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 17 

Abstract 18 

The limestone formation in the Jinan area belongs to a typical karst development zone in northern China. Initially, basic phys- 19 

ical tests were conducted on karst fillings from typical sites in the Jinan area. The data indicated that the fillings exhibit moderate 20 

expansion potential, with high montmorillonite content being the cause of their expansibility. Further tests were carried out on the 21 

expansive karst fillings, including free swelling ratio tests under dry-wet cycles, mercury intrusion porosimetry tests, and triaxial 22 

tests. The specimens were subjected to 1, 3, 7, and 11 dry-wet cycles. The findings are as follows: (1) Multiple dry-wet cycles 23 

significantly reduce the expansibility of karst fillings. (2) After 11 dry-wet cycles, the total pore volume increased by 83%, with the 24 

proportion of large pores rising from 6% to 49%, indicating a significant deterioration in the microstructure of the karst fillings. (3) 25 

With an increase in the number of dry-wet cycles, the shear strength decreased noticeably, and the elastic modulus declined expo- 26 

nentially, stabilizing after a reduction of approximately 38% following 3 cycles. The rate of shear strength decline was relatively 27 

uniform, with an eventual deterioration of about 40%. Quantitative relationships between elastic modulus, shear strength, and the 28 

number of dry-wet cycles were established based on experimental data. Stress paths and effective stress ratio curves revealed a 29 

strain-softening effect in the karst fillings after dry-wet cycles, gradually exhibiting ductile failure. As the number of cycles in- 30 

creased, repeated expansion and contraction weakened the cementation between particles, making them more prone to rearrange- 31 

ment and compaction. This led to a 1.3-fold increase in the maximum static pore water pressure during the tests. Based on the results 32 

of mercury intrusion porosimetry and triaxial tests, a progressive macro-micro damage evolution pattern was established, revealing 33 

the intrinsic correlation between microscopic damage evolution and macroscopic mechanical deterioration of karst fillings under 34 

dry-wet cycles. This study provides valuable references for engineering construction in karst areas. 35 

Keywords: karst filling, dry-wet cycle, expansibility, pore characteristics, strength characteristics 36 

 37 

1. Introduction 38 

China hosts the world’s most typical and complete karst landforms, with a terrestrial karst area of nearly 340×104 km2. The 39 

underground karst landforms in northern China are predominantly composed of pores, fissures and karstified fissures, which locally 40 

combine with caverns to form a network structure. Shandong Province ranks among the regions with the most extensive distribution 41 

of temperate karst across northern China and the globe. Its exposed karst area is approximately 1.62×104 km2, accounting for 10.34% 42 

of the total land area of Shandong Province. 43 

At present, systematic investigations focusing on mechanical deterioration and microstructural damage evolution of karst fill- 44 

ings under alternating dry-wet conditions remain insufficient. Related research achievements on conventional expansive soils can 45 

provide important theoretical references for this study. In terms of shear strength evolution under cyclic drying and wetting, Rabbi 46 
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et al [1] clarified the variation rule of unsaturated expansive soil shear strength controlled by matric suction during repeated dry- 47 

wet cycles via laboratory mechanical tests. Ozer et al [2] further pointed out that initial water content is a critical factor dominating 48 

the shear mechanical response of expansive soils under hydrothermal cyclic fluctuations. Nowamooz et al [3] revealed the inherent 49 

correlation between soil internal fabric reconstruction and suction variation of compacted swelling soil after multiple dry-wet treat- 50 

ments, and verified that the loss of interparticle cohesion dominates the overall attenuation of shear strength. Puppala et al [4] 51 

confirmed that the continuous generation of surface and internal cracks triggered by cyclic moisture change accelerates the irre- 52 

versible degradation of soil shear strength, while Fattah et al [5] supplemented the coupled influence of dry-wet and freeze-thaw 53 

cycles on the compression deformation properties of high-plastic expansive clay. Targeted at soil improvement against dry-wet 54 

damage, Sivapullaiah et al [6] proved that blended modification with fly ash and plant fiber can effectively restrain strength deteri- 55 

oration caused by periodic moisture alternation. 56 

From the perspective of microscopic damage mechanism, existing studies mostly concentrate on crack development and pore 57 

structural variation induced by dry-wet cycling. Peron et al [7] explored the initiation and expansion law of desiccation cracks for 58 

medium expansive clay under diverse dry-wet boundary environments. Di Matteo et al [8] adopted mercury intrusion porosimetry 59 

(MIP) to quantitatively characterize pore structural damage of compacted expansive soil after cyclic dry-wet exposure and linked 60 

pore coarsening behavior to macro mechanical degradation. Ferber et al [9] used CT scanning technology to realize three-dimen- 61 

sional quantitative characterization of shrink-swell crack network evolution inside clay matrix under repeated drying and wetting. 62 

Nahlawi et al [10] analyzed aggregate expansion and microscopic pore transformation characteristics of expansive soils before and 63 

after water immersion based on SEM micrographs. 64 

Regarding hydraulic performance evolution, Albrecht et al [11] experimentally concluded that continuous crack propagation 65 

stemming from dry-wet cycle is the core reason for the gradual increase of soil permeability coefficient. In the field of expansibility 66 

research, Al-Homoud et al. [12] found that repeated hydration and dehydration destroys the original particle stacking structure of 67 

clay, leading to progressive decay of free swelling potential. On the basis of suction-controlled dry-wet tests, Nowamooz et al [13] 68 

elaborated the hydro-mechanical coupling behavior of bentonite-silt mixed expansive soil and its compressibility change induced 69 

by cyclic wetting-drying. Al-Mukhtar et al. [14] compared the disparity in macro mechanical indexes and microscopic fabric be- 70 

tween lime-modified and raw expansive clay, revealing the regulation mechanism of curing agent on restraining dry-wet deteriora- 71 

tion of expansive soil. 72 

Above abundant experimental and theoretical findings on expansive soils lay a solid research foundation for analyzing the 73 

macro-micro deterioration law of high-montmorillonite karst filling in Jinan under dry-wet cycles. 74 

2. Soils and Basic Physical Tests 75 

2.1. Test Soils 76 

A typical karst terrain site in the Jinan area is illustrated in Fig. 1. The upper portion consists of alluvial-proluvial deposits, 77 

whereas the lower portion is characterized by intensely karstified bedrock, in which abundant fully filled karren, dissolution grooves, 78 

and caves were exposed during field investigation. The karst infilling is a brownish-red silty clay that densely packs the cavities, 79 

with occasional gravel clasts. Borehole data reveal that the site strata are predominantly composed of Holocene and Upper Pleisto- 80 

cene loess-like silty clay and cohesive soils of slope-proluvial origin, underlain by a weathered zone of Ordovician argillaceous 81 

limestone and limestone. 82 

 83 
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Fig. 1. Karst fillings Sampling site  84 

Laboratory tests for water content, natural density, liquid and plastic limits, and particle size distribution were conducted on 85 

samples of the karst infilling in accordance with the Standard for geotechnical testing method (GB/T 50123-2019) [15]. The natural 86 

water content of the infilling is 22.7%, the natural density is 1.5 g/cm³, the liquid limit is 31.9%, the plastic limit is 19%, and the 87 

plasticity index is 12.9. The particle size distribution curve is shown in Fig. 2, with a clay fraction of approximately 30%, a silt 88 

fraction of approximately 57%, and a sand fraction of approximately 13%. Owing to the high silt content, the silt skeleton is prone 89 

to softening upon wetting. Meanwhile, the plasticity index exceeding 12 classifies the soil as medium- to high-plasticity, and the 90 

clay fraction exhibits pronounced swelling upon water absorption and shrinkage during drying. To avoid detrimental effects of the 91 

strong water sensitivity of the karst infilling on foundations, further tests for free swell ratio and mineral composition are required. 92 

 93 

Fig. 2. Particle gradation of karst fillings 94 

2.2. Free Swell Test 95 

To ensure the representativeness of the test data, samples were collected from three typical karst sites in Jinan, and twelve sets 96 

of specimens were prepared from different sampling points for free swell tests. According to the test results, the average free swell 97 

ratio of the twelve karst infill specimens is 81.9%. In accordance with the identification method for expansive soils and the classi- 98 

fication of swelling potential stipulated in the current Chinese national standard Technical Code for Buildings in Expansive Soil 99 

Regions (GB 50112-2013) [16], a free swell ratio between 65% and 90%(65% ≤
ef <90%) indicates medium swelling potential. 100 

Therefore, the typical karst infilling in the Jinan area can be identified as having medium swelling potential, and the detailed test 101 

results are presented in Fig. 3. 102 

 103 

Fig. 3. Free expansion rate test and test results statistics 104 

2.3. X-ray Diffraction (XRD) analysis 105 

The mineral composition of the karst infilling samples was analyzed by X-ray diffraction (XRD) [17, 18]. The primary con- 106 

stituents are quartz, montmorillonite, and muscovite, with contents ranging from 35~43%, 32~39%, and 8~13%, respectively. The 107 

relatively high montmorillonite content is the principal cause of the swelling behavior of the karst infilling. The detailed XRD results 108 

are presented in Fig. 4. 109 
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 110 

Fig. 4. XRD results of samples 111 

2.4. TG Analysis 112 

To further investigate the mineralogical characteristics of the karst infilling, thermos-gravimetric (TG) tests were performed, 113 

whereby the variation in interlayer water and structural water with increasing temperature was analyzed to reflect the mineral com- 114 

position. The derivative thermo-gravimetric (DTG) curve was obtained by taking the first derivative of the TG curve. The steep 115 

decline stages in the TG curve correspond to the dehydration processes of the minerals and coincide with the peaks in the DTG 116 

curve. The TG and DTG curves derived from the experimental results are presented in Fig. 5. 117 

Overall, the TG curve exhibits a stepwise decreasing trend. As the temperature increases from room temperature to approxi- 118 

mately 200 °C, the adsorbed water in the soil is progressively released. A second decline stage in the TG curve occurs between 200 119 

and 400 °C, which is attributed to the dehydration of interlayer water in montmorillonite. The DTG curve indicates that the mass 120 

loss rate gradually increases at the onset of interlayer water release and subsequently decreases once the dehydration is complete. A 121 

third decline stage appears between 400 and 750°C, corresponding to the removal of structural water from montmorillonite. In this 122 

temperature range, the DTG curve also shows an initial increase followed by a decrease; however, the peak mass loss rate is lower 123 

and the variation is relatively gradual, signifying that the dehydration of montmorillonite is essentially complete. A further decline 124 

stage in the TG curve is observed between 750 and 900 °C, which is attributed to the dehydration of structural water in muscovite. 125 

These experimental results are largely consistent with the findings reported in Clay Minerals and Their Analysis [19, 20]. Therefore, 126 

the TG test results demonstrate that the karst infilling in the Jinan area exhibits distinct thermal characteristics of montmorillonite, 127 

further corroborating the XRD results. 128 

 129 

Fig. 5. TG test results of karst fillings 130 

3. Dry-Wet Cycle Tests and Result Analysis 131 

3.1. Subsection 132 

To investigate the strength characteristics and microstructural evolution of the karst infilling under dry-wet cycles, unloaded 133 

swelling ratio tests, mercury intrusion porosimetry (MIP) tests, and consolidated undrained (CU) triaxial compression tests were 134 
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conducted. For the preparation of specimens subjected to dry-wet cycles, the collected karst infilling was first oven-dried, crushed, 135 

and passed through a 2 mm sieve. The sieved soil was then thoroughly mixed with an appropriate amount of distilled water to 136 

achieve the natural water content of 22.7%. The moistened soil was sealed in plastic bags and allowed to stand for 24 hours to ensure 137 

uniform moisture distribution. Based on the target dry density of 1.5 g/cm³, the soil was compacted into standard remolded triaxial 138 

specimens with dimensions of φ39.1×80 mm using a specimen compactor for the triaxial and MIP tests. Specimens for the unloaded 139 

swelling ratio tests, with dimensions of φ61.8×20 mm, were prepared by static compaction. Immediately after preparation, all spec- 140 

imens were sealed in plastic bags and stored at a constant temperature in the dark to prevent moisture loss. 141 

3.2. Test Program 142 

To simulate the dry-wet cycling conditions of the karst infilling, specimens were subjected to different numbers of artificial 143 

wetting and drying cycles. The specific procedure for one complete dry-wet cycle is as follows. The wetting process was carried 144 

out by vacuum saturation of the specimens in accordance with the Standard for geotechnical testing method (GB/T 50123-2019) 145 

[15]. The specimens were immersed in a saturation tank for 12 hours, after which they were oven-dried at a constant temperature 146 

for 12 hours. The upper limit of the drying temperature was determined with reference to historical meteorological data from the 147 

sampling site, and the oven temperature was set to 40 °C. A moisture content below 5% was defined as the dry state. Previous 148 

studies have indicated that the physical and mechanical properties of expansive soils tend to stabilize after 5 to 10 dry-wet cycles 149 

[21]. Accordingly, the condition with no dry-wet treatment was designated as zero cycles, and the subsequent tests were conducted 150 

at 1, 3, 7, and 11 cycles [22~24]. 151 

Unloaded swelling ratio tests were performed to evaluate the magnitude and variation pattern of the swelling behavior of the 152 

karst infilling specimens subjected to different numbers of dry-wet cycles. During the test, the specimen was placed in an unloaded 153 

swell test apparatus, and water was added after the dial gauge began recording, with the water level maintained at 5 mm above the 154 

top of the specimen throughout the test. The starting time of water addition was recorded, and the vertical swelling displacement 155 

was measured in real time using an automatic dial gauge. The test was terminated when the deformation of the specimen did not 156 

exceed 0.01 mm over a 6 hour period. The unloaded swelling ratio of the specimen was calculated using Equation (1): 157 

This is example 1 of an equation: 158 

t 0

t

0

100
Z Z

h


−
=   (1) 

where t is the unloaded swelling ratio at time t (%), 0Z is the dial gauge reading at the beginning of the test, tZ is the dial 159 

gauge reading at time t, and 0h is the initial height of the specimen. 160 

Mercury intrusion porosimetry (MIP) establishes the mapping relationship between the applied external pressure and the vol- 161 

ume of mercury intruded based on the surface tension of mercury and its contact angle with the solid soil [25]. As the applied 162 

pressure increases, mercury can penetrate progressively smaller pores. The pore diameter corresponding to a given applied pressure 163 

can be determined using Equation (2), thereby characterizing the pore structure of the tested specimen. 164 

14 cos
P

d

 
=

 
(2) 

where P  is the applied pressure (kPa),  is the surface tension of mercury,  is the contact angle between mercury and the 165 

solid soil, and d  is the diameter of the idealized cylindrical pore (μm). After undergoing a prescribed number of dry-wet cycles, 166 

the MIP specimens were air-dried at room temperature (25°C).The standard specimens were then trimmed into approximately cu- 167 

bical shapes with a volume of about 1 cm³. The mercury intrusion porosimeter, which was a MODEL PoreMaster 33 instrument 168 

used to determine the pore size distribution of the karst infilling after dry-wet cycles, was employed in this study. 169 

Consolidated undrained (CU) triaxial compression tests were conducted to investigate the influence of dry-wet cycles on the 170 

mechanical properties of the expansive karst infilling. To prevent the generation of excess pore water pressure during consolidation 171 

and to precisely control the axial and lateral effective stresses, a constant loading rate was maintained throughout the test. The shear 172 

rate was set at 0.1%·min⁻¹, and the confining pressure was set at 150 kPa. The test was terminated when the stress–strain curve 173 

exhibited a distinct peak and an additional axial strain of 3% was applied beyond the peak. In cases where no distinct peak was 174 

observed, the test was terminated at an axial strain of 20%. 175 

3.3. Characteristics of Unloaded Swelling Ratio 176 



 6 of 14 

 

The results of the unloaded swelling ratio tests are presented in Fig.6. The variation trends of the unloaded swelling ratio with 177 

test time under different numbers of dry-wet cycles are generally consistent, all exhibiting a rapid increase stage, a gradual increase 178 

stage, and a stabilization stage. However, the stabilized unloaded swelling ratio values differ significantly among the specimens. 179 

The specimen not subjected to dry-wet cycles (N=0) reached a swelling ratio of 44%, which decreased to approximately 32% after 180 

3 cycles and to approximately 12% after 11 cycles. As shown by the relationship curve between the number of dry-wet cycles and 181 

the unloaded swelling ratio in Fig. 8, the unloaded swelling ratio decreases rapidly in the initial stage of dry-wet cycling, changes 182 

slowly between 3 and 7 cycles, and then declines sharply thereafter. 183 

It is evident that, although the unloaded swelling ratio of the karst infilling decreased to 27% of its initial value after 11 dry- 184 

wet cycles, indicating that dry-wet cycling can effectively mitigate its swelling potential, a residual swelling ratio of 12% still poses 185 

a certain degree of risk. It is anticipated that with a further increase in the number of dry-wet cycles, the karst infilling could degrade 186 

to a weakly expansive soil with low risk. 187 

 188 

Fig. 6. Unloaded swelling ratio test results 189 

3.4. Pore Characteristics 190 

Fig.7(a) presents the cumulative pore volume curves of specimens subjected to dry-wet cycles, as determined by mercury 191 

intrusion porosimetry (MIP). It can be observed that the pore diameter distribution curve of the specimen without dry-wet cycling 192 

exhibits a gradually decreasing trend. With an increasing number of dry-wet cycles, the curves progressively develop a characteristic 193 

pattern of an initial decline, followed by a gentle intermediate segment, and then a steep decline. This indicates a marked increase 194 

in the content of pores larger than 10 μm, whereas the distribution of pores in the diameter range of 0.1~10 μm remains relatively 195 

consistent across different cycles. Meanwhile, the entire curve shifts upward with increasing cycle numbers, suggesting that dry- 196 

wet cycling leads to a significant increase in the total pore volume of the specimens. 197 
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 200 

(b) 201 

Fig. 7. Pore volume and pore surface area distribution under dry-wet cycles  202 

(a) Pore volume distribution, (b) pore surface area distribution 203 

By approximating the pores as spherical, the cumulative pore surface area was derived from the pore volume data, as shown 204 

in Fig.7(b), which illustrates the relationship between pore diameter and cumulative pore surface area under different numbers of 205 

dry-wet cycles. It can be observed that the cumulative pore surface area of the specimens increases progressively with the number 206 

of dry-wet cycles. The cumulative surface area begins to increase gradually when the pore diameter exceeds 1μm, and exhibits an 207 

exponential increase as the pore diameter approaches and exceeds 10μm, indicating that large-diameter pores exert a particularly 208 

pronounced influence on the total pore surface area. This irreversible change in pore structure results from the combined effects of 209 

repeated moisture ingress and egress, the progressive breakdown of interparticle cementation, and the initiation and propagation of 210 

microcracks. 211 

According to the experimental data, the initial pore volume was 0.18 cm³, and it increased by 0.15 cm³ after 11 dry-wet cycles. 212 

With reference to the pore size distribution of the soil specimens, pores with diameters greater than 10 μm were defined as 213 

macropores, those smaller than 1 μm as micropores, and those in the intermediate range as mesopores [26]. Fig.8 presents a histo- 214 

gram of the pore volume changes under dry-wet cycles. As can be seen from the figure, the proportion of macropore volume in- 215 

creases progressively with the number of dry-wet cycles, from merely approximately 6% in the untreated condition to 49% after 11 216 

cycles. Correspondingly, the proportion of mesopore volume gradually decreases from 75% to 41% over the course of dry-wet 217 

cycle. The proportion of micropores remains relatively low throughout the process and generally exhibits a declining trend, decreas- 218 

ing from 19% to 10%. These changes in pore proportions indicate that the expansive karst infilling initially possesses a relatively 219 

dense structure with low porosity. Under repeated dry-wet cycles, the fine and compact clay minerals undergo recurrent swelling 220 

and shrinkage, which accelerates structural damage and loosening of the surrounding silt particles, leading to the coarsening and 221 

coalescence of small and medium-sized pores. As a result, the total pore volume increases by approximately 83%, and the macropore 222 

volume accounts for nearly half of the total porosity. 223 

 224 

Fig. 8. The size distribution of pores under dry-wet cycles 225 
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3.5. Strength Characteristics 226 

Based on the triaxial tests, the stress–strain relationships, stress path variations, and the relationships among strain, effective 227 

stress ratio, and pore water pressure were obtained for specimens subjected to different numbers of dry-wet cycles. Fig.9 presents 228 

the stress–strain curves of the expansive karst infilling under different numbers of dry-wet cycles. It can be observed that the devi- 229 

atoric stress decreases markedly after just one dry-wet cycle and continues to decline with further cycling. When the number of 230 

cycles exceeds seven, the decrease in deviatoric stress tends to level off, indicating that the mechanical properties of the karst 231 

infilling gradually stabilize once the number of dry-wet cycles surpasses a certain threshold. 232 

 233 

Fig. 9. Stress-strain relationship of samples under different dry-wet cycles 234 
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The fitted curves are shown in Fig.10. As the number of dry-wet cycles increases, the elastic modulus decreases, with a partic- 235 

ularly pronounced decline in the initial stage, followed by a gradual stabilization between 3 and 11 cycles, exhibiting a trend of 236 

rapid decrease initially and a slower decline thereafter. This behavior can be attributed to the relationship between the elastic mod- 237 

ulus and soil stiffness. dry-wet cycles lead to the rapid accumulation of initial damage, causing extensive development of internal 238 

fissures within the soil and a consequent reduction in stiffness, which is manifested as a substantial decrease in the elastic modulus 239 

during the first three dry-wet cycles. In the middle and later stages of dry-wet cycling, an internal fissure network has largely been 240 

established, and subsequent cycling primarily results in the gradual propagation of existing fissures and the formation of only a 241 

limited number of new ones. The effect on the overall stiffness is thus diminished, accounting for the slow decline in the elastic 242 

modulus during these stages. 243 

In contrast, the shear strength exhibits a relatively uniform decline with increasing dry-wet cycles, showing a progressively 244 

decreasing trend overall. The shear strength is jointly governed by cohesion and the internal friction angle. Under repeated dry-wet 245 

cycles, the recurrent ingress of water dissolves cementing soils, leading to a sustained and irreversible decrease in interparticle 246 

bonding. Concurrently, the particle surfaces become rounded and the minerals softened, resulting in a gradual reduction of the 247 

friction coefficient and further weakening of frictional resistance. The continuous decline in shear strength also indicates that the 248 

chemical dissolution and physical wear induced by dry-wet cycles are progressive and irreversible processes. 249 
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 250 

Fig. 10. The relationship between the number of dry-wet cycles and the elastic modulus and shear strength 251 

The stress path in a triaxial test describes the continuous trajectory of the stress state evolution of a soil element during loading. 252 

The effective stress path curves under different numbers of dry-wet cycles are presented in Fig.11. It can be observed that the stress 253 

paths of all soil specimens exhibit a transition from an initial linear segment to a curved segment, and the inflection point occurs 254 

progressively earlier as the number of dry-wet cycles increases. This phenomenon can be explained as follows: at the initial stage 255 

of the test, the specimen is in a dry state with relatively high stiffness, resulting in a linear stress path. When the stress level reaches 256 

a critical value (the inflection point), the soil deteriorates into a nearly saturated, weakened state. Beyond the inflection point, the 257 

stress path becomes horizontal or exhibits a descending trend, indicating that the soil has entered a strain-softening phase following 258 

plastic yielding. The more dry-wet cycles the specimen has undergone, the more severe the structural damage, leading to the in- 259 

creasingly earlier appearance of the inflection point. 260 

 261 

Fig. 11. The change of stress path under different dry-wet cycles 262 

Fig.12 presents the relationship curves between strain and effective stress ratio under different numbers of dry-wet cycles. As 263 

shown in the figure, the effective stress ratio of the specimen not subjected to dry-wet cycles (N=0) initially increases with strain 264 

and then tends to stabilize, exhibiting strain-hardening behavior. In contrast, for the specimens that have undergone dry-wet cycles, 265 

no distinct peak is observed in the curves; instead, the effective stress ratio approaches a plateau after reaching a certain value. This 266 

indicates that the soil specimens do not exhibit pronounced brittle failure, but rather undergo sustained deformation over a wide 267 

strain range and ultimately reach a relatively stable stress state, manifesting ductile failure behavior. 268 
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 269 

Fig. 12. Relationship between strain and effective stress ratio 270 

Fig.13 illustrates the variation in pore water pressure with axial strain under different numbers of dry-wet cycles. As the axial 271 

strain increases, the pore water pressure of the specimen not subjected to dry-wet cycles (N=0) exhibits a continuous increase. This 272 

is because its structure is relatively intact, and under undrained conditions, the compressive potential energy released by structural 273 

damage consistently exceeds the inherent drainage capacity of the soil, resulting in a monotonic accumulation of pore pressure. 274 

With an increasing number of dry-wet cycles, the pore water pressure rises more rapidly in the early stage of shearing, while the 275 

rate of increase gradually diminishes in the later stage. This can be explained as follows: in the early stage, shear forces cause soil 276 

blocks to slide along weak planes and rapidly compress macropores, leading to a sharp short-term increase in pore pressure. In the 277 

later stage, as the soil enters a plastic state, the compressive potential energy and the energy dissipated through drainage reach 278 

equilibrium, and the pore pressure tends to stabilize. Meanwhile, the pore water pressure at a given strain level increases with the 279 

number of dry-wet cycles. From a microstructural perspective, both the total pore volume and the proportion of macropores increase 280 

under dry-wet cycling, and the repeated swelling and shrinkage progressively weaken the interparticle cementation. Consequently, 281 

during triaxial testing, soil particles become more susceptible to rearrangement and compaction, resulting in the generation of higher 282 

magnitudes of excess pore water pressure. 283 

 284 

Fig. 13. Relationship between strain and pore water pressure 285 

3.6. Mesoscopic Structure and Macroscopic Mechanical Properties Deterioration Mechanisms and Damage Evolution 286 

The damage induced by dry-wet cycles to the karst infilling can be characterized by macroscopic parameters such as yield 287 

stress and elastic modulus, as well as by microscopic parameters including pore number, area, and volume [27]. 288 

Based on the deviatoric stress at failure obtained from triaxial tests, a macroscopic damage variable
f

D for the karst infilling 289 

subjected to dry-wet cycles is defined, which can be calculated using the following equation [28]: 290 
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where
1 3 ,0

( - )
f

  is the deviatoric stress at failure for zero dry-wet cycles, and 
1 3 ,

( - )
f N

   is the deviatoric stress at failure after 291 

N dry-wet cycles. A larger
f

D value indicates a greater extent of specimen damage. The
f

D values and the corresponding curve ob- 292 

tained from the triaxial test results are presented in Fig.14. 293 

Based on the pore volume variation obtained from MIP tests, the change in the volume of macropores (diameter>10μm) was 294 

selected to reflect the microstructural damage characteristics, as these macropores are considered representative of fissure contribu- 295 

tions. A microscopic damage variable 
m

D  for the karst infilling subjected to dry-wet cycles is defined using the MIP test results, 296 

with the following calculation formula: 297 

L cumV V m= 
 

(6) 

A J LV V V= +
 

(7) 

L

m

A

V
D

V
=

 
(8) 

Where 
LV  is the fissure volume of the soil after testing, 

cumV is the cumulative pore volume of the soil after testing, m is the 298 

mass of the soil, 
AV is the total volume of the soil, and 

JV  is the matrix volume of the soil after testing. The 
m

D  values and the 299 

corresponding curve obtained from the MIP test results are also presented in Fig.14. both 
f

D  and 
m

D  increase rapidly during the 300 

initial stage of dry-wet cycling, indicating that the rapid increase in pore connectivity leads to a substantial loss of soil strength at 301 

this stage. In the later stage, the curves tend to level off, suggesting that the pore reorganization is largely complete and the strength 302 

deterioration approaches a limit. 303 

 304 

 305 

 306 

Fig. 14. Variation curve of macro and micro damage variables 307 

To investigate the correlation mechanism between
f

D  and 
m

D in the macro-micro damage evolution, further analysis was con- 308 

ducted, yielding the fitting equation presented as Equation (9) and illustrated in Fig. 15. 309 
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 310 

Fig. 15. Curve of macro and micro change rule 311 

The macroscopic damage exhibits a nonlinear exponential increase with the growth of the microscopic variable representing 312 

crack propagation, indicating that microstructural pore evolution is the fundamental driving force behind the loss of macroscopic 313 

strength. Once the accumulated microstructural damage reaches a critical threshold, it triggers a pronounced strength deterioration 314 

response. This nonlinear relationship provides a correlative basis for characterizing the damage evolution of expansive karst infilling 315 

in the Jinan area. The macro-micro damage model predicts that when m
D exceeds the threshold value of 0.18, the permeability of the 316 

soil increases significantly, the fissure network develops at an accelerated rate, and the strength deterioration process intensifies, 317 

thereby necessitating timely engineering protective measures. 318 

4. Conclusions 319 

Taking the typical karst sites in Jinan as the engineering background, this study first identified the swelling characteristics and 320 

their underlying causes of the karst infilling. Subsequently, unloaded swelling ratio tests, mercury intrusion porosimetry (MIP) tests, 321 

and triaxial tests were conducted under dry-wet cycling conditions to investigate the evolution of mechanical properties and micro- 322 

structure, as well as the macro–micro deterioration mechanisms of the karst infilling. The main conclusions are as follows: 323 

The typical karst infilling in the Jinan area exhibits medium swelling potential, which is attributed to its high montmorillonite 324 

content. dry-wet cycling can significantly reduce its swelling behavior. 325 

dry-wet cycling leads to a continuous increase in the internal porosity of the karst infilling, with a pronounced tendency for 326 

small and medium pores to transform into macropores. The alteration of the pore structure is a key factor contributing to the degra- 327 

dation of the macroscopic mechanical properties. 328 

dry-wet cycling causes the deterioration of the strength of the karst infilling. The breakdown of mineral cementation and pore 329 

reorganization result in a marked decrease in both the elastic modulus and the shear strength parameters. Concurrently, the deterio- 330 

ration of the pore structure induces particle rearrangement and compaction, leading to an increase in excess pore water pressure at 331 

a given strain and a reduction in effective stress, which causes the karst infilling specimens to transition from strain-hardening to 332 

strain-softening behavior. 333 

The macroscopic damage characteristics of the expansive karst infilling under dry-wet cycles can be characterized by micro- 334 

structural pore evolution. A macro–micro damage relationship model was established based on the experimental data, which enables 335 

the prediction of the soil deterioration process and provides a reference for engineering construction in karst terrains in the Jinan 336 

area. 337 
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