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Abstract: Coal-gangue-based pavement-base materials offer a promising route for large-scale solid-waste 12 

utilization. This study evaluated gangue–fly ash–cement–fiber mixtures containing 0.2–0.8% basalt fiber through 13 

mechanical testing, X-ray diffraction, scanning electron microscopy, and three-dimensional numerical simulation. 14 

Unconfined compressive and splitting tensile strengths increased as the fiber content increased from 0.2% to 0.6% 15 

and then decreased at 0.8%. The 0.6% mixture achieved the highest 28 d unconfined compressive and splitting 16 

tensile strengths of 14.47 and 1.51 MPa, respectively. In contrast, compressive resilient modulus decreased with 17 

increasing fiber content, indicating a strength–stiffness trade-off. The modeled settlement varied only slightly 18 

among the fiber-dependent parameter sets but was more sensitive to vehicle speed and traffic-load magnitude. XRD 19 

and SEM observations were consistent with continued reaction-product development, matrix densification, fiber–20 

matrix contact, and possible crack bridging. Overall, 0.6% fiber provided the best strength performance within the 21 

tested range, while the numerical results provide comparative evidence for evaluating the pavement-scale response 22 

of the GFCF base layer and support the high-value utilization of coal gangue in pavement engineering. 23 

Keywords: coal gangue; Solid waste reutilization; Fiber-reinforced composites; numerical simulation; sustainable 24 

systems 25 
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1 Introduction 26 

As a byproduct of coal extraction and processing, coal gangue constitutes some 10–25% of 27 

raw coal production by mass and consists mainly of carbonaceous shale, mudstone, and a small 28 

proportion of coal[1–3]. The large-scale storage of coal gangue not only occupies land, destroys soil 29 

and pollutes the surrounding environment, but also has potential safety hazards such as spontaneous 30 

combustion. Therefore, improving the high-value utilization of coal gangue is essential for 31 

alleviating environmental pressure and promoting sustainable waste management systems.[4–7].  32 

With the development of comprehensive utilization technology of resources, coal gangue is 33 

gradually regarded as a secondary resource and applied in the fields of power generation and brick 34 

making. However, most existing studies focus on material-level performance, while the system-35 

level feasibility and deformation behavior under realistic service conditions remain insufficiently 36 

investigated.[8]. In a variety of utilization ways, coal gangue has been widely considered as a 37 

pavement base material because it can replace natural aggregate, and has gradually expanded from 38 

the early use of surface subsidence backfilling and land reclamation to chemical materials, road 39 

filling, and building materials[9,10]. Numerous experts and scholars have conducted extensive 40 

experimental investigations such as evaluating the mechanical properties of cement mortar 41 

incorporating calcined coal gangue as a cement substitute from both microscopic and macroscopic 42 

perspectives, while also identifying key factors influencing its performance[11–13]. Coal gangue has 43 

been widely used in the field of civil engineering, especially in the construction of highway subgrade 44 

and foundation cushion, and has been successfully applied in road and railway engineering in 45 

northern France, the Ruhr district of Germany, and Gloucester and Croydon of Britain[14]. With the 46 

continuous development of China's transportation infrastructure, coal gangue is increasingly used 47 

as roadbed filler and cushion material in highway engineering, and its mechanical properties can 48 

meet the design requirements of highway roadbed[15]. 49 

Coal gangue has better characteristics than some soft soils, such as ultimate bearing capacity, 50 

water permeability, and strength characteristics, and has achieved certain results as a building 51 

foundation material in land reclamation of mining areas [16–18]. The accumulation of coal gangue as 52 

mining waste in the mining area will cause serious environmental pollution. The use of coal gangue 53 

as roadbed filling has the advantages of convenient materials and large consumption, which can 54 

effectively alleviate the social and environmental problems caused by the storage of coal gangue in 55 

the mining area[19–21]. Cement concrete pavement is widely used in highways and urban roads, but 56 

it has defects such as brittleness and easy cracking. The incorporation of fiber can effectively 57 

improve its crack resistance, strength, and toughness[22]. The properties of coal gangue concrete 58 

mixed with different types of steel fibers were studied by experiments. The results show that the 59 

addition of steel fibers can effectively alleviate the brittleness and crack sensitivity of materials, and 60 

significantly improve their mechanical properties and frost resistance[23–25]. Development of C40 61 

Ordinary Concrete Using Coal Gangue as a Complete Substitute for Natural Crushed Stone: mixed 62 

with coal gangue concrete, added fiber and mixing ratio, and then modified coal gangue concrete 63 

with single fly ash and mixed fly ash and mineral powder with different cement replacement rates. 64 

The coal gangue concrete obtained has high mechanical properties after modification[26]. Single coal 65 

gangue material has defects such as poor water stability and large strength fluctuation, and it needs 66 

to be modified by inorganic binder to improve its performance[27–29].  67 
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In this study, a gangue–fly ash–cement–fiber (GFCF) composite was developed as a high-value 68 

utilization pathway for coal gangue. Laboratory tests were conducted to evaluate the mechanical 69 

and deformation performance of GFCF mixtures with different fiber contents, and scanning electron 70 

microscopy was used to elucidate the reinforcement mechanisms. Furthermore, a three-dimensional 71 

numerical model was established to assess the deformation behavior of GFCF pavement base layers 72 

under traffic loading. This study aims to provide both material-level and system-level evidence for 73 

the feasibility of coal gangue reutilization in sustainable road infrastructure.  74 

2 Basic Mechanical Properties of GFCF Pavement Base Material 75 

2.1 Cement, fly ash, and basalt fiber 76 

Coal gangue and fly ash were obtained from Yangcheng Coal Mine in Jining, Shandong 77 

Province, China. P.O. 42.5 ordinary Portland cement was used as the binder. Chopped basalt fiber 78 

with a nominal length of 12 mm was added externally. The archived batch properties of these 79 

materials are summarized in Table 1. 80 

Table 1. Archived properties of cement, fly ash, and basalt fiber. 81 

Material Archived property Value 

Cement 

Initial/final setting time 330/442 min 

Flexural strength, 3/28 d 4.3/7.4 MPa 

Compressive strength, 3/28 d 29.6/46.8 MPa 

Fly ash 
SiO2/Al2O3/Fe2O3 53.24/32.01/3.69% 

Density; loss on ignition 2.01 g cm⁻³; 5.2% 

Basalt fiber 

Form and nominal length Bundled monofilament; 12 mm 

Density; tensile strength 3.04 g cm⁻³; 1265 MPa 

Water absorption; elongation <0.1%; 3.01% 

The GFCF mixture comprised ordinary Portland cement, fly ash, and chopped basalt fiber. 82 

Cement provided the primary hydraulic binding phase, whereas fly ash acted as a fine mineral 83 

component with particle-filling capacity and potential later-age pozzolanic reactivity. Basalt fiber 84 

was introduced as a discrete, non-corrosive reinforcement phase to bridge incipient cracks and 85 

redistribute tensile stress. A nominal fiber length of 12 mm was adopted to balance mechanical 86 

anchorage with dispersion during mixing. This subsection describes the constituent materials only. 87 

Published studies similarly indicate that fiber type and geometry must be selected for the specific 88 

stabilized matrix [30–32]. 89 

2.2 Basic physical properties of coal gangue 90 

Following the test methods specified in the Specifications for Aggregate Test of Highway 91 

Engineering (JTGE42-2005) and Specifications for Geotechnical Test of Highway Engineering 92 

(JTG3430-2020), the key physical properties of the coal gangue were evaluated and are presented 93 

in Table 2. 94 

Table 2 Basic physical properties of coal gangue 95 

Cu Cc ω （%） δef （%） 
'

aQ  ρd（g / cm3
） 

ωb

（%） 
UCS7（MPa） UCS28（MPa） 

20.45 1.94 4.49 22.25 18.18 2.23  5.76 0.49 0.52 

Where, Uniformity coefficient，Cu；curvature coefficient，Cc；water absorption，ω；free swelling ratio，δef；96 

crushing value，Q`a；maximum dry density，ρd；optimum moisture content，ωb； 7d unconfined compressive 97 
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strength，UCS7； 28d unconfined compressive strength，UCS28 98 

2.3 Basic chemical composition of coal gangue 99 

  The chemical composition of the coal-gangue sample was determined by X-ray fluorescence 100 

(XRF). Representative particles were crushed, dried at 60 °C for 24 h, ground, and sieved to <75 101 

μm before tablet preparation and analysis. The results are summarized in Table 3. The relatively 102 

high combined SiO2 and Al2O3 content indicates an aluminosilicate-rich material; however, 103 

chemical composition alone does not establish pozzolanic reactivity, which also depends on 104 

mineralogy, amorphous content, fineness, and activation conditions. 105 

Table 3 Chemical element composition of coal gangue  106 

ingredient  
SiO2

（%） 

Al2O3

（%） 

Fe2O3

（%） 

CaO

（%） 

MgO

（%） 

K2O

（%） 

Na2O

（%） 

TiO2

（%） 

MnO2

（%） 

P2O5

（%） 

content 63.60 20.71 6.46 0.70 1.86 2.61 0.55 1.03 0.05 0.17 

As presented in Table 3, the coal gangue is dominated by SiO2and Al2O3, which together 107 

account for more than 80% of the measured oxide composition. Other identified oxides include 108 

Fe2O3, K₂O, MgO, TiO2, CaO, Na2O, MnO2, and P2O5. 109 

2.4 Basic Mechanical Properties of GFCF Pavement Base Material 110 

2.4.1 Experimental scheme design  111 

The baseline formulation was selected from previous studies on inorganic-binder-stabilized 112 

coal-gangue and fiber-reinforced pavement materials [33–35]. Those studies informed the choice of 113 

aggregate gradation and binder proportions; the present work uses the selected formulation as a 114 

fixed reference matrix for evaluating basalt-fiber dosage. 115 

The Talbot gradation exponent was fixed at n = 0.4, and the dry-mass ratio of coal gangue: fly 116 

ash: cement was 82:12:6. Basalt fiber was added at 0.2%, 0.4%, 0.6%, and 0.8% of the dry mixture 117 

mass. Specimens were tested after 7 and 28 d of curing. No 0% fiber control is presented in Figures 118 

1- 3; therefore, all comparisons in this paper are restricted to the four tested fiber dosages. 119 

2.4.2 GFCF Pavement Base Material Unconfined Compressive Strength 120 

Cylindrical specimens (φ150 mm × 150 mm) were prepared in compliance with JTG E51-2009. 121 

The coal gangue was adjusted to its optimum moisture content of 5.76% and equilibrated for 4–6 h 122 

prior to static compaction at 1 mm/min, with pressure maintained for 40 minutes. After demoulding, 123 

the specimens were sealed and cured at 20 ± 2 °C. Unconfined compressive strength was measured 124 

after 7 and 28 days (Figure 1), calculated using the following equation: 125 

2

4

D
A


=  （1） 126 

P
R

c A
=  （2） 127 

where Rc is unconfined compressive strength, MPa; P is peak failure load, N; A is cross-sectional 128 

area, mm²; calculated from diameter D, mm.  129 



5 

 

  130 

Figure 1 Unconfined compressive strength of GFCF pavement base material 131 

As illustrated in Figure 1, the Unconfined compressive strength of the GFCF base material 132 

initially increases before decreasing with rising fiber content, a trend consistent at both 7- and 28-133 

day curing ages. The maximum strengths, recorded at 0.6% fiber content for 7 days and 28 days 134 

curing periods, reached 10.27 MPa and 14.47 MPa, respectively. When the content of is 0.6 %, the 135 

increase rate is the fastest, and the compressive strength from 7d age to 28d age increases by 40.90 %. 136 

When the fiber content is 0.8 %, the increase rate is the slowest, and the compressive strength from 137 

7d age to 28d age increases by 34.47 %. 138 

2.4.3 Splitting Strength of GFCF Pavement Base Material 139 

Splitting tensile strength was measured for the fiber-reinforced GFCF base material after 7 and 140 

28 days of curing, in compliance with JTG E51-2009. The results, calculated via Equation (3), are 141 

presented in Figure 2. 142 

2
= (sin 2 )

 3

P f
R

i Dh D



−                       （3） 143 

Where, Ri is the splitting strength, MPa; P is the peak pressure when the specimen fails, N; D is the 144 

specimen diameter, mm; f is the strip width, mm; h3 is the height of the specimen after immersion, 145 

mm; β is the central angle corresponding to the strip width, °;  146 

Because the test specimen is a cylinder specimen of 150mm×150mm, which belongs to a 147 

large specimen, the calculation formula can be simplified as follows: 148 

  =0.004178

 3

P
R

i h
 （4） 149 
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 150 

Figure 2 Splitting tensile strength of GFCF pavement base material 151 

Figure 2 shows a nonlinear effect of fiber content on splitting tensile strength, with strength 152 

increasing up to 0.6% fiber and then declining at 0.8%. The 0.6% mixture achieved the highest 153 

values of 0.91 MPa at 7 d and 1.51 MPa at 28 d. The improvement at moderate dosage is consistent 154 

with fiber bridging and crack-arrest effects, whereas excessive fiber may cause agglomeration and 155 

structural heterogeneity. The higher 28 d strengths are mainly associated with continued hydration 156 

and matrix densification. 157 

2.4.4 Compression modulus of GFCF pavement base material 158 

Cylindrical specimens (ϕ 150 mm × 150 mm) of the GFCF base material were fabricated and 159 

moist-cured at constant temperature for 7 and 28 days in accordance with JTG E51-2009. Prior to 160 

testing, both end faces of the specimens were polished and leveled using an abrasive wheel, followed 161 

by the application of a fine layer of sand (0.25–0.5 mm) to ensure full contact during loading. The 162 

compressive modulus test of the GFCF mixture shall be carried out. The cyclic loading procedure 163 

was applied at a maximum load corresponding to 50%–60% of the mixture’s unconfined 164 

compressive strength. A total of five loading-unloading cycles were conducted uniformly, and the 165 

readings of each loading and unloading shall be recorded. Resilient deformation l = reading under 166 

loading-reading under unloading. The resilient modulus (Ec) was calculated using Equation (5), with 167 

results shown in Figure 3. 168 

c

ph
E

l
=  （5） 169 

Ec ——modulus of resilience in compression，MPa 170 

p ——specific pressure，MPa 171 

h ——specimen height，mm 172 

l ——specimen springback deformation，mm 173 
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 174 

Figure 3 compressive resilient modulus of GFCF pavement base material 175 

 Figure 3 shows that the compressive resilient modulus decreased consistently as fiber content 176 

increased. From 0.2% to 0.8% fiber, the modulus decreased from 882 to 794 MPa at 7 d and from 177 

1497 to 1287 MPa at 28 d. The results therefore indicate a reduction in resilient stiffness with 178 

increasing fiber dosage. The larger difference at 28 d may be associated with continued matrix 179 

development and stronger fiber-matrix interaction, which made the stiffness response to fiber 180 

dosage more distinct. 181 

Considering the strength and resilient modulus results together, the 0.6% mixture provided the 182 

highest measured compressive and splitting tensile strengths, whereas increasing fiber content 183 

reduced resilient stiffness. Basalt-fiber addition therefore produced a strength-stiffness trade-off 184 

rather than a uniform improvement in all mechanical properties. Crack resistance was not measured 185 

directly in this study. 186 

3 Simulation of road settlement law of GFCF-filled subgrade 187 

3.1 Model establishment and basic parameters 188 

The modeled road section comprised the pavement structure and the underlying subgrade, as 189 

illustrated in Figure 4. Across the section, the road width included traffic lanes, a median, hard 190 

shoulders, and soil shoulders. The fill subgrade was divided vertically into the upper roadbed, lower 191 

roadbed, upper embankment, and lower embankment. For light, medium, and heavy traffic, the 192 

upper roadbed occupied the upper 0–30 cm, the lower roadbed 30–80 cm, the upper embankment 193 

80–150 cm, and the lower embankment the zone below 150 cm. For heavy or extremely heavy 194 

traffic, the corresponding lower-roadbed and upper-embankment ranges were 30–120 cm and 120–195 

190 cm, respectively, with the lower embankment below 190 cm. 196 

For a first-class highway, each traffic lane was taken as 3.75 m wide. A two-way, four-lane 197 

cross-section with a total pavement width of 24 m was adopted, exceeding the stated minimum 198 

width of 23.5 m. The pavement system was simplified into a surface layer, a GFCF base layer, and 199 

a subgrade-soil layer (Figure 4). The side-slope ratio was expressed as the ratio of slope height to 200 

horizontal width, as illustrated in Figure 5. 201 
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 202 

Figure 4 Schematic diagram of roadbed section structure203 

 204 

Figure 5 Schematic diagram of roadbed slope ratio (dimensions in meters) 205 

The roadbed slope ratio depends on soil type, slope height, geological structure, and 206 

hydrogeological conditions, and it affects stability, earthwork volume, and construction difficulty. 207 

Following the Highway Subgrade Design Specification (JTG D30-2015), a slope ratio of 1:1.5 was 208 

adopted for the fine-grained-soil subgrade. 209 

Based on the experimental results and the adopted highway geometry, the numerical model 210 

used a pavement width of 24 m, four traffic lanes of 3.75 m each, a side-slope ratio of 1:1.5, a 0.15 211 

m surface layer, a 0.30 m GFCF base layer, and a 2.80 m subgrade-soil layer. The model geometry 212 

is shown in Figure 6. 213 

 214 

 215 

Figure 6 Numerical Model of Coal Gangue Mixture as Road Base 216 

Each layer was represented as a homogeneous, isotropic continuum governed by the Mohr–217 

Coulomb constitutive model. The layer-specific mechanical parameters and their assigned ranges 218 

are listed in Table 4. 219 

Table 4 Materials-related parameters used in the model 220 

serial 

number 
level 

elastic modulus 

kN/m2 

poisson 

ratio 

volumetric weight 

kN/m3 

cohesion 

kN/m2 

internal friction 

of angle /° 

1 surface 1200000 0.35 24.5 500 21.5 

2 
GFCF 

mixture 
2240000~1490000 0.31~0.26 17.3~16.9 380~640 34~37 
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3 
earth 

base 
80000 0.45 16 65 36 

The model comprised 43,600 elements and 60,701 nodes. To limit computational cost, the 221 

longitudinal model length in the x direction was set to 50 m. Elastic, viscous, and static boundary 222 

treatments were assigned in the numerical implementation, and the moving-load arrangement is 223 

shown in Figure 7. 224 

 225 

( a ) Coal gangue mixture as pavement base road model profile ( only show the grid )226 

 227 

( b ) Moving-load arrangement for the GFCF pavement-base model 228 

Figure 7 Geometry and moving-load arrangement of the GFCF pavement-base model 229 

The analysis focused on the two-way, four-lane carriageway. Continuous cyclic moving loads 230 

were applied along the four traffic lanes in both directions. To isolate the principal traffic-loading 231 

effects, temporary and static loads on the shoulder areas were not included. 232 

3.2 Numerical calculation schemes 233 

The measured mechanical properties were used to define fiber-dependent GFCF material 234 

parameter sets for comparative simulation. Three groups of calculations were conducted to examine 235 

the effects of fiber-dependent material parameters, vehicle speed, and traffic-load magnitude on 236 

settlement and vertical stress. These simulations provide relative sensitivity comparisons within the 237 

adopted model and do not constitute field validation or code-compliance verification. 238 

Scheme 1—Fiber-dependent material parameters: the GFCF base layer was assigned the 239 

parameter sets corresponding to fiber contents of 0.2%, 0.4%, 0.6%, and 0.8%, while aggregate 240 

gradation and the coal gangue: fly ash: cement mass ratio were kept constant. 241 

Scheme 2—Vehicle speed: the 0.6% fiber mixture was simulated at 50, 80, and 100 km h⁻¹ 242 

under the same heavy-traffic load to compare the effect of load residence time and moving speed. 243 

Scheme 3—Traffic-load magnitude: moderate, heavy, and severe traffic-load cases were 244 

defined using the vehicle parameters listed in Table 5. With the heavy-load case as the reference, 245 

the total vehicle weight for the moderate case was set to 0.6 times the heavy-load value, whereas 246 

the severe case was set to 1.4 times the heavy-load value, in accordance with the adopted 247 
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interpretation of JTG D40. 248 

Table 5 Model Road Vehicle Design Parameters 249 

Vehicle no. 
Total weight 

(kN) 

Applied load 

(kN) 

Front-axle load 

(kN) 

Rear-axle load 

(kN) 

Axle spacing 

(m) 

1 12.50 5.00 3.40 9.10 1.3 

2 15.00 4.500 4.60 10.40 1.5 

3 15.00 5.00 4.20 10.80 1.6 

4 22.00 11.00 5.90 16.10 1.7 

5 25.00 15.50 7.50 17.50 1.8 

6 80.25 35.00 19.20 61.05 2.0 

7 150.60 62.60 35.50 115.10 2.5 

8 187.00 100.00 74.80 112.2 -- 

9 225.40 120.00 89.50 135.90 -- 

10 146.00 70.00 45.50 100.50 -- 

11 25.00 15.50 7.50 17.50 1.8 

12 18.50 8.90 5.20 13.30 1.8 

 cycle 

The same monitoring point was used in all simulations and was located near the centre of an 250 

inner traffic lane, as shown in Figure 8. Vertical settlement and vertical stress histories were 251 

extracted at this point for each calculation step. The complete simulation matrix is summarized in 252 

Table 6. 253 

 254 

Figure 8 Detection point position layout diagram 255 

Table 6 Numerical simulation scheme of road settlement law using coal gangue mixture as road base filler 256 

scheme bed layer filling Mixture and fiber parameters 
Vehicle 

speed/km/h 
Traffic load 

1-1 

GFCF mixture 

n = 0.4, fiber content 0.2 %  

Coal gangue : fly ash : cement = 82 : 

12 : 6 

80 

Heavy traffic loads 

1-2 
n = 0.4, fiber content 0.4 %  

Coal gangue : fly ash : cement = 82 : 
80 
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12 : 6 

1-3 

GFCF mixture 

n = 0.4, fiber content 0.6 %  

Coal gangue : fly ash : cement = 82 : 

12 : 6 

80 

Heavy traffic loads 

1-4 

n = 0.4, fiber content 0.8 %  

Coal gangue : fly ash : cement = 82 : 

12 : 6 

80 

2-1 

GFCF mixture 

n = 0.4, fiber content 0.6 %  

Coal gangue : fly ash : cement = 82 : 

12 : 6 

50 

Heavy traffic loads 2-2 80 

2-3 100 

3-1 

GFCF mixture 

n = 0.4, fiber content 0.6 %  

Coal gangue : fly ash : cement = 82 : 

12 : 6 

80 Moderate traffic load 

3-2 80 Heavy traffic loads 

3-3 80 Severe traffic loads 

3.3 Numerical simulation of GFCF mixture pavement base material 257 

Simulations were conducted for GFCF mixtures containing 0.2%, 0.4%, 0.6%, and 0.8% fiber 258 

(Schemes 1-1 to 1-4). The numerical model did not represent individual fibers explicitly; instead, 259 

fiber dosage was reflected through the assigned continuum parameters in Tables 4 and 6, while the 260 

Talbot index and coal gangue: fly ash: cement ratio were held constant. The resulting settlement 261 

contours are shown in Figure 9. 262 

 

( a ) Scheme 1-1 road settlement cloud map 

 

( b ) Scheme 1-2 road settlement cloud map 
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( c ) Scheme 1-3 road subsidence cloud map 

 

( d ) Scheme 1-4 road settlement cloud map 

Figure 9 Cloud map of settlement of GFCF mixture base road in Scheme 1 263 

As presented in Figure 9, the maximum settlement of GFCF mixture pavement base material 264 

road is 12.53 mm, 12.42 mm, 12.28 mm, and 12.41 mm when the fiber content is 0.2%, 0.4%, 0.6%, 265 

and 0.8%, respectively. When the fiber content is 0.6 %, the maximum settlement is smaller than 266 

that of other fiber parameters, indicating that the mechanical properties of the material are optimal 267 

when the fiber content is 0.6 %. From the settlement value, the fiber content in the test and 268 

simulation range will have a certain influence on the road settlement, but the influence is relatively 269 

small. 270 

 The edge position of the road model is sliced to obtain the vertical stress of the left-view 271 

section when driving, as shown in Figure 10. 272 

 

( a ) Scheme 1-1 The vertical stress at the left section of the road 

 

( b ) Scheme 1-2 The vertical stress of the left section of the road 
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( c ) Scheme 1-3 The vertical stress of the left section of the road 

 

( d ) Scheme 1-4 The vertical stress of the left section of the road 

Figure 10 Vertical stress at the left section position of the GFCF mixture base road in Scheme 1 273 

As presented in Figure 10, the analysis shows that when the fiber content is 0.2%, 0.4%, 0.6%, 274 

and 0.8%, the maximum vertical stress of the GFCF mixture pavement base material road is 275 

274.2kN/m2,277.6kN/m2,282.7kN/m2,278.1kN/m2, respectively. When the fiber content is 0.6, the 276 

vertical stress is the largest. The results obtained by the numerical calculation model confirm that 277 

the fiber content of 0.6% in the fiber mixture subgrade ratio, which has the best mechanical 278 

properties. 279 

According to the layout of the monitoring point scheme, the vertical settlement value and 280 

vertical stress detected under different step values of the above simulation scheme are obtained, and 281 

the curve is drawn, as shown in Figure11.  282 

    283 

（a）Scheme 1-1 ~ 1-4 measuring point position 
subsidence law 

（b）Scheme 1-1 ~ 1-4 measuring points 

vertical stress 

Figure 11 Settlement law and vertical stress of measurement points for GFCF mixture base road in Scheme 1 284 

At the monitoring point (Figure 11), the maximum settlements were 12.47, 12.36, 12.22, and 285 

12.35 mm for fiber contents of 0.2%, 0.4%, 0.6%, and 0.8%, respectively. The 0.6% case again 286 

produced the smallest settlement, consistent with the contour-based values in Figure 9. Nevertheless, 287 

the differences among the four cases remained small, indicating limited settlement sensitivity to the 288 

fiber-dependent parameter sets within the investigated range. 289 

3.4 The influence of vehicle speed on the settlement and stress of GFCF-filled subgrade road 290 

Vehicle speeds of 50, 80, and 100 km/h were simulated in Scheme 2. The GFCF base layer 291 

used a Talbot index of 0.4, a fiber content of 0.6%, and a coal gangue: fly ash: cement mass ratio of 292 
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82:12:6. Settlement contours for Schemes 2-1 to 2-3 are shown in Figure 12. 293 

 

( a ) The speed of 50km / h road subsidence cloud 

 

( b ) The speed of 80km / h road subsidence cloud 

 

( c ) The speed of 100km / h road subsidence cloud 

Figure 12 Road settlement of GFCF mixture base under different vehicle speeds 294 

As presented in Figure 12, the maximum road settlement of GFCF mixture pavement base 295 

material is 17.15 mm, 12.28 mm, and 9.22 mm, respectively, when the vehicle speed is 50 km/h, 80 296 

km/h, and 100 km / h, respectively. It can be clearly seen that the road settlement of GFCF mixture 297 

pavement base material is negatively correlated with the vehicle speed; that is, under the same 298 

conditions, the slower the vehicle speed, the greater the road settlement. When the vehicle speed is 299 

slow, the vehicle will act on the same position for a long time, so the displacement at this position 300 

will be increased. 301 

The edge position of the road model is sliced to obtain the vertical stress of the cross-sectional 302 

view when driving, as shown in Figure 13.  303 
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（a）Speed 50km/h Vertical stress at leftmost section of road 

 

（b）Speed 80km/h Vertical stress at leftmost section of road 

 

（c）Speed 100km/h Vertical stress at leftmost section of road 

Figure 13 Leftmost section position of GFCF mixture base under different vehicle speeds 304 

As presented in Figure 13, when the vehicle speed is 50km/h, 80km/h and 100km/h, the 305 

maximum vertical stress on the side of the road of GFCF mixture pavement base material is 306 

241.68kN/ m2, 282.79kN/m2 and 292.74kN/m2respectively. To a certain extent, the greater the 307 

vehicle speed, the greater the vertical stress on the road. Therefore, speed control is an important 308 

means to slow down road damage. 309 

According to the layout of the monitoring point scheme, the vertical settlement value and 310 

vertical stress detected under different step values of the above simulation scheme are obtained, and 311 

the curve is drawn, as shown in Figure14. 312 

 

( a ) Settlement law of measuring point position at 

different speeds 

 

( b ) The vertical stress of the measuring point at 

different speeds 

Figure 14 Settlement Law and Vertical Stress of Measurement Points at Different Vehicle Speeds 313 

At the monitoring point, the maximum settlements were 17.06, 12.22, and 9.16 mm at 50, 80, 314 

and 100 km/h, respectively (Figure 14a), confirming the same speed-dependent settlement ranking 315 

as Figure 12. The monitoring-point stress histories in Figure 14b show lower local peak stress at 316 
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higher speed, whereas Figure 13 reports the maximum stress over the extracted section. These 317 

metrics need not vary identically because they refer to different spatial locations and extraction 318 

definitions. Overall, the speed-induced settlement range was substantially larger than the settlement 319 

differences among the four fiber-dependent parameter sets. 320 

3.5 The influence of traffic load on the settlement and stress of GFCF-filled subgrade road 321 

Scheme 3 considered moderate, heavy, and severe traffic-load cases. The GFCF base layer 322 

retained a Talbot index of 0.4, a fiber content of 0.6%, and a coal gangue: fly ash: cement mass ratio 323 

of 82:12:6. 324 

Settlement contours for the moderate, heavy, and severe load cases (Schemes 3-1 to 3-3) are 325 

shown in Figure 15. 326 

 

( a ) Road settlement cloud map of moderate traffic load 

 

( b ) Road settlement cloud map under heavy traffic load 

 

( c ) Road settlement cloud map under severe traffic load 

Figure 15 Road settlement of GFCF mixture base under different traffic loads 327 

As presented in Figure 15, the maximum settlement of GFCF mixture pavement base material 328 

road under moderate traffic load, heavy traffic load, and severe traffic load is 7.57 mm, 12.28 mm, 329 

and 17.50 mm, respectively. With the increase in traffic load conditions, the maximum settlement 330 
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of the GFCF mixture pavement base material road is positively correlated. The more serious the 331 

traffic load, the greater the road settlement, and the impact of traffic load is extremely serious. 332 

The edge position of the road model is sliced to obtain the vertical stress of the left-view section 333 

when driving, as shown in Figure 16. 334 

 

(a) The vertical stress of the leftmost section of the road under moderate traffic load 

 

(b) Vertical stress on the leftmost section of heavy traffic load road. 

 

( c ) The vertical stress of the leftmost section of the road under severe traffic load 

Figure 16 Leftmost section position of GFCF mixture base under different traffic loads 335 

As presented in Figure 16, under the conditions of moderate traffic load, heavy traffic load and 336 

severe traffic load, the maximum stress in the vertical direction of the road side of the GFCF mixture 337 

pavement base material is 170.20kN/m2,282.7kN/m2 and 395.44kN m2 respectively. The vertical 338 

stress of the road is also positively correlated with the traffic load, so the load control is also an 339 

important factor affecting the road damage. 340 

Settlement and vertical stress at the monitoring point were obtained for various loading steps, 341 

and the corresponding relationship is presented in Figure 17. 342 

 

（a）Settlement law of measuring point position 

under different traffic loads 

 

（b）The vertical stress of the measuring point under 

different traffic loads 

Figure17 Settlement law and vertical stress of measurement points under different traffic loads 343 
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At the monitoring point, the maximum settlements were 7.57, 12.22, and 17.50 mm under 344 

moderate, heavy, and severe traffic loads, respectively (Figure 17a). The corresponding monitoring-345 

point peak stresses were 63.82 kN/m2, 101.44 kN/m2, and 147.06 kN/m2 (Figure 17b). These values 346 

are lower than the section-level maxima in Figure 16 because they refer to a single monitoring 347 

location. Both settlement and local peak stress increased with traffic-load magnitude. 348 

The numerical results demonstrate that the adopted GFCF parameter sets can be examined 349 

within a pavement-scale moving-load model and that settlement is more sensitive to vehicle speed 350 

and traffic-load magnitude than to the comparatively small differences among the fiber-dependent 351 

material sets.  352 

4 Discussion 353 

4.1 Phase Evolution Revealed by XRD 354 

XRD patterns were obtained for the 6% cement GFC mixture and the corresponding GFCF 355 

mixture containing 0.6% basalt fiber after 7 and 28 d of curing. The results are presented in Figure 356 

18. 357 

  

(a) 7 d (b) 28 d 

Figure 18. XRD patterns of the 6% cement GFC and 6% cement GFCF mixture containing 0.6% 
basalt fiber after (a) 7 d and (b) 28 d of curing 

The patterns are dominated by SiO2 reflections, with weaker peaks tentatively associated with 358 

CaCO3 and ettringite-related phases. A distinct C-S-H peak is not expected because C-S-H is poorly 359 

crystalline or largely amorphous. Because the patterns use separate local intensity scales and no 360 

internal standard, Rietveld refinement, or other quantitative phase analysis, differences in peak 361 

height are interpreted qualitatively; the results are consistent with continued reaction-product 362 

development.  363 

4.2 SEM Evidence of Matrix Densification and Fiber–Matrix Interaction 364 

4.2.1 Raw Gangue Morphology and Fiber Contact 365 

For SEM preparation, blocks smaller than 10 mm were collected from the interiors of cured 366 

specimens. One surface was flattened when necessary, while the observation surface was 367 

retained as a natural fracture surface. Each specimen was mounted on conductive adhesive and 368 

gold-coated before imaging. SEM was used to examine pore filling, particle bonding, and fiber–369 

matrix interaction. The raw coal gangue was first characterized to identify surface features that 370 

could influence subsequent bonding with the cementitious matrix, as shown in Figure 19.  371 
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   372 

（a）2000X                            （b）5000X 373 

Figure 19 Microscopic morphology of coal gangue 374 

Figure 19 shows that the raw coal gangue consists of irregular, angular, and locally lamellar 375 

particles with rough surfaces, stepped edges, pores, and micro-scale discontinuities. These surface 376 

irregularities increase the available contact area and provide potential nucleation and mechanical-377 

interlocking sites for hydration products. However, unfilled pores, microcracks, and cleavage planes 378 

may concentrate stress and promote crack initiation along weak particle boundaries. Continued 379 

hydration can progressively fill these defects and improve the continuity of the gangue–matrix 380 

interface. 381 

The fiber–matrix interface was subsequently examined to determine whether the basalt fibers 382 

were embedded in and connected to the surrounding cementitious phase. Representative 383 

morphologies are shown in Figure 20. 384 

      385 

Figure 20 Fibers in the GFCF mixture(500x) 386 

Figure 20 shows basalt fibers in contact with the surrounding matrix and with adhered fine 387 

particles. These features are consistent with possible mechanical anchorage, stress transfer, and 388 

crack bridging. However, SEM morphology alone does not quantify interfacial bond strength or 389 

establish the magnitude of the fiber-induced mechanical improvement. 390 

4.2.2 Curing-Age-Dependent Matrix Densification 391 
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To examine the development of the cementitious skeleton, the GFCF mixture containing 0.6% 392 

basalt fiber was observed after 7 and 28 d. The 7 d morphology is presented in Figure 21. 393 

        394 

（a）3000x                               （b）5000x 395 

Figure 21 Fiber addition of 0.6%, microstructure of 7d GFCF mixture 396 

At 7 d, partially exposed gangue particles, visible open spaces, dispersed needle-like products, 397 

and discontinuous gel-like regions are observed. These features indicate that an early cementitious 398 

skeleton had formed but remained incompletely connected. The needle-like and gel-like 399 

morphologies are consistent with ettringite-related and C–S–H-rich products, respectively. 400 

The corresponding 28 d morphology was examined to determine whether the discontinuous 401 

early-age products developed into a denser and more continuous matrix in Figure 22. 402 

     403 

（a）3000x                         （b）5000x 404 

Figure 22 Fiber addition of 0.6%, microstructure of 28d GFCF mixture 405 

Compared with the 7d specimens, the 28d matrix contains more extensively intergrown needle-406 

like and gel-like products, while the number and size of visible open voids are reduced. The denser 407 

morphology is consistent with continued cement hydration, later-age fly-ash reaction, and improved 408 

contact among reaction products, gangue particles, and basalt fibers. Nevertheless, morphology 409 
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alone does not provide quantitative porosity or phase-content information. The combined 410 

mechanical and microstructural observations suggest a coupled mechanism in which reaction 411 

products improve particle bonding and dispersed basalt fibers may redistribute tensile stress and 412 

bridge developing cracks. 413 

5 Conclusions 414 

Based on laboratory testing, microstructural characterization, and numerical simulation, the 415 

mechanical response, deformation behavior, and possible reinforcement mechanism of gangue–fly 416 

ash–cement–fiber pavement-base materials were evaluated. The principal conclusions are as follows: 417 

(1) Unconfined compressive strength and splitting tensile strength showed the same nonlinear 418 

response to fiber content, increasing from 0.2% to 0.6% and then decreasing at 0.8%. The 0.6% 419 

mixture achieved the highest unconfined compressive strengths of 10.27 MPa at 7 d and 14.47 MPa 420 

at 28 d, together with the highest splitting tensile strengths of 0.91 and 1.51 MPa, respectively. Thus, 421 

0.6% was the best-performing strength dosage within the investigated range. 422 

(2) Compressive resilient modulus decreased monotonically as fiber content increased. The 423 

modulus fell from 882 MPa to 794 MPa at 7 d and from 1497 MPa to 1287 MPa at 28 d as fiber 424 

content increased from 0.2% to 0.8%. Basalt fiber therefore produced a strength–stiffness trade-off 425 

rather than a uniform improvement in all mechanical properties. 426 

(3) The modeled maximum settlements for the 0.2%, 0.4%, 0.6%, and 0.8% fiber-dependent 427 

parameter sets were 12.53 mm, 12.42 mm, 12.28 mm, and 12.41mm, respectively, showing only 428 

limited sensitivity to fiber content. In comparison, increasing vehicle speed from 50 km/h to 100 429 

km/h reduced settlement from 17.15 mm to 9.22 mm, whereas increasing traffic load from moderate 430 

to severe raised settlement from 7.57 mm to 17.50 mm. Vehicle speed and traffic-load magnitude 431 

therefore had greater modeled effects than the differences among the fiber-dependent material sets. 432 

(4) XRD and SEM observations were consistent with continued reaction-product development 433 

and a denser matrix at 28 d than at 7 d. The observed fiber–matrix contact and adhered particles also 434 

suggest possible mechanical anchorage and crack bridging, although these mechanisms were not 435 

quantified directly.  436 

 437 

  438 
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