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To evaluate the effectiveness of construction schemes for cement-stabilized macadam bases, this 
study focuses on the impact of construction vehicle loads on the base’s mechanical response. First, 
the physical properties of raw materials and the early-age mechanical parameters of the mixture were 
obtained through laboratory tests. Subsequently, an orthogonal experimental design was adopted, 
and KENPAVE software was used to calculate the maximum tensile stress at the bottom of the base 
under various construction loads. Range analysis was conducted to clarify the degree of influence 
of factors such as pavement structure thickness, material modulus, and construction scheme on 
tensile stress. The study ultimately identified a structural combination with optimal bearing capacity 
and revealed stress variation patterns under different loads. The results indicate that a continuous 
construction scheme is superior to an intermittent scheme in controlling early-age tensile stress in the 
base, which is more beneficial for ensuring long-term pavement performance.
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With the rapid development of global infrastructure, constructing pavement systems with high load-bearing 
capacity and durability has become a primary focus in modern transportation networks. Cement-stabilized 
macadam bases, known for their low cost, high early strength, and excellent stability, are extensively utilized 
in pavement base construction and play a pivotal role in ensuring the load-bearing capacity and long-term 
performance of asphalt pavements1,2. However, in recent years, the bases have encountered challenges due to 
increasing traffic volumes and axle loads during their service life. Such challenges significantly affect the stress 
distribution and deformation resistance of the entire pavement system, accelerating structural deterioration, 
diminishing load-bearing capacity, and ultimately reducing pavement service life. Ensuring high construction 
quality for cement-stabilized macadam bases is crucial for enhancing the load-bearing capacity of pavement 
structure3–5. Moreover, the rationality of construction schemes for these bases directly influences construction 
quality, underscoring the necessity of determining reasonable construction schemes6,7.

In highway design, the thickness of cement-stabilized macadam bases is typically designed to exceed 30 cm. 
During construction, it is usually paved and compacted in two layers, each no thicker than 20 cm8. According 
to the current “Technical Specifications for Construction of Highway Pavement Bases”9, cement-stabilized 
macadam bases can be constructed using either layered discontinuous construction or layered continuous 
construction. The former represents a traditional method, while the latter is a relatively new approach inspired 
by the continuous paving techniques used for asphalt surfaces. Both methods have distinct advantages and 
disadvantages. For the relatively new layered continuous construction method, Ding et al.10 conducted laboratory 
interlayer bonding tests, on-site smoothness tests, and compaction tests to verify the interlayer bonding state 
during continuous paving. They proposed smoothness control standards, compaction procedures, and the 
optimal interval time for double-layer continuous paving, providing a theoretical basis for addressing quality 
control issues in such paving. Jun et al.11 analyzed the effects of layering time intervals, interlayer contamination, 
and compaction energy on the compressive and interlayer shear strength of cement-stabilized macadam. Wang 
et al.12 optimized the selection of construction machinery for thick cement-stabilized macadam bases under 
layered continuous paving, developed rational paving and compaction procedures, and evaluated the economic 
benefits of this technique. Fang et al.13 investigated the plastic deformation patterns of subbases under thick 
continuous paving and proposed smoothness control standards for the construction of thick bases using this 
approach. Ping et al.14 introduced quality control technologies for double-layer continuous paving, analyzed 
the construction characteristics, and developed relevant quality control strategies. Yang, Qiao and Huang15–17 
analyzed the double-layer continuous paving construction process of cement-stabilized macadam base. They 
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focused on elaborating the construction techniques of double-layer continuous paving, developed a construction 
network diagram for the process, and successfully applied it in on-site construction.

To date, numerous scholars have conducted comparative studies on the two construction methods. Zhang 
et al.18 compared the mechanical properties of base mixtures laid using continuous and discontinuous paving 
methods. Their findings indicate that, under identical curing times and test temperatures, continuous paving 
significantly enhances the mechanical properties of the base, particularly in terms of shear and flexural strength. 
Li et al.19 analyzed the impact of vehicular loads on the stress characteristics of pavement structures during 
the formation of overall structural strength under varying curing temperatures, comparing the layered and 
continuous paving methods. Their research provides a foundation for selecting appropriate base construction 
methods under different curing conditions. Qing et al.20 performed an economic analysis of maintenance costs 
by integrating traditional layered paving techniques with the layered continuous paving method for constructing 
cement-stabilized macadam bases. They estimated the costs of preventive maintenance and damage treatment 
at various stages, concluding that the layered continuous paving technique reduces maintenance costs during 
the maintenance phase. At present, research on the rationality of construction schemes for cement-stabilized 
macadam bases mainly focuses on construction processes and smoothness control, as well as the analysis of 
pavement performance and economic benefits after construction. Limited research has been conducted on 
the impact of vehicular loads during construction on the mechanical response of the base, with most studies 
concentrating on the effect of single factors on the mechanical response. For instance, Ma21 calculated the tensile 
stress at the bottom of cement-stabilized macadam layers caused by vehicular loads at different curing ages. In 
addition, a single-variable method was used to systematically analyze the effects of pavement structural layer 
thickness, material compressive resilient modulus, vehicular load, and construction schemes on the maximum 
tensile stress at the layer bottom. However, the influence of multiple factors on the maximum tensile stress at the 
layer bottom has not been adequately analyzed.

To determine an optimal construction scheme, this study investigates the impact of construction vehicle 
loads on the maximum tensile stress at the bottom of cement-stabilized macadam bases. The early-age 
mechanical properties of the materials were first obtained through laboratory testing and used as inputs for an 
orthogonal experimental design. The KENPAVE software was then employed to calculate the tensile stress under 
various conditions. Range analysis was conducted to quantify the influence of key factors, including pavement 
layer thickness, material modulus, and construction scheme. Finally, the calculated tensile stress was compared 
against the material’s splitting tensile strength to assess the risk of flexural-tensile failure, thereby identifying the 
most effective construction method and structural design.

Materials and methods
To ensure that the cement-stabilized macadam meets the specifications and to obtain the material parameters 
required by the software, the physicochemical properties of the selected raw materials and the mechanical 
properties of the cement-stabilized macadam are tested.

Materials
The materials used in the tests included cement, fly ash, and aggregate. In this study, ordinary 325# slag silicate 
cement was selected, and its performance indexes are shown in Table 1. The measured chemical composition 
of the selected fly ash is presented in Table 2. The technical indicators of the selected aggregates are provided in 
Tables 3 and 4.

The strength and deformation characteristics of cement-stabilized granules are closely related to their 
material composition. In asphalt pavement, the base is subjected to significant load pressure. “Specifications 

Test index Actual results Technical requirement

Fineness

SiO2 + Al2O3 + Fe2O3 (%) 74.4  ≥ 70

Loss on ignition (%) 5.5  ≤ 20

Surface Area (cm2/g) 2668  ≥ 2500

Rate of water content (%) 12.64  ≤ 35

0.3 mm pass rate (%) 99.1  ≥ 90

0.075 mm pass rate (%) 78.5  ≥ 75

Note Fulfillment of usage requirements

Table 2.  Test results of chemical composition of fly ash.

 

Index
Initial setting 
time (h)

Final setting 
time (h)

Soundness 
(boiling method) Fineness (%)

Water consumption 
when reaching standard 
consistency (%)

Flexural 
strength 
(MPa)

Compression 
strength 
(MPa)

3 d 28 d 3 d 28 d

Results 3 h 4 h Qualified 5 26.5 4.9 7.7

Table 1.  Cement performance index.
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for Design of Highway Asphalt Pavement”22 stipulates that: when used on expressways and first-class highways, 
the cement-stabilized granule base must achieve a seven-day compressive strength of 3.0–5.0 MPa. To attain 
such high early strength, the particle composition must meet specific grading requirements and fully utilize the 
skeleton role of the particles. Based on this, the grading of water-stabilized gravel is shown in Table 5, and its 
grading curve is presented in Fig. 1.

While the strength of cement-stabilized granules is roughly proportional to the cement dosage, higher 
dosages present a trade-off. The increased stiffness resulting from cement hydration makes the material highly 
susceptible to dry shrinkage cracking. Established research indicates that a cement dosage between 4 and 6% 
minimizes shrinkage, whereas dosages exceeding 7% can cause significant cracking. Based on these findings, 
this study selected cement dosages of 4%, 5%, and 6% for the experiments, denoted as CM-4, CM-5, and CM-6 
respectively.

In accordance with the requirements specified in “Test Methods for Inorganic Binder Stabilized Materials in 
Highway Engineering”23 and “Technical Specifications for Construction of Highway Pavement Base Courses”24, 
cylindrical specimens with a uniform diameter and height of 50 mm were prepared in this study. The compaction 
degree was controlled at 98%, which refers to the standard requirement of 98% for cement-stabilized base courses 
of expressways and first-class highways. Thirteen specimens were prepared for each group, all specimens were 
cured under standard conditions for 7 days, 14 days, and 28 days respectively, and subjected to water saturation 
soaking treatment on the last day of curing. The entire process of specimen preparation and curing is illustrated 
in Fig. 2.

Fig. 1.  Cement stabilized macadam grading curve.

 

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

Synthetic grade (%) 100 95 75.5 48.17 27.1 18.13 5.99 0

Median value (%) 100 97 77 48 27 22 11.5 1.5

Upper limit of grading range (%) 100 100 86 58 32 28 15 3

Lower limit of grading range (%) 100 94 68 38 22 16 8 0

Table 5.  Synthetic grading of cement stabilized macadam.

 

Norm (mm) 31.5–19 19–9.5 9.5–4.75 4.75–2.36

Blind spot (g/cm3) 2.695 2.6 2.573 2.604

Table 4.  Apparent density of aggregates of different grain sizes.

 

Apparent density (kg/m3) Bulk density (kg/m3) Close-packing density (kg/m3) Crushing value (%) Needle leaf content (%) Mud content (%)

2710 1485 1745 15.7 8.9 0.3

Table 3.  Coarse aggregate specifications.
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The pavement performance of cement-stabilized macadam
Upon completion of curing, the specimens were taken out, and their unconfined compressive strength, splitting 
strength, and compressive resilient modulus were determined in accordance with the relevant provisions of the 
“Test Methods for Inorganic Binder Stabilized Materials in Highway Engineering”25 using the corresponding 
specific test methods. Specifically, the unconfined compressive strength test was conducted following the “Test 
Method for Unconfined Compressive Strength of Inorganic Binder Stabilized Materials” (T 0805-2024); the 
splitting strength test adhered to the “Test Method for Splitting Strength of Inorganic Binder Stabilized Materials” 
(T 0806-1994); and the compressive resilient modulus test (Top Surface Method) was performed in accordance 
with the “Test Method for Laboratory Compressive Resilient Modulus of Inorganic Binder Stabilized Materials” 
(T 0808-1994).All tests were conducted using 50 mm × 50 mm cylindrical specimens, all mechanical tests were 
conducted on a WAW-300 hydraulic servo universal testing machine equipped with a corresponding control 
system, with the specific test protocol as follows: (1) Unconfined compressive strength test: The measurement 
accuracy of unconfined compressive strength is ± 1%, and the loading rate was maintained at 1mm/min; (2) 
Splitting strength test: The measurement accuracy of Splitting strength is ± 1%. During the test, the deformation 
of the specimens was increased at a constant rate, and the loading rate was kept at 1mm/min; (3) Compressive 
resilient modulus (Top Surface Method): A preloading force of 0.3p (where p is the unconfined compressive 
strength of the specimen) was applied to the specimens and maintained for 30 s. Subsequently, the predetermined 
unit pressure was divided into 5 equal increments, and loading was conducted from low pressure to high 
pressure. The displacement readings of the indenter were recorded both before and after each loading cycle, and 
this operation was repeated until the resilient deformation recording for the final unit pressure increment was 
completed. The test instruments and procedures for the three tests are presented in Fig. 3.

Analysis of test results
The curves showing the changes in unconfined compressive strength, splitting strength, and compressive resilient 
modulus of cement-stabilized macadam under different cement dosages and curing ages are presented in Fig. 4.

As can be seen from Fig. 4, the unconfined compressive strength, splitting strength, and compressive resilient 
modulus of cement-stabilized macadam show similar variation trends with cement dosage and curing age—all 
increasing as cement dosage rises and curing age extends. Additionally, across all groups and different cement 
dosages, the strength and modulus grow rapidly in the early stage (7 d–14 d), while the growth trend slows down 
in the later stage (14 d- 28 d). By day 28, the changes in various mechanical property indicators basically tend to 
stabilize26–28. To explore the stability and uniformity of its mechanical property development, further analysis 
was conducted on the test results in Tables 6, 7, and 8, the representative value refers to the characteristic value 
that can represent the mechanical properties of this group of cement-stabilized macadam under the condition 
of a 95% guarantee rate.

As can be seen from Tables 6, 7, and 8, the representative value range of unconfined compressive strength is 
approximately 5.0–7.5 MPa, that of splitting strength is about 0.15–0.6 MPa, and that of compressive resilient 

Fig. 3.  WAW-300 hydraulic servo universal testing machine and control system.

 

Fig. 2.  Curing procedure before testing.
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Cement dosage Curing age (d) Average value (Rc) (MPa) Standard deviation(S) (MPa) Variation coefficient (Cv) (MPa) Representative value (Rc0.95) (MPa)

CM-4

7 d 2079 351 0.169 1502

14 d 3140 687 0.219 2010

28 d 2698 181 0.067 2400

CM-5

7 d 2193 102 0.047 2025

14 d 3336 549 0.165 2430

28 d 3455 420 0.122 2760

CM-6

7 d 2458 234 0.095 2072

14 d 3263 160 0.049 3000

28 d 3994 230 0.050 3498

Table 8.  Results of indoor compressive resilient modulus tests on cement-stabilized macadam.

 

Cement dosage Curing age (d) Average value (Rc) (MPa) Standard deviation(S) (MPa) Variation coefficient (Cv) (MPa) Representative value (Rc0.95) (MPa)

CM-4

7 0.21 0.03 0.14 0.16

14 0.37 0.04 0.11 0.30

28 0.41 0.06 0.20 0.31

CM-5

7 0.34 0.04 0.12 0.27

14 0.44 0.03 0.07 0.39

28 0.57 0.07 0.12 0.45

CM-6

7 0.43 0.05 0.12 0.35

14 0.61 0.08 0.13 0.48

28 0.72 0.08 0.11 0.59

Table 7.  Cement-stabilized macadam with splitting strength test results.

 

Cement dosage Curing age (d) Average value (Rc) (MPa) Standard deviation(S) (MPa) Variation coefficient (Cv) (MPa) Representative value (Rc0.95) (MPa)

CM-4

7 d 5.42 0.22 0.04 5.06

14 d 6.17 0.4 0.06 5.51

28 d 6.58 0.49 0.07 5.77

CM-5

7 d 6.32 0.46 0.07 5.56

14 d 6.82 0.47 0.07 6.04

28 d 7.51 0.49 0.07 6.70

CM-6

7 d 6.49 0.41 0.06 5.81

14 d 7.51 0.48 0.06 6.72

28 d 8.21 0.52 0.06 7.35

Table 6.  Cement-stabilized macadam with unconfined compressive strength test results.

 

Fig. 4.  Mechanical property test results of cement-stabilized Macadam (a) Unconfined Compressive Strength; 
(b) Splitting Strength; (c) Compressive Resilient Modulus.
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modulus is roughly 1500–3500  MPa. This indicates that cement-stabilized macadam can meet the road 
performance requirements of different stages under appropriate cement dosage and curing age conditions. 
Further variability analysis was conducted on the test results of unconfined compressive strength, splitting 
strength, and compressive resilient modulus from the two dimensions of cement dosage and curing age:

From the dimension of cement dosage, as the cement dosage increases from 4 to 6%, the coefficient of 
variation of the three mechanical property indicators shows a significant downward trend in most cases. This 
indicates that increasing the cement dosage can effectively improve the uniformity of the material’s mechanical 
properties. As a cementitious material, a higher cement dosage means more cement paste can wrap and bond 
aggregates more fully, reducing performance dispersion caused by insufficient local bonding or uneven particle 
distribution, and making the material structure denser and performance more stable.

From the dimension of curing age, in the early stage (7d–14d), the variability of each mechanical property 
indicator of cement-stabilized macadam material behaves differently. The coefficient of variation of unconfined 
compressive strength remains stable or increases slightly under different cement dosages, indicating that there 
may be differences in the rate of early rapid hydration among different specimens; the coefficient of variation 
of splitting strength and resilient modulus mostly decreases, which shows that with the progress of curing, the 
structural strength develops effectively and uniformly. In the later stage (14d–28d), the coefficient of variation 
of unconfined compressive strength remains stable, indicating that strength growth enters a stable period with 
good uniformity; the coefficient of variation of splitting strength increases in the low-dosage group (CM-4). The 
reason may be that under low dosage, the slight inhomogeneity of early hydration leads to increased dispersion 
in the later stage, while the coefficient of variation of the high-dosage groups (CM-5, CM-6) remains stable 
or decreases. This indicates that curing age plays an important role in the development of crack resistance 
strength29,30.

To sum up, the coefficient of variation of unconfined compressive strength is the smallest (0.04–0.07), 
indicating that this property is the most stable and the test results are the most reliable; the coefficient of 
variation of splitting strength is the largest, which can reach 0.2 under low cement dosage and long curing 
age, showing that this property is more sensitive to internal microcracks and defects of the material, with 
relatively high dispersion; the coefficient of variation of compressive resilient modulus is between the two, but 
may fluctuate greatly in the early stage, that is, the modulus performance of cement-stabilized macadam has 
certain uncertainty when it is not fully cured. This indicates that increasing the cement dosage is an effective 
way to control the material’s variability and ensure the uniformity and stability of its mechanical properties. 
Cement-stabilized macadam with high dosage (CM-6) not only achieves higher strength but also exhibits better 
uniformity and reliability. The influence of curing age on the uniformity of mechanical properties of cement-
stabilized macadam is closely related to the cement dosage. An appropriate cement dosage can effectively offset 
the risk of performance dispersion under long age, while for low-dosage materials, more attention should be 
paid to the dispersion of their long-term performance. From the perspective of engineering design and quality 
control, unconfined compressive strength can be used as the most representative core evaluation index due to its 
smallest dispersion; for indicators with large dispersion such as splitting strength, a higher guarantee rate should 
be considered or stricter quality control measures should be implemented when determining their values.

Structure and material parameters of cement-stabilized macadam base
This study employed the KENPAVE pavement analysis software for structural calculations, the pavement 
geometric model used in the analysis is shown in Fig. 5. Considering that pavements generally exhibit small 
deformation under vehicle loads, with insignificant material nonlinear characteristics, and to align with 
mainstream pavement design specifications while shortening the calculation time of KENPAVE software, 
the software adopts the elastic constitutive assumption for materials of each structural layer. However, this 
assumption fails to reflect the cumulative damage of materials under long-term loads and also struggles to 
capture the viscoelastic deformation characteristics of materials in high-temperature environments. Based on 
its prevalence in Chinese engineering practice, a double-layer cement-stabilized macadam base structure was 
selected for the analysis. The required material parameters for the model, corresponding to different curing ages, 
were derived from the experimental tests described in Section “The pavement performance of cement-stabilized 
macadam”, as shown in Table 9.

Fig. 5.  Geometric model of pavement with double-layer cement-stabilized macadam base course.
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To understand the actual load of construction vehicles, the author conducted a special investigation on the 
axle loads of such vehicles. Through weighing, it was found that the actual loads of some construction vehicles, 
including freight trucks and engineering sprinklers, significantly exceeded the standard axle load of 100KN used 
in the road structure design, indicating a serious overload condition. In this study, the maximum total weight of 
construction vehicles and cargo was 54 t, the minimum was 18 t, the maximum load of a single axle was 18 t, the 
minimum was 6 t, and the rear axle consisted of a two-axle, two-wheel set.

With a standard axle load of 100KN for the double wheel set, the radius of the equivalent circle for the double 
circular uniform vertical load is 10.65 cm, and the center distance remains unchanged at 31.95 cm under this 
load. As axle load increases, both wheel pressure and the contact area with the ground also increase. This paper 
employs Belgium’s empirical formula for axle load and ground area, as well as the following formula (1), to 
calculate the area of the equivalent circle for different coaxial loads, based on the current axle load conditions31,32. 
The load application diagram of the Belgian Method is shown in Fig. 6, the axle load calculation parameters are 
shown in Table 10.

	 A = 0.008P + 152 + 4,� (1)

where A represents the ground area of the tire (cm2) and P represents the tire pressure (N).

Results and discussion
Research on the rationality of sub-base and base discontinuous construction
The design parameters of each structural layer, such as the sub-base and base layers, significantly influence the 
tensile stress induced by the construction vehicle load. To identify general trends and simplify the calculation 
process, the orthogonal design method is employed to investigate the impact of each factor on the calculation 
index. The L25 (5–3) orthogonal test is constructed by selecting the thickness of the sub-base, the modulus of 
the sub-base, and the modulus of the soil foundation as the factors for the orthogonal test. Each factor is set at 
five levels, with the range of each level encompassing the values of common materials, and the numerical growth 
rate of each factor at the corresponding level remaining relatively consistent. Table 11 presents the orthogonal 
experimental factor level table for the base laid after 7 and 14 days of sub-base curing under discontinuous 
construction conditions.

Axle load (KN)
Tire contact AREA 
(A/cm2) Pressure (Kpa)

Equivalent circle 
radius of single wheel 
(cm) Axle load (KN) Tire contact (A/cm2) Pressure (Kpa)

Equivalent 
circle radius 
of single 
wheel (cm)

70 296 591 9.71 120 396 758 11.23

80 316 633 10.03 140 436 803 11.78

90 336 670 10.34 160 476 840 12.31

100 356 702 10.65 180 516 872 12.82

Table 10.  Relationship between axle load and tire contact area, equivalent circle radius of single wheel.

 

Fig. 6.  Load application giagram of the belgian method.

 

Structure type Structural material Structural layer thickness (h/cm)

Compressive resilient 
modulus (E/MPa)

Poisson’s ratios

Splitting tensile 
strengths (MPa)

7 d 14 d 7 d 14 d

Base layer sub-Base cement-stabilized macadam 15–20 1500–2100 2000–3000 0.25 0.16–0.35 0.30–0.48

Subgrade base layer cement-stabilized macadam 15–20 1500–2100 2000–3000 0.25 0.16–0.35 0.30–0.48

Sub-base – – 40–200 0.40 –

Table 9.  Structural form and material parameters of cement-stabilized macadam base.
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The orthogonal experimental design arrangement and calculation results are presented in Table 12. The results 
from Table 12 indicate that, in 25 groups of orthogonal experiments, the minimum tensile stress at the bottom 
of the sub-base layer after 7 days of curing reaches 0.742 MPa, significantly exceeding the maximum splitting 
strength of cement-treated macadam material at 7 days, which is 0.35 MPa. The minimum tensile stress at the 
bottom of the sub-base layer reaches 0.879 MPa after 14 days of curing, also surpassing the maximum splitting 
strength of cement-treated macadam material at 14 days, which is 0.48 MPa. Therefore, when a construction 
vehicle with an axle load of 180KN is used, the base will experience flexural-tensile failure.

To investigate measures to prevent flexural-tensile failure of cement-stabilized macadam sub-base, the 
maximum tensile stress at the bottom of the sub-base layer was analyzed using data from 7 days of curing. The 
results are presented in Table 13. Through range analysis, the influence of each factor level on the investigation 
index can be observed. A larger range difference indicates a greater impact on the index when the factors change. 
In the horizontal range of the factors, the sensitivity of the three parameters affecting the tensile stress of the 
sub-base layer is as follows: modulus of the subgrade layer > thickness of the sub-base layer > modulus of the 
sub-base layer. This indicates that the subgrade modulus has the greatest influence on the bottom tensile stress 
of the sub-base layer.

Based on Table 13, a graphical analysis of the influence of various factors on the tensile stress at the bottom 
of the subbase after 7 days of curing can be derived, as shown in Fig. 7. The figure indicates that the tensile 
stress at the bottom of the sub-base decreases with an increase in subbase thickness and subgrade soil modulus. 

Test

Factor

Sub-base thickness (cm)
Sub-Base modulus at day 7 
(day 14) (MPa)

Subgrade modulus 
(MPa)

The maximum tensile stress at the 
bottom of the sub-base layer at day 
7 (MPa)

The maximum tensile 
stress at the bottom 
of the sub-base layer 
at day 14 (MPa)

Test 1 15 1500 (2000) 40 1.906 2.104

Test 2 15 1700 (2300) 120 1.238 1.442

Test 3 15 1900 (2500) 200 0.980 1.156

Test 4 15 2000 (2700) 80 1.625 1.833

Test 5 15 2100 (3000) 160 1.188 1.427

Test 6 17 1500 (2000) 200 0.759 0.909

Test 7 17 1700 (2300) 80 1.324 1.493

Test 8 17 1900 (2500) 160 1.001 1.153

Test 9 17 2000 (2700) 40 1.798 1.961

Test 10 17 2100 (3000) 120 1.216 1.415

Test 11 18 1500 (2000) 160 0.829 0.972

Test 12 18 1700 (2300) 40 1.588 1.737

Test 13 18 1900 (2500) 120 1.091 1.230

Test 14 18 2000 (2700) 200 0.861 1.010

Test 15 18 2100 (3000) 80 1.348 1.526

Test 16 19 1500 (2000) 120 0.918 1.051

Test 17 19 1700 (2300) 200 0.742 0.879

Test 18 19 1900 (2500) 80 1.215 1.341

Test 19 19 2000 (2700) 160 0.918 1.057

Test 20 19 2100 (3000) 40 1.574 1.734

Test 21 20 1500 (2000) 80 1.040 1.161

Test 22 20 1700 (2300) 160 0.798 0.927

Test 23 20 1900 (2500) 40 1.427 1.540

Test 24 20 2000 (2700) 120 0.989 1.117

Test 25 20 2100 (3000) 200 0.793 0.945

Table 12.  Orthogonal test arrangement and calculation results.

 

Factor

Level

Level 1 Level 2 Level 3 Level 4 Level 5

Sub-base thickness (cm) 15 17 18 19 20

Sub-base modulus (MPa) 1500 (2000) 1700 (2300) 1900 (2500) 2000 (2700) 2100 (3000)

Subgrade modulus (MPa) 40 80 120 160 200

Lower limit of grading range (%) 100 94 68 38 22

Table 11.  Level table of orthogonal test factors for laying base after 7 days of curing (14 days).
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Meanwhile, the tensile stress initially increases and then shows a decreasing trend with an increase in the subbase 
modulus.

This analysis evaluates the bearing capacity of the optimal pavement structure after 7 days of curing,as shown 
in Fig.  8. The results indicate a direct proportional relationship between the construction vehicle’s axle load 
and the maximum tensile stress at the base bottom. Calculations show that an axle load of 90 KN induces a 
tensile stress that exceeds the material’s 7-day splitting strength, leading to flexural-tensile failure. This implies 

Fig. 8.  The maximum tensile stress at the bottom of the sub-base layer under different loads.

 

Fig. 7.  Sensitivity analysis of factors affecting the tensile stress at the bottom of sub-base after 7 days of curing.

 

Index

Factor

Sub-Base thickness Sub-Base modulus Subgrade modulus

The tensile stress at the bottom of the sub-base layer (MPa)

 Mean value 1 1.387 1.090 1.659

 Mean value 2 1.220 1.138 1.310

 Mean value 3 1.143 1.143 1.090

 Mean value 4 1.073 1.238 0.947

 Mean value 5 1.010 1.224 0.827

 Range 0.377 0.148 0.832

Table 13.  Results of range analysis of tensile stress of bottom layer.
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that vehicle loads must be restricted to below 90 KN. However, such a limitation is impractical, as it leads to 
significant underutilization of standard construction machinery. Moreover, for structures on weaker soil 
foundations (e.g., 40 MPa), the maximum allowable axle load drops to an unfeasible 50 KN. Therefore, from a 
mechanical perspective, the discontinuous construction scheme, which requires paving on the base after a 7-day 
curing period, is not a viable option.

Similarly, through the analysis of the influence of each factor on the tensile stress at the bottom of the layer 
after 14 days of curing of the sub-base, it is found that the axle load of the construction vehicle paving the base 
layer should be controlled to re-main below 60 KN. This is because the rate of increase in tensile stress at the 
bottom of the layer, caused by changes in the unconfined compressive rebound modulus of the cement-stabilized 
macadam, is greater than the rate of increase in splitting strength. Therefore, when the sub-base is paved 14 
days after curing, it will similarly cause damage to the sub-base. It can be concluded that the discontinuous 
construction scheme for the sub-base and base is unreasonable.

Research on the rationality of continuous construction of sub-base and base layer
This study evaluates a continuous construction method, where the combined base and sub-base are cured before 
the surface layer is paved. Using an L25 orthogonal design, the maximum tensile stress was calculated under a 
180 KN axle load for curing periods of 7 and 14 days, the results are shown in Table 14.

After 7 days of curing, the maximum tensile stress in the base layer was only 0.128 MPa, far below the 
material’s splitting strength, indicating no risk of damage. However, the sub-base was highly vulnerable, with 
only 4 of the 25 structural combinations preventing flexural-tensile failure.

By extending the curing period to 14 days, the base layer remained safe (max stress of 0.132 MPa). More 
importantly, the probability of the sub-base stress remaining within the material’s strength limits increased 
significantly to 48%. This demonstrates that prolonging the curing time is critical for reducing the risk of failure 
in the sub-base layer under heavy construction loads.

The maximum tensile stress at the bottom of the sub-base layer was analyzed using polar analysis based on 
data from 7 days of curing. The results are shown in Table 15. The extreme variance analysis in Table 15 shows that, 
as the factors vary within their respective level ranges, the sensitivity of the five calculated parameters affecting 
the tensile stress at the base of the sub-base layer follows this descending order: sub-grade modulus > sub-base 
thickness > base thickness > sub-base modulus > base mod-ulus. This indicates that the subgrade modulus has 
the greatest influence on the tensile stress at the base of the sub-base layer.

Test

Factor

Base thickness 
(cm)

Sub-base 
thickness 
(cm) base modulus (MPa)

Sub-base modulus 
(MPa)

Subgrade 
modulus (MPa)

The maximum tensile 
stress at the bottom of the 
base layer (MPa)

The maximum 
tensile stress at the 
bottom of the sub-
base layer (MPa)

Test 1 15 15 1500 (2000) 1500 (2000) 40 0.128 (0.132) 0.756 (0.820)

Test 2 15 17 1700 (2300) 1700 (2300) 80 0.100 (0.104) 0.577 (0.636)

Test 3 15 18 1900 (2500) 1900 (2500) 120 0.087 (0.092) 0.497 (0.541)

Test 4 15 19 2000 (2700) 2000 (2700) 160 0.077 (0.082) 0.433 (0.487)

Test 5 15 20 2100 (3000) 2100 (3000) 200 0.068 (0.074) 0.385 (0.446)

Test 6 17 15 1900 (2500) 2000 (2700) 200 0.093 (0.102) 0.433 (0.496)

Test 7 17 17 2000 (2700) 2100 (3000) 40 0.108 (0.109) 0.698 (0.790)

Test 8 17 18 2100 (3000) 1500 (2000) 80 0.108 (0.100) 0.453 (0.491)

Test 9 17 19 1500 (2000) 1700 (2300) 120 0.078 (0.082) 0.428 (0.480)

Test 10 17 20 1700 (2300) 1900 (2500) 160 0.070 (0.074) 0.375 (0.423)

Test 11 18 15 2100 (3000) 1700 (2300) 160 0.097 (0.108) 0.405 (0.453)

Test 12 18 17 1500 (2000) 1900 (2500) 200 0.079 (0.085) 0.384 (0.433)

Test 13 18 18 1700 (2300) 2000 (2700) 40 0.096 (0.097) 0.653 (0.721)

Test 14 18 19 1900 (2500) 2100 (3000) 80 0.085 (0.086) 0.508 (0.575)

Test 15 18 20 2000 (2700) 1500 (2000) 120 0.075 (0.082) 0.346 (0.386)

Test 16 19 15 1700 (2300) 2100 (3000) 120 0.104 (0.112) 0.515 (0.589)

Test 17 19 17 1900 (2500) 1500 (2000) 160 0.080 (0.089) 0.334 (0.380)

Test 18 19 18 2000 (2700) 1700 (2300) 200 0.072 (0.079) 0.311 (0.357)

Test 19 19 19 2100 (3000) 1900 (2500) 40 0.093 (0.099) 0.579 (0.626)

Test 20 19 20 1500 (2000) 2000 (2700) 120 0.071 (0.074) 0.416 (0.464)

Test 21 20 15 2000 (2700) 1900 (2500) 80 0.116 (0.124) 0.518 (0.561)

Test 22 20 17 2100 (3000) 2000 (2700) 120 0.092 (0.099) 0.422 (0.463)

Test 23 20 18 1500 (2000) 2100 (3000) 160 0.077 (0.082) 0.400 (0.464)

Test 24 15 15 1500 (2000) 1500 (2000) 40 0.128 (0.132) 0.756 (0.820)

Test 25 15 17 1700 (2300) 1700 (2300) 80 0.100 (0.104) 0.577 (0.636)

Table 14.  Orthogonal test table and calculation results after 7 days of continuous paving for curing (14 days).
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From Table 15, an intuitive analysis chart of the effects of various factors on the tensile stress at the bottom of 
the subbase after 7 days of curing can be generated, as shown in Fig. 9. The figure reveals that the tensile stress at 
the bottom of the sub-base after 7 days of curing decreases overall with the increase in the thickness of the base 
and subbase layers, as well as the modulus of the base layer and subgrade soil, while it increases with the rise in 
the modulus of the subbase layer.

The variation of the maximum tensile stress of each layer with the load is shown in Fig. 10, an analysis of load 
effects shows that as the construction vehicle’s axle load increases, the maximum tensile stress at the bottom of 
both the base and sub-base layers rises. This increase is significantly more rapid in the sub-base layer than in 

Fig. 10.  Maximum tensile stress of each layer under different loads. 7 days after continuous paving and 
curing, the sub-base thickness is 20 cm, the compressive resilience modulus of cement-stabilized macadam is 
1500 MPa, and the subgrade modulus is 200 MPa.

 

Fig. 9.  Sensitivity analysis of factors affecting the tensile stress at the bottom of sub-base after 7 days of curing.

 

Index

Factor

Base thickness Sub-Base thickness Base modulus Sub-Base modulus Subgrade modulus

The tensile stress at the bottom of the sub-base layer (MPa)

 Mean value 1 0.530 0.525 0.477 0.432 0.642

 Mean value 2 0.477 0.483 0.478 0.449 0.480

 Mean value 3 0.459 0.463 0.459 0.471 0.456

 Mean value 4 0.431 0.444 0.461 0.471 0.389

 Mean value 5 0.427 0.409 0.449 0.501 0.357

 Range 0.103 0.116 0.028 0.069 0.285

Table 15.  Results of range analysis of tensile stress at the bottom of the sub-base layer.
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the base layer, making the sub-base more sensitive to load variations. Crucially, for the continuous construction 
scheme, the base layer will not experience flexural-tensile failure as long as the vehicle axle load is kept below 
180 KN. This demonstrates that reducing the vehicle load is an effective way to protect the integrity of the sub-
base. These findings confirm that, from a mechanical perspective, the continuous construction scheme is more 
reasonable and robust than the discontinuous scheme.

Pavement engineering application recommendations
Prioritizing the avoidance of discontinuous construction schemes
It is shown through orthogonal testing and mechanical analysis that discontinuous construction schemes for 
cement-stabilized macadam base courses—wherein paving follows a 7- or 14-day subbase curing period—
inherently carry a risk of flexural-tensile failure. Consequently, it is recommended to prioritize continuous 
construction to mitigate disturbances imposed on the subbase by subsequent construction operations. In cases 
where discontinuous construction is unavoidable, two principal measures must be adopted: firstly, stringent 
control of construction vehicle axle loads, enforcing limits below 90 KN after 7 days and below 60 KN after 
14  days of curing, complemented by pre-verification of machinery axle loads to preclude overloading; and 
secondly, risk mitigation through adjustment of critical parameters influencing subbase tensile stress, namely by 
increasing subbase thickness and ensuring a rational modulus match.

Using the continuous construction scheme

	(1)	 Extending the curing period

	After 7 days of curing, only 4 out of 25 structural combinations can avoid flexural-tensile failure of the subbase. 
When the curing period is extended to 14 days, the probability that the subbase stress meets the material 
strength requirements increases to 48%, and the base course remains safe (the maximum tensile stress is 
0.128 MPa at 7 days and 0.132 MPa at 14 days, both far lower than the material’s splitting strength). A 14-day 
curing period is therefore recommended as the priority.

	(2)	 Optimizing structural parameters

	Analysis indicates that the tensile stress at the subbase bottom increases with the rise of subbase modulus, and 
according to the range analysis of 7-day curing data—with parameter sensitivity ranked as subgrade modu-
lus > subbase thickness > base course thickness > subbase modulus > base course modulus—the tensile stress 
at the subbase bottom can be reduced by improving the subgrade modulus, increasing the structural layer 
thickness, and reasonably controlling the subbase modulus; this approach not only ensures that structural 
strength requirements are met, but also increases the base course modulus and ensures its compatibility with 
the subbase modulus, thereby forming a sound stress transfer system to reduce the stress burden on the sub-
base.

	(3)	 Controlling construction loads and processes

	The axle load of construction vehicles must be controlled within 180 KN to prevent flexural-tensile failure of the 
base course, and since the subbase is more sensitive to loads, the rate of tensile stress increase in the subbase is 
much faster than that in the base course when the axle load increases, so overloaded vehicles must be strictly 
prohibited from entering the construction area; meanwhile, it is necessary to strengthen monitoring during 
the curing period and before construction—ensuring stable curing conditions during the curing period to 
avoid interruptions, testing the actual strength of the base course, subbase, and subgrade modulus before 
construction, and proceeding with surface course paving only after confirming that all indicators meet the 
design requirements—and for continuous construction, plan material supply and equipment scheduling in 
advance to ensure construction continuity, which avoids poor bonding between structural layers or curing 
cycle disorders caused by construction interruptions.

Engineering implications and quality control
Based on the mechanical property test results of cement-stabilized macadam, the cement-stabilized macadam with 
high cement dosage (CM-6) not only achieves higher strength but also exhibits better uniformity and reliability. 
Furthermore, a longer curing period allows for a more complete cement hydration reaction. Hydration products 
continuously fill the gaps between aggregates, enhance the bonding strength among particles, and effectively 
compensate for potential local cementation unevenness during the early hydration stage. This helps offset the 
risk of performance dispersion (e.g., due to environmental factors) over extended curing periods, ensuring the 
overall uniformity of the material remains stable at all times. Consequently, mix design must adequately account 
for the synergistic effect between the curing period and cement dosage. Especially for structural layers with 
low cement dosage, focused efforts should be made to prevent and control the risk of long-term performance 
dispersion. In addition, it is recommended to use unconfined compressive strength as the core evaluation index; 
for parameters with relatively high dispersion such as splitting strength, acceptance work should be carried out 
using a higher guarantee rate or more stringent control standards.
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Conclusions
This study evaluated different construction schemes for cement-stabilized macadam bases by using KENPAVE 
software and an orthogonal test design to analyze tensile stresses induced by construction vehicle loads. The 
main conclusions are as follows:

	(1)	 The strength and modulus of the cement-stabilized macadam improve with increased curing age and ce-
ment dosage. This growth is rapid in the early stages and slows over time.

	(2)	 The discontinuous construction method, where the base is paved on a previously cured sub-base, consist-
ently leads to sub-base failure. After 7 days of curing, the maximum calculated tensile stress (0.742 MPa) 
far exceeds the material’s splitting strength (0.35  MPa). Similarly, after 14 days, the maximum stress 
(0.879 MPa) also greatly exceeds the material’s strength (0.48 MPa). In this scheme, restricting vehicle loads 
is not a practical solution to prevent failure.

	(3)	 In the continuous construction method, where the base and sub-base are paved together before curing, 
performance is significantly better. After 7 days of curing, the base layer is safe with a maximum stress of 
0.128 MPa, but the sub-base remains at high risk, as only 4 of 25 combinations avoid failure. Extending the 
curing period to 14 days keeps the base layer undamaged and increases the sub-base’s probability of avoid-
ing failure to 48%.

	(4)	 These findings indicate that continuous construction is the preferable method. Furthermore, unlike the 
discontinuous approach, limiting construction vehicle loads in a continuous scheme is a viable strategy to 
further reduce the likelihood of damage to the sub-base layer.

Data availability
The datasets generated during analyzed during the current study are available from the corresponding author 
on reasonable request.
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