 53.0 58.0
4.75 22.0 245 27.0 29.5 32.0
2.36 16.0 19.0 22.0 25.0 28.0
0.6 8.0 9.8 11.5 13.3 15.0
0.075 0.0 1.3 2.5 3.8 50

2.3. Test design

This experiment mainly tested the geotechnical physical parameters (maximum dry density and
optimum water content), mechanical parameters (unconfined compressive strength, splitting strength,
and compression rebound modulus) [25], and shrinkage performance parameters (dry shrinkage

coefficient and temperature shrinkage coefficient) of the CSM mixtures prepared according to the
above five gradation curves.

2.3.1. Optimum water content and maximum dry density

The optimum water content and maximum dry density were determined with reference to the
compaction test proposed by the Ministry of Communications of PRC [25]. Under a fixed cement
content of 4.0%, the CSM mixtures prepared with different gradations were analyzed via compaction
tests. According to practical experience, water contents of 3%, 4%, 5%, 6%, 7%, and 8% were
adopted. Specimens were formed using the 3-layer compaction method [25]. Specifically, the
material was hammered 94 times after each layer was loaded. After hammering, the surface was
leveled, and another layer of material was loaded. After the specimens were compacted, the water
content and dry density were measured and then plotted in the corresponding coordinate system.

Mathematical Biosciences and Engineering Volume 16, Issue 4, 2371-2390.
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Then, quadratic curve fitting was performed to derive the optimum water content and maximum dry
density [25].

2.3.2. Mechanical parameters

The specimens analyzed in the mechanical property test were normally cylindrical specimens
with a diameter of 150 mm and a height of 150 mm [25]. The unconfined compressive strength,
splitting strength, and compression rebound modulus of the mixture were tested for each type of
gradation curve.

Specimens were made in accordance with the standard stipulated by the Ministry of
Communications of PRC (T0843-2009) (Figure 2) [25]. The cement and the aggregate were added
into a basin according to a mass ratio of 4:96.
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Figure 2. Procedures of specimen fabrication for the mechanical performance tests: a:
material mixing; b: sizes of the mold and the block (unit, mm); c: mold and block
equipment; d: material loading; e: static pressing; f: demolding; g: formed specimen; h:
specimen curing.

After the specimens were molded, the specimens used for the unconfined compressive strength
test were cured for 7 days, whereas the specimens used to test the splitting strength and compression
rebound modulus were cured for 90 days.

The unconfined compressive strength test and the splitting strength test were performed in
accordance with the standards stipulated by the Ministry of Communications of PRC (ltems
T0805-1994 and T0806-1994, respectively) [25]. Briefly, a press with an appropriate measuring
range was selected (the specimen failure load should be within 20-80% of the range), and the
loading rate was controlled to be 1 mm/min. The specimen was submerged in water for 1 day before
the experiment. The specimen was applied onto the press, and the maximum pressure P (N) was
recorded at the time that failure occurred. For the parallel specimens in the same group, outliers were

Mathematical Biosciences and Engineering Volume 16, Issue 4, 2371-2390.
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removed using the three times mean square deviation method: Only 2-3 outliers were allowed;
otherwise, the experiment should be reperformed. The coefficient of variation among specimens in
the same group should be <15%. Otherwise, more specimens should be added.

The compression rebound modulus test was performed in accordance with Item T0808-1994
from the Ministry of Communications of PRC [25]. A displacement transducer-attached press with
an appropriate measuring range was selected. The loading rate was controlled to be 1 mm/min. The
actual loaded maximum unit pressure was slightly greater than the selected value on the loading plate
(0.5-0.7 MPa). The specimen was submerged in water for 1 d before the test. Precompression was
performed, during which half of the maximum load to be applied was loaded and unloaded (twice).
The preset unit pressure was divided into five equal levels, which were used as the pressure values
for each loading time. The first level of pressure was applied and stabilized for 1 min, and then
unloading was performed to allow the specimen to rebound from elastic deformation. After 0.5 min,
the next level of pressure was applied. The transducer calculated the first rebound deformation under
each load level based on the displacement data. A p-1 curve was plotted, and the false deformation
was corrected. For parallel specimens in the same group, outliers were removed using the three times
mean square deviation method. The coefficient of variation among specimens in the same group was
<15%.

The mechanical property tests are shown in Figure 3.

Figure 3. Mechanical property tests: a: unconfined compressive strength test; b: splitting
strength test; c: compression rebound modulus test.

The mechanical parameters were calculated according to Eqs 24 [25].

R.=0.00005659>10°-P (2)
Ri=0.004178x10+P/h (3)
Ec=ph/I 4

where R is the unconfined compressive strength (MPa) of the specimen, R; is the splitting strength
(MPa), P is the maximum pressure (N) when the specimen breaks, h is the height (mm) of the
specimen when it is fully saturated with water, E. is the compression rebound modulus (MPa), p is
the unit pressure (MPa), and | is the rebound deformation.

Mathematical Biosciences and Engineering Volume 16, Issue 4, 2371-2390.
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2.3.3. Shrinkage performance parameters

According to the CSM shrinkage test method [25], beam specimens with dimensions of 400 x
100 %100 mm? (length, width, and height, respectively) were adopted for the test. The dry shrinkage
coefficient and temperature shrinkage coefficient were determined for the shrinkage test. Six parallel
specimens were used in the dry shrinkage test, whereas three parallel specimens were used for the
temperature shrinkage test. The test specimens were molded via the static pressure method (Figure 4) [25],
with a compaction degree of 98%.

Figure 4. Specimen fabrication for the shrinkage performance tests: a: size of the mold,;
b: real object of the mold; c: material loading; d: compaction; E: demolding.

After the specimens were molded, they were placed in a room with a constant temperature of
(20 x£2) <C for 7 days of curing. Then, the dry shrinkage test was performed. First, the height and
weight of the specimens were measured as the initial values. Three parallel specimens were placed
on the retractometer, as shown in Figure 5. Then, in a dry state after natural water loss, the mass of
the other three specimens was measured once at a designated time each day. The water loss rate was
calculated and recorded, and the readings on the dial index of the retractometer were simultaneously
recorded. When there was no change in the mean reading over 3 days, the data collection was
stopped, and the dry shrinkage test was completed.

Beam specimen
Dial index

A Glass rod

Figure 5. Dry shrinkage test of the beam specimens: a: layout plan; b: test pattern.

Mathematical Biosciences and Engineering Volume 16, Issue 4, 2371-2390.
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W, = (mi — My, )/mp (5)
4 4
0; = [zxi,j - zxiﬂ,j]/z
= = (6)
g =96/l )
Oy =& /W (8)

0 :Zsi /ZWi ©)

where w, is the water loss rate of the ith specimen (%) and 9, is the observed shrinkage amount

for the ith specimen. First, the values of the two dial indexes at each end were averaged. Then, the

mean values (mm) at the two ends were summed. ¢, is the ith dry shrinkage strain (%), o is the
ith dry shrinkage coefficient (%), m, is the mass (g) of the standard specimen measured at the ith
time, X,; is the jth reading (mm) on the dial index for the ith testing, I is the length (mm) of the

standard specimen, and m_ is the mass (g) of the standard specimen after it was dried in a stove.

After the specimens were molded, they were cured to an experimental age of 7 days in a
constant-temperature room. Then, the temperature shrinkage test began. The specimens were dried in
a high-temperature drying control oven to a constant weight, and their heights were measured. The
temperature variation was controlled in the range of 40 <C to 0 <C, as shown in Figure 6. First, the
temperature was held at 40 <C for 4 hours. The initial readings on the dial index were recorded. Next,
the temperature was lowered to 0 <C, and the specimens were stabilized for another 4 hours. The
readings on the dial index were recorded again; these readings were used as the final values. The
temperature shrinkage test thus was complete.

The temperature performance parameters were calculated according to Egs 10 and 11 [25].

e=(l,—-1)/L (10)
o, =&/(t, —t;) (11)

where ¢ is the average shrinkage strain (um/m) in the temperature variation interval and |, is the

shrinkage amount at the initial stable high temperature (40 <C). The values on the two dial indexes at
each end of the beam specimen were averaged. Then, the mean values (mm) at the two ends were

Mathematical Biosciences and Engineering Volume 16, Issue 4, 2371-2390.
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summed. |, is the shrinkage amount (mm) at the final stable low temperature (0 <C), L, is the

length (mm) of the specimen corresponding to the constant weight of the specimen dried in the oven,

a, Is the mean shrinkage coefficient (%/<C) in the temperature variation interval, t, is the initial

stable high temperature (40 <C), and t, is the shrinkage amount at the final stable low temperature

(0 <T).

Figure 6. Temperature shrinkage test.
3. Results
3.1. Effects of aggregate gradation on the optimum water content and maximum dry density
The water content-dry density curves of the mixtures of various gradations are shown in Figure
7. Additionally, the maximum dry density and optimum water content are summarized in Table 3,
and the variation curves of the maximum dry density and optimum water content are shown in Figure

8.

Table 3. Maximum dry density and optimum water content.

Aggregate gradations Optimum water content (%) Maximum dry density (Mg/m®)
A 4.7 2.380
B 4.8 2.399
C 5.1 2.397
D 5.2 2.389
E 5.4 2.374

Mathematical Biosciences and Engineering Volume 16, Issue 4, 2371-2390.
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Figure 7. Water content-dry density curves for different gradations: a: Type A; b: Type B;
c: Type C; d: Type D; e: Type E.
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Figure 8. Changes in the optimum water content and optimum dry density according to
gradation type: a: optimum water content; b: optimum dry density.
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As shown in Figure 8, the optimum water content of CSM tends to increase from Type A to
Type E, whereas the maximum dry density tends to initially increase and then decrease. In the
gradation range recommended by the current specifications, the gradation variation based on uniform
interpolation from A to E represents the overall variation from “coarse-grained” aggregate to
“fine-grained” aggregate. A particle size of 4.75 mm is normally regarded as the boundary between
coarse-grained and fine-grained aggregates [28,29]. Type A is coarse-grained: its coarse-grained
aggregate has a high content (with a sieve-passing rate of 22% at 4.75 mm) and its fine-grained
aggregate has a low content. Toward Type E, the aggregate becomes fine-grained: its coarse-grained
aggregate has a low content (with a sieve-passing rate of 32% at 4.75 mm) and its fine-grained
aggregate has a high content. The trend of the optimum water content in Figure 8A shows that the
total surface area of the coarse-grained aggregate is rather small; therefore, less water is adsorbed
compared to that observed for the fine-grained aggregate. The incremental variation exhibits a
relatively linear trend. If the average passing rate of all particle sizes is regarded as the characteristic
variable of the gradation (recorded as P), then the relation between the optimum water content wo
and aggregate gradations can be quantified as wo = 0.033 <P + 2.43 (R®= 0.98). The optimum water
content is closely related to the gradation, which is consistent with the conclusion reported by Liu
and Li [20]. However, the results of a previous study suggest that the optimum water content tends to
initially decrease and then increase as the aggregate changes from coarse-grained to fine-grained [20].
The optimum water content for the same part of the gradation range displays a decreasing tendency,
and the part beyond the gradation range displays an increasing tendency. The main reason for this
difference in the results is that the gradation range selected in the previous study was wider than that
considered in the current study, and the previous selection method also differs from that used in the
current study. In addition, the correlation between the optimum water content and aggregate
gradations was not clearly quantified in the previous study [20]. Figure 8B indicates that the
maximum dry density of the mixture will peak as the gradation shifts from A to E. The dry density
before this peak is mainly affected by the porosity following mixture compaction. The porosity is
calculated via Eqs 12 and 13 [26].

VCA., :(a-|-b),o1 ><1OO/(lOO+b)/,O2 (12)

\AY :VCA\AIX _VCAbM (13)

where p; is the maximum dry density (g/cm®) of the material, p, is the dry density (g/cm®) of the

cement mortar, VCAwx is the porosity (%) of the coarse aggregate in the material, VCAcwm Is the
volume ratio (%) of the cement mortar in the material, VV is the material porosity (%), a is the mass
percentage (%) of fine aggregate in the gradation, and b is the amount (%) of cement used.

When Type A was used, although it was still within the gradation range of the skeleton dense
structure, the content of coarse-grained aggregate was high; therefore, the skeleton porosity VCAwx
was comparatively high. The lower content of fine-grained aggregate could not fill the skeleton voids,
leading to a higher total porosity VV (5.8%) for the mixture. Therefore, the dry density was
comparatively low. When Type B was adopted, the content of coarse-grained aggregate decreased,
the skeleton porosity VCAwx decreased, and the increased amount of fine aggregate further filled the
skeleton voids, leading to a relatively low porosity VV (4.6%). Therefore, the dry density increased.

Mathematical Biosciences and Engineering Volume 16, Issue 4, 2371-2390.
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However, after the peak dry density was reached, the maximum dry density decreased, with the
aggregate tending to be finer, mainly due to the apparent density of the aggregate for the given
particle sizes. The apparent densities of the aggregates of different particle sizes are shown in Table
4,

Table 4. Apparent density of the aggregates.

Size (mm) >315 19-315 9519 47595 236475 0.6-2.36 0.075-0.6 <0.075
Apparent density (Mg/m®) 2720 2712 2.715  2.682 2.661 2.652 2650 2520

Table 4 shows that the apparent densities of the coarse-grained aggregate (above 4.75 mm) are
generally higher than those of aggregates with particle sizes below 4.75 mm, which is consistent with
the conclusions reported in the literature [30-33]. Therefore, when the gradation changed from Type
B to Type E, the content of fine-grained aggregate with a low apparent density increased by 33.3%
(from 24.0% for Type B to 32.0% for Type E), whereas the porosity VV of the mixture did not exhibit
an apparent variation (decreasing from 4.6% for Type B to 4.3% for Type E). However, the
maximum dry density continuously decreased. The correlation between the maximum dry density
pmax and aggregate gradations can be quantified as pmax = —0.00020 < P2 + 0.028 <P + 1.32 (R?=
0.95). The above analysis indicates that the maximum dry density is not the median of the range
recommended by the specifications; instead, it is less than this value (similar to that of Type B).

3.2. Effect of the aggregate gradation on the mechanical properties
3.2.1. Strength

The test results regarding the CSM strength are summarized in Table 5, and the relations
between the CSM strength and gradation type are shown in Figure 9.

Figure 9 shows that when the aggregate gradation changes from Type A to Type E, the
unconfined compressive strength of the CSM initially increases rapidly, subsequently increases
gradually, and finally decreases. In contrast, the splitting strength exhibits a continuously increasing
trend. The strength of the CSM mainly originates from three components: the interlocking effect of
the coarse aggregate skeleton, the void effect of the fine aggregate filling the coarse aggregate
skeleton, and the cementation effect of the cement and aggregate. The first component plays a major
role in the unconfined compressive strength. A better interlocking effect of the skeleton suggests a
more dense and stable interlocking between particles and thus a higher unconfined compressive
strength of the whole skeleton [5,21]. The splitting strength represents the indirect tensile strength of
the material; therefore, the third component plays a dominant role because a stronger cohesiveness of
the cement between particles suggests a more favorable tensile strength of the material (stirred
uniformity also contributes to the cohesiveness of the cement) [21]. The second component is an
auxiliary effect of the unconfined compressive strength and splitting strength. Specifically, better
compaction magnifies the other two effects [5,21,22].

Mathematical Biosciences and Engineering Volume 16, Issue 4, 2371-2390.
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Figure 9. Relations between the CSM strength and gradation type: a: unconfined
compressive strength at 7 days; b: splitting strength at 90 days.

Table 5. Material strength.

Aggregate Compressive strength at 7 days Splitting strength at 90 days
gradations Variable . Variable .
Mean  Standard . Representative  Mean  Standard . Representative
L. coefficient . coefficient
(MPa) deviation value (MPa)  (MPa) deviation value (MPa)
(%) (%)
A 4.44 0.66 14.78 3.36 0.80 0.08 9.57 0.67
B 472 0.46 9.64 3.97 0.77 0.03 4.32 0.71
C 5.43 0.45 8.33 4.69 0.91 0.07 7.85 0.80
D 5.67 0.54 9.46 4.79 0.97 0.08 8.10 0.84
E 5.34 0.37 6.93 473 0.94 0.03 2.76 0.89

Representative values are calculated based on a 95% confidence level. Representative value = mean — 1.645 x standard
deviation.

Figure 9A indicates that when the coarse gradation Type A is used, the coarse aggregate content
is relatively high, and an interlocked skeletal structure is formed. However, the filling effect of the
fine aggregate is weak; therefore, the strength is low. When types B and C are adopted, the filling
effect of the fine aggregate is considerable as a result of the interlocked skeletal structure. Therefore,
the unconfined compressive strength is high (the compressive strength of Type C is nearly 40%
higher than that of Type A (Table 5)). However, as the gradation becomes finer, the compressive
strength increases, although to a smaller extent, indicating that, at this point, the interlocked skeleton
effect is reduced due to further reductions in the coarse aggregate. However, in terms of increasing
the compressive strength, the overall effect is weakened (the unconfined compressive strength of
Type D is only 3% greater than that of Type C). The compressive strength of Type D is the maximum
of all gradations tested, with the unconfined compressive strength of Type E being lower, indicating
that the interlocking effect of the coarse aggregate skeleton decreases in magnitude as the gradation
becomes finer. Although the fine aggregate filling effect increases in magnitude as the gradation
becomes finer, the significance of the effect is relatively small, resulting in a declining unconfined
compressive strength of the material. The correlation between the unconfined compressive strength
R. and aggregate gradations can be quantified as R. = —0.0046 =< P2 + 0.80 <P — 30.00 (R*= 0.98),
and the correlation is high. Figure 9B shows that as the gradation changes from Type A to Type E and
the fine aggregate content increases, the porosity of CSM decreases, the compaction increases, and
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the cementation effect of the cement and aggregate becomes stronger. Therefore, the splitting
strength is continuously enhanced, and the relationship between the splitting strength R; and
aggregate gradation can be quantified as Rj= 0.010 <P + 0.045 (R?= 0.98), with a good correlation
observed. The splitting strength of cement-based materials is directly correlated with their flexural
tensile strength [34]; thus, the tendency of the flexural tensile strength index can provide a valuable
reference for that of the splitting strength. Liu and Li used skeleton dense gradations (Z, Y, and X)
and dense suspension gradations (W, V, and U) to investigate the effect of the aggregate gradation on
flexural tensile strength (Figure 10) [20]. They found that the flexural tensile strength increased from
gradation Z to gradation X but began to decrease from gradation W (Figure 10). Based on this
finding, it is reasonably presumed that if the upper gradation limit in this study is exceeded to form
dense suspension gradations [18], the fine aggregate content will continue to increase until the
mixture reaches a dense suspension state. However, at this point, material compaction increases, and
for a given cement content, the increase in aggregate will lead to an excessive increase in the specific
surface area, resulting in a weakening of the cementation effect of the cement and aggregate and a
post-peak decrease in the splitting strength.

07 r
Mean ® Representative (95%)

Flexural-tenslie strength (MPa)

U V W X Y Z
Gradation

Figure 10. Anti-bending strength of the various gradations at 7 days [20].
3.2.2. Compression rebound modulus
The measurement results of the CSM compression rebound modulus are summarized in Table 6,
and the correlation between the CSM compression rebound modulus and gradation is shown in

Figure 11.

Table 6. Compression rebound modulus of the material.

Aggregate gradation Mean Standard Variable coefficient Representative value
method (MPa) deviation (%) (MPa)
A 1134 103 9.06 965
B 1173 30 2.59 1123
C 1416 96 6.77 1258
D 1409 75 5.3 1286
E 1232 48 3.87 1153

The representative value is calculated with a 95% confidence level. Representative value = mean — 1.645 x standard
deviation.
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Figure 11. Correlation between the CSM compression rebound modulus and gradation.

Figure 11 shows that the compression rebound modulus of CSM initially increases but
subsequently decreases as the aggregate gradation changes from Type A to Type E. The correlation
between the compression rebound modulus E; and aggregate gradations can be quantified as E. =
-1.63 x P2 + 269.72 x P — 9877.90 (R?= 0.97), and the basic trend is similar to that of the
unconfined compressive strength. The compression rebound modulus and porosity of the CSM
material and the skeleton composition state of the aggregate are closely related. As the gradation
changes from Type A to Type E, the increase in fine aggregates in the skeleton dense structure causes
the material to become more compact and the porosity to decrease, while slightly increasing the
compression rebound modulus. Then, as the amount of fine aggregate further increases, the skeleton
dense structure is transformed into a suspension structure, and the anti-deformation ability of the
material is slightly weakened. Therefore, the compression rebound modulus again exhibits a
decreasing trend. The peak value of the compression rebound modulus of CSM is observed for the
Type D gradation.

3.3. Effect of the aggregate gradations on the shrinkage performance

The shrinkage test results for the CSM are summarized in Table 7, and the correlation curve
between the shrinkage coefficient and the gradations is shown in Figure 12.

Table 7. Material shrinkage coefficient.

Aggregate Water loss  Dry shrinkage Dry shrinkage Temperature Temperature shrinkage
gradation method rate (%) strain (%) coefficient (%) shrinkage strain (%) coefficient (%)
A 2.36 0.00977 0.414 0.0168 0.0000558
B 2.28 0.00768 0.337 0.0187 0.0000623
C 2.60 0.01058 0.407 0.0235 0.0000784
D 2.75 0.01770 0.644 0.0266 0.0000885
E 2.82 0.03345 1.185 0.0345 0.0000115
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Figure 12. Correlation between the shrinkage coefficient and gradations: a: dry
shrinkage coefficient (10~*); b: temperature shrinkage coefficient (10~ %/<C).

Figure 12 shows that the shrinkage coefficient gradually increases as the gradation changes
from Type A to Type E. However, the dry shrinkage coefficient rapidly increases (the dry shrinkage
coefficient of Type E nearly doubles compared to that of Type A). The correlation between the dry
shrinkage coefficient and the gradations can be captured by the quadratic curve ag= 0.33 < P2 —
49.65 x P + 1882.70 (R*= 0.99) and exhibits an increasing trend with a good correlation. The
temperature shrinkage coefficient steadily increases and exhibits a linearly increasing trend with a
high correlation: a,= 0.26 xP — 12.93 (R*= 0.95).

Dry shrinkage is mainly caused by the material water loss and carbonization common to
cement-based materials [35,36]. These processes both occur prior to the closure of the base structure
and are concurrent. Additionally, they lead to the dry shrinkage and cracking of CSM, especially
under heavy traffic conditions. Figure 8A shows that the optimum water content of the fine-grained
aggregate is higher than that of the coarse-grained aggregate. The water loss rate of the fine-grained
CSM is also high; therefore, the dry shrinkage coefficient gradually increases as the gradation
changes from coarse to fine. Temperature shrinkage is caused by changes in temperature. Figure 12B
shows that a finer gradation (i.e., a high proportion of fine aggregate) causes the CSM to be more
prone to temperature shrinkage deformation, which also confirms the main principles and
requirements in classifying the CSM structure type reported by the Ministry of Communications of
PRC [18].

4. Conclusion

In this study, five gradations (A—E) were obtained by the uniform interpolation method based on
the skeleton dense structure CSM and aggregate gradation range recommended by the current
specifications. The main findings were as follows.

(1) Aggregate gradation has a noticeable influence on the performance of CSM roads, and the
relation between them can be quantified.

(2) As the aggregate gradation shifts from Type A to Type E, the optimum water content, splitting
strength, dry shrinkage coefficient and temperature shrinkage coefficient of the CSM increase,
whereas the maximum dry density, compressive strength and compression rebound modulus
show an increase followed by a gradual decrease.
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(3) With the increase in the proportion of fine aggregate as the gradation shifts from Type A to Type
E, the anti-temperature shrinkage deformation ability of the CSM is gradually weakened. The
maximum density is not the median of the range recommended by the current specifications
(that of gradation C) but instead occurs below the median value (similar to that of gradation B).
Compared with the current literature, this study conducted a comprehensive investigation of the

correlation between gradation type and the associated performance parameters. Furthermore, the

parameters in this study were relatively inclusive. In actual engineering, the optimum gradation
cannot be achieved in most cases. The correlations obtained in this study can be used to assess the

CSM performance parameters used for actual gradation. In addition, the optimum values of the

unconfined compressive strength and compression rebound modulus of CSM were observed for the

Type D gradation. If the shrinkage coefficient of the material is decreased, a low fine aggregate

content is preferred. The aggregate gradation design in actual engineering should be based on the

specific requirements for CSM performance.

This study was conducted based on CSM with a skeleton dense structure and thus failed to
cover other gradation types, i.e., skeleton void structure and skeleton suspension structure. To
improve the completeness of the current findings, studies on these gradation types remain to be
carried out in the future.
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