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ABSTRACT 8 

Pore structure provides essential information for studying the behaviors and properties of silty 9 

clay in construction projects. This study uses a developed metal intrusion characterization 10 

scheme to investigate the transformation of the pore structure of silty clay in consolidation. 11 

Clear pore profile images are produced by BSE imaging. The nanometer-level resolution 12 

guarantees the feasibility of quantitative pore profile analysis. Comparison between metal 13 

intrusion and epoxy impregnation suggests minimal alteration of the pore structure of silty clay 14 

with the metal intrusion technique. The pore size redistribution and the transformation of 15 

porosity indicate that the pores collapse and form during consolidation process. Solidity is 16 

found to decrease as consolidation pressure increases, reflecting the consolidation-induced 17 

pore deformation. Aspect ratio is found to be independent of the consolidation pressure, 18 

indicating that the pores are likely to shrink evenly in consolidation. Two descriptors, box 19 

dimension and probability entropy, are found to decrease as consolidation pressure increases, 20 

indicating that the overall pore structure becomes homogenized in consolidation. Washburn’s 21 
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equation is modified based on the area–perimeter relation of pores to provide a more accurate 22 

reflection of the pore size measurement by mercury intrusion porosimetry. The results show 23 

clear evidence for a distinctive two stages transformation processes during the consolidation 24 

namely radial compaction and pore segregation. The new scheme presented in the study shows 25 

promising potential for studying the consolidation of silty clay and other geomechanical 26 

materials. 27 
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1 INTRODUCTION 30 

Silty clay is widely encountered in the construction of foundations, excavations, and river 31 

tunnels, especially in the middle and lower reaches of river basins and in coastal areas. Due to 32 

the high sensitivity [1], high compressibility, and low strength [2] of silty clay, construction in 33 

a silty clay environment poses problems of consolidation settlement, and stability. The 34 

consolidation of silty clay involves transformation of the microstructure, pore pressure, and 35 

pore medium, all of which are linked to the pore structure of the silty clay. Better understanding 36 

of the changes in pore structure can improve the prediction of consolidation settlement based 37 

on poromechanics [3, 4]. 38 

The pore structure provides essential information for studying the properties and behavior 39 

of silty clay, and its correlation with transport, strength, and rheology has been the scope of a 40 

large number of investigations in soil mechanics and pedology. For example, Adamids et al. 41 

[51] mentioned the term reconsolidation in soil analysis, which is usually used to represent the 42 

process of previously-consolidated soil being consolidated again through changed pressure. 43 

Zeng et al. [5] investigated the critical yield stress of soil pores by increasing the consolidation 44 

pressure. Their result indicated that the collapse of pores in the reconsolidation process was 45 

caused by the consolidation confining pressure being lower than the critical yield stress. An 46 

experimental study by Sridharan et al. demonstrated the relation between the shear strength, 47 

pore structure, and pore medium of clay [6]. Griffiths [7, 8] studied the pore size distribution 48 

due to consolidation and secondary consolidation of clay, and found the pore size redistribution 49 

of clay in consolidation. In a pore scale study of soil, Ghassemi and Pak [9] established the 50 



relationship between permeability and tortuosity with porosity and other microstructure 51 

parameters based on the Lattice Boltzmann method. Sridharan et al. [10] pointed out the 52 

relation between larger inter-aggregate pores and the deformation behavior of clay. 53 

Understanding of the pore structure of silty clay has particular relevance to geotechnical 54 

applications in which silty clay undergoes changes in water content and volume. 55 

Several methods have been commonly used to study the pore structure of silty clay. In the 56 

mercury intrusion porosimetry (MIP) technique, an absolute pressure is applied to non-wetting 57 

mercury so that it enters interconnected pores [11], from which pore information such as pore 58 

size distribution can be deduced [12]. Another technique, based on physical adsorption of gas 59 

molecules on the surface of soil pores, such as nitrogen adsorption, enables the evaluation of 60 

mesoporosity through interpretation of the capillary condensation processes [13, 14]. CT 61 

scanning enables direct measurement of the 3D macroporosity of soil through computer-62 

processed combinations of X-ray tomographs [15, 16]. Finally, image analysis can quantify the 63 

pores in silty clay through direct visualization of the pore structure by microscopy [17] and 64 

presents the possibility of quantification of the pore structure. Image analysis is a preferable 65 

method because it is one of the most direct ways to analyze the pore structure of soil [18], 66 

whereas MIP and gas adsorption acquire pore information indirectly via certain mathematical 67 

models, and the resolution of CT scanning is degraded when the size of the feature is less than 68 

several microns. 69 

Existing image analysis based studies of the pore structure of silty clay have focused 70 

mainly on discerning pore structure transformation and pore size characterization. Only a few 71 



have quantitatively studied the shape and homogeneity of pores. Using environmental SEM, 72 

Villar et al. observed the evolution of inter-grain porosity during dehydration of clay/sand 73 

mixtures [19]. Fiès et al. studied epoxy impregnated silty clay samples and derived the lacunar 74 

pore volume [20]. Dathe et al. used images of thin section epoxy impregnated samples to 75 

calculate the surface fractal dimension of pores [21]. Singh et al. used images of epoxy 76 

impregnated soil to characterize macroporosity and pore size distribution [22]. Due to the low 77 

contrast between soil and polymer impregnated pore, limited information can be acquired from 78 

blurred images of the observed pore profiles, and blurred boundaries induce errors in 79 

interpretation. On the other hand, the limited resolution of images of polymer impregnation 80 

makes it impossible to separate and quantitatively investigate the micropores embedded in the 81 

clay fabric.  82 

It is essential to improve the current image-based techniques to produce a clear view of 83 

soil pores for further quantitative image analysis of the pore structure information. However, 84 

usage of metal intrusion to replace conventional polymer for pore imaging is limited in the 85 

literature due to the highly toxic element in the metal such as mercury, Pb and Cd. The co-86 

authors of this paper have developed the first characterization scheme using non-toxic metal 87 

and low voltage small interaction volume backscatter electron imaging to obtain high-quality 88 

images in cementitious materials in our previous work [23,24]. To the best of our knowledge, 89 

this is the first study using the presented metal intrusion characterization scheme technique to 90 

quantify and analyze the pores of silty clay, contributing to the availability of clear images with 91 

high-resolution and further possibility of quantitative analysis. This method employs a 92 



customized piston cylinder apparatus to effect the intrusion of low-melting-point Field’s metal 93 

into interconnected pores of silty clay. Compared with conventional intrusion materials such 94 

as epoxy resin, Field’s metal enhances the contrast and clarity of silty clay pores, by virtue of 95 

the significant difference between the chemical composition of the metal and the soil matrix. 96 

High-resolution images of soil pore structure are obtained by the combination of metal 97 

intrusion and Back-scattered Electron imaging. 98 

The new technique enables quantitative analysis of pore profiles, allowing comprehensive 99 

investigation of the pore structure of silty clay. In this study, the metal intrusion based 100 

characterization scheme is shown to cause minimal alteration to the pore integrity of silty clay, 101 

through the comparison to epoxy impregnation, which has been proved to preserve the 102 

microstructural integrity of soil [33]. Enhancement of contrast and reduction of imaging noise 103 

by metal intrusion are verified. As shown in Figure 1, images from epoxy impregnation method 104 

have limited resolution and blurred boundary, the required BSE images for quantitative 105 

analyses are obtained from metal intrusion based method only. Based on high-resolution BSE 106 

images, pore volume fraction and pore size distribution are used to describe the transformation 107 

of pores in consolidation. Pore shape descriptors are adopted to interpret the pore shape 108 

transformation during the consolidation process. Two indicators, namely box- dimension and 109 

probability entropy, are used to describe the influence of consolidation on the overall 110 

homogeneity of the pore structure. The circularity–pore diameter relation is used to correlate 111 

the Washburn’s equation and to provide more accurate estimation of the results of MIP. The 112 

pore structure information analysis scheme used in this study is beneficial to further study of 113 



the consolidation of silty clay and other geomechanical materials. 114 

2 EXPERIMENTAL PROGRAM 115 

2.1 Materials and instrumentation 116 

The soil investigated in this study is undisturbed silty clay from Wuhan, China. Drilling 117 

thin-walled samplers were used to obtain the undisturbed silty clay samples. The samples were 118 

packed in airtight containers to avoid evaporation loss after sampling. The properties of the 119 

undisturbed silty clay investigated this study are listed in Table 1. The Field’s metal was 120 

purchased from Rotometals, Inc. The properties of the metal are listed in Table 2. The epoxy 121 

resin was purchased from Agar Scientific, Inc.  122 

A Nova 450 SEM was used to conduct BSE imaging of the samples. A custom-designed 123 

piston cylinder apparatus [27] was used for the metal intrusion process. A Shimazu AG-X test 124 

machine was used for pressurizing. The principle of the instrument is pressurizing the molten 125 

low-melting-point metal in the pressure vessel by compression. An AutoPore IV 9505 mercury 126 

porosimeter was used to conduct MIP testing. The porosimeter could achieve a maximum 127 

pressure of 182 MPa and the corresponding minimum accessible pore diameter was about 8 128 

nm.  129 

2.2 Sample preparation and experimental procedure 130 

In accordance with soil test method standards GB_T50123-1999 [28], uniaxial consolidated 131 

silty clay samples with consolidation pressures of 0 kPa (C-0), 600 kPa (C-600), and 3200 kPa 132 

(C-3200) were prepared. The samples were then dried in ventilated ovens at 105±1°C for 24 133 

hours. MIP tests were performed for C-0 and C-600 samples using an AutoPore IV 9505 134 



mercury porosimeter.  135 

After the drying process, cubic samples approximately 5𝑚𝑚𝑚𝑚×5𝑚𝑚𝑚𝑚×5𝑚𝑚𝑚𝑚 in size were 136 

taken from the cores of undisturbed silty clay cylinders. In the intrusion process, the samples 137 

and molten metal were placed in the pressure vessel of the apparatus. Controlled temperature 138 

(90±2°C) was generated by the furnace and the temperature was monitored by a thermocouple 139 

during the intrusion. The intrusion pressure increased evenly to the peak pressure of 400 MPa 140 

at the rate of 12.5 MPa/min. The peak pressure was then held for 20 minutes to facilitate the 141 

intrusion of the metal. After the pressure holding stage, the pressure vessel was cooled to room 142 

temperature.  143 

Epoxy impregnation was conducted to prepare the calibration sample (C-3200) to verify 144 

the influence of metal intrusion on the soil sample. The detailed experimental process can be 145 

found in reference [29]. 146 

The samples prepared by the metal intrusion and epoxy impregnation were subsequently 147 

ground and polished to retain their plane surface. The first grinding stage was performed with 148 

sandpaper of four grades (125μm, 58.5μm, 25,8μm, and 15.3μm). The polishing stage was 149 

performed using polishing cloths with four grades of ethanol/diamond grit polishing 150 

suspensions (6μm, 1μm 0.25μm, and 0.1μm). After each particle/grit size, the samples were 151 

cleaned ultrasonically in ethanol to remove grit. 152 

2.3 BSE imaging and image analysis 153 

To prevent charging before imaging, each sample’s surface was coated with a thin layer (~10nm) 154 

of carbon. For each sample, an area of 5.461×106μm2 was scanned with BSE imaging using a 155 



low-energy electron (5keV) and long electron beam dwell time (10μs). More than 110,000 pore 156 

profiles were observed for each sample.  157 

The BSE images were analyzed using the software package, ImageJ, which is a widely 158 

used image processing program. This algorithm finds the connected regions of white pixels 159 

(white represents pores) on the binary image with an eight directional connection setup. 160 

Characteristics of these identified regions are then computed using equations. In our study, 161 

intruded pores were identified by thresholding the gray levels of the pores to produce binary 162 

images. The threshold gray levels adopted to segregate porosity and solid phases were selected 163 

by a technique based on the gray-level histogram of each sample. The different phases, namely 164 

sand, clay, silt, and pore, in the BSE images were first distinguished by fitting the gray-level 165 

histograms with multiple Gaussian distributions. The volume fraction of each phase was 166 

computed by integration of the corresponding Gaussian distributions over the gray-level 167 

domain. An iterative process was then used to obtain the threshold value that produced a 168 

consistent volume fraction as the pore phase. The detailed process of Gaussian distribution 169 

fitting is shown in Section 3.1. The characteristic descriptors for each pore profile were 170 

analyzed using the inbuilt ImageJ algorithm. 171 

3 RESULTS AND DISCUSSION 172 

3.1 Effect of epoxy impregnation and metal intrusion in BSE signal 173 

Figure 1a, 1b show typical BSE images of calibration samples (C-3200) prepared by metal 174 

intrusion and epoxy impregnation, respectively. These images were obtained using low-energy 175 

electron and long electron beam dwell time. A clear difference can be seen between pore images 176 



using the two methods. Metal in the pores appears as a very bright signal in the images whereas 177 

in the epoxy impregnated sample the pores appear as darker regions.  178 

It should be noted that different scaling of the BSE intensity signals is adopted in Figure 179 

1a and 1b in order to produce visible contrasts in the images. When the same scaling is applied 180 

to the BSE intensity signals, in other words, when the image is plotted based on normalized 181 

BSE intensity, the two samples appear as the top right regions of Figure 1a and 1b (in the square 182 

boxes). Comparison of the images under normalized BSE intensity shows that the signal 183 

intensity from the epoxy impregnated sample is much lower, as the images appear darker 184 

(Figure 1b).  185 

This difference is also illustrated in Figure 1c and 1d, where the Gaussian distributions are 186 

fitted for the BSE intensity of different phases [30, 31]. The mean and standard deviation of 187 

the Gaussian distributions are obtained by iterations until the coefficient of determination (R 188 

square) for these fittings is larger than 0.999. Through replacement of the epoxy resin filled-in 189 

pores with metal, the normalized intensity of pores is shifted from 0.051 to 0.809.  190 

Figure 1e and 1f show colored images (colored from Figure 1a, 1b) that demonstrate the 191 

effect of the image gray level on the identification of pore profiles. Colored images are obtained 192 

by assigning three thresholds based on corresponding Gaussian distributions for sand, silt/clay, 193 

and pore, and coloring the pixels in the thresholds yellow, green, and red respectively. 194 

Thresholding is one of the most commonly adopted methods to identify profiles of different 195 

phases from image data [32]. Comparison between Figure 1e and 1f shows that the amount of 196 

imaging noise and identifiable features are different. In Figure 1e, a sharp boundary between 197 



different phases and features of size smaller than 10 μm can be clearly observed, whereas the 198 

large amount of imaging noise in Figure 1f blurs the boundary, making it impractical to 199 

properly trace the pore profiles.  200 

The advantage of high contrast and low imaging noise in the metal intrusion as a result of 201 

the metal filled in the pores is the capacity to strongly reflect electrons for the BSE detector. 202 

Imaging noise induced by the BSE intensity overlapping of different phases is reduced due to 203 

the high contrast in chemical composition between metal and soil (Si, C, H, O, etc.). 204 

In samples exposed to high intrusion pressure in the metal intrusion, pore structural 205 

stability and integrity need to be considered. Because epoxy impregnation can preserve the 206 

microstructural integrity of soil [33], the influence on pore structure by high intrusion pressure 207 

was investigated by comparing the pore volume fraction of samples prepared by epoxy 208 

impregnation and metal intrusion. 209 

Table 3 summarizes the volume fraction of each phase quantified from the Gaussian 210 

distribution. The volume fraction of each phase is obtained by integrating the summed area of 211 

the corresponding Gaussian distribution [34, 35]. It can be seen that the difference between the 212 

pore volume fraction obtained from the metal intruded and the epoxy impregnated samples is 213 

less than 1.8%, whereas the difference in the volume fraction of sand and clay/silt is less than 214 

1.5%. Comparison of the volume fractions of different phases indicates minimal change in the 215 

pore structure caused by damage and collapse of pores that can create an increase in the pore 216 

volume fraction. This observation is consistent with the reported effect of MIP experiments.   217 

In traditional MIP, high pressure up to 400 MPa is also necessary to drive the mercury 218 



into the fine pores of samples. Extensive studies of soil microstructure integrity in MIP have 219 

been performed, demonstrating that MIP does not cause microstructure deformation of soil or 220 

alteration of the pore size distribution. For example, the experimental study of Sridharan et al. 221 

[36] showed that MIP did not change the topographic outline of weak clay samples. Lawrence 222 

reported that a multi-intrusion run showed similar pore size distribution and indicated that MIP 223 

did not cause microstructural deformation of soil samples [37]. Nitrogen sorption has been 224 

combined with MIP to analyze the pore structure of soil and it was shown that MIP did not alter 225 

the pore size distribution in micropores [38]. Thus, the soil stability and integrity in MIP 226 

reported in existing research, along with the results presented in this section, indicate that high-227 

pressure metal intrusion is unlikely to affect the pore structure of the soil. 228 

3.2 Effect of consolidation on pore size and shape  229 

Section 3.1 demonstrated that metal intrusion could enhance the identification of 230 

shapes/profiles of pores in BSE images while retaining the pore structure integrity of silty clay 231 

samples. In this section, the pore profiles obtained from these BSE images are used to quantify 232 

the transformation of pore size distribution and shape characteristics due to consolidation. 233 

The BSE images in Figure 1 show that the silty clay contains irregular pores with widely 234 

varying shapes. The use of pore diameter in conventional methods [39, 40], with the 235 

assumption that the pores had a cylindrical shape, is inappropriate to describe pore size. 236 

Therefore, the equivalent pore diameter (dp) was adopted here to describe the pore size [14, 15] 237 

and used for subsequent pore structure characterization. For an irregular pore with given area, 238 

the dp was calculated as: 239 



 𝑑𝑑𝑝𝑝 = �4𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝜋𝜋

 (1) 

Figure 2 shows images in which pores are colored based on the dp. It can be seen that small 240 

pores less than few hundred nanometers are mainly embedded in the clay/silt particles. Larger 241 

pores ranging from several microns to around 400 μm are mainly packed between the sand and 242 

clay/silt particles. The smallest identifiable pore under current magnification is around 200 nm. 243 

Figure 3a shows the cumulative pore volume fraction (F) distribution obtained from 244 

imaging analysis of metal intruded samples. A clear difference in the total pore volume fraction 245 

can be seen between the samples taken under different consolidation pressures. The C-0 sample 246 

did not experience the consolidation process, and therefore displays the highest pore volume 247 

fraction of 0.351 in the pore size range from 0.2μm to 380μm. With the increase in 248 

consolidation pressure, the pore structure of silty clay is compressed and the pore volume 249 

fraction of the soil decreases. The pore volume fraction of the C-600 sample decreases to 0.265, 250 

whereas the C-3200 sample experiences the highest consolidation pressure and shows the 251 

lowest pore volume fraction of 0.197.  252 

Pore size distribution (PSD) is used to analyze the transformation in the relative abundance 253 

of each pore size due to the consolidation process [41]. Figure 3b shows the PSD obtained by 254 

a derivative of F distribution by dp. It can be seen that the PSD of the C-0 sample has a widest 255 

dp range of 0.2-380 μm compared with that of the C-600 (0.2-250 μm) and C-3200 (0.2-150 256 

μm) samples. The pressure-induced densification effect is the main reason for shrinkage of the 257 

dp range [7, 42], with larger pores with dp of several hundred microns collapsing during the 258 

consolidation process.  259 



From Figure 3b, it can be seen that the PSDs of the C-0 and C-600 samples show a similar 260 

pattern. Comparing to sample C-0, the pore probability distribution of sample C-600 has two 261 

uniform reductions. For dp ranges of 1-10 μm the average drop in probability is 12.3% while 262 

for dp ranges of 10-100 μm the drop is 28.1%. In contrast, the consolidation pressure of 3200 263 

kPa causes a notable change in the PSD compared with the C-0 sample. A significant increase 264 

of 56.8% for dp smaller than 10 μm is observed, whereas the probability of pores with dp greater 265 

than 10 nm decreases by an average of 50.6 %. The transformation in the PSD of the C-3200 266 

sample indicates that the consolidation process can cause the formation of smaller (dp<10μm) 267 

pores. The collapse of larger pores and the formation of smaller pores in consolidation leads to 268 

the pore size redistribution. 269 

In terms of pores in the consolidation process, the pore shape transformation needs to be 270 

considered to describe a number of features on the pore walls and the elongation of pores. 271 

Solidity and aspect ratio are used to describe these pore properties. For a noncircular pore with 272 

a certain area, the solidity (S) can be calculated as: 273 

 𝑆𝑆 =
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑎𝑎𝑐𝑐 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
 (2) 

where the convex area is the area of a convex hull that can fully encircle the pore. When a pore 274 

has no rough features along its wall, the convex area is equal to the pore area and yields the 275 

solidity of 1. As shown in Figure 4a, however, most pores observed in the BSE images have 276 

rough features on their wall.  277 

Figure 4a and 4b show typical transformations of solidity with increasing consolidation 278 

pressure. Two pores extracted from the BSE images of C-0 and C-3200 samples each have the 279 



equivalent diameter of 80 μm. Compared with the pore profile shown in Figure 4a (C-0), the 280 

pore in Figure 4b (C-3200) displays a large number of rough features due to the consolidation-281 

induced deformation. Rougher pore features lead to a larger convex area and lower pore solidity. 282 

Solidity can be used as an indicator of the effects of consolidation on the pore structure. 283 

Figure 4c shows the solidity-dp distribution of three samples. As the consolidation pressure 284 

increases, the S decreases gradually and the C-3200 sample has the lowest S among the three 285 

samples in the range of 6–100 μm, due to the highest degree of pore deformation in the 286 

consolidation process. As the dp decreases, the differences in S among the three samples 287 

gradually decrease and they shows a similar pattern when the dp is less than 6 μm. Also, the S 288 

varies in all samples with different dp. In all samples, S increases with the decrease in dp, the 289 

reason being that smaller pores are less likely to have large rough wall features. 290 

Another pore descriptor is the aspect ratio (A) that can be used to describe the overall pore 291 

slenderness. Aspect ratio is obtained by fitting the pore outline with an ellipse and then dividing 292 

the length of the major axis by the minor axis.  293 

Figure 5 shows the A-dp distribution of three samples, in all of which a similar pattern is 294 

displayed. The aspect ratio of pores with dp of 1–100 μm ranges from 2.2 to 2.54 and the 295 

average is about 2.4, with the difference among the three samples being less than 6%. The A of 296 

dp less than 1 μm is found to decrease when the pore size decreases. The small difference 297 

between samples indicates that the aspect ratio is minimally dependent on the consolidation 298 

pressure of undisturbed silty clay.  299 

Because the smaller pores (e.g. dp <10μm) of silty clay that has experienced consolidation 300 



pressure originate from large pores, by either consolidation-induced shrinkage or pore collapse, 301 

the pressure-independent aspect ratio indicates that the pores in consolidation are likely to be 302 

compressed and shrunk evenly. The obtained aspect ratio of pores can be used to describe pore 303 

slenderness, providing useful references for the properties of silty clay via e.g. permeability 304 

study. 305 

3.3  Spatial homogeneity of pores 306 

Pore shape descriptors provide good indication of changes in the shape characteristics of 307 

individual pores. As well, the fractal dimension and probability entropy are computed to 308 

estimate spatial homogeneity and the orientation regularity of pores.  309 

Fractal dimension is an indicator of the overall properties of the pore structure. Fractal 310 

dimensions estimated by image analysis have proven to be a useful parameter for quantifying 311 

the heterogeneity and complexity of pore structure in porous solids [21, 43]. The conventional 312 

box-counting method [44] is used here to calculate the box dimension (DB) of the pore 313 

structure. This method is based on the concept of covering the image with orthogonal line grids 314 

with decreasing box size (equal to lattice constant 𝜀𝜀 ) [44], with the number (N) of boxes 315 

containing any pixels of the pore structure being counted for each box size. The corresponding 316 

number of boxes necessary to cover pore structure is presented as a function of 𝜀𝜀. For fractal 317 

objects a double-logarithmic plot gives a straight line: 318 

 𝑙𝑙𝑐𝑐𝑙𝑙(𝜀𝜀) = −𝐷𝐷𝐵𝐵𝑙𝑙𝑐𝑐𝜀𝜀 + 𝑐𝑐 (3) 

where the box dimension is determined as the absolute value of the slope and the constant c is 319 

the ordinate intercept. 320 



Figure 6 shows the transformation of the box dimension of pore structure due to 321 

consolidation pressure. It can be seen that the box dimension decreases with the increase in 322 

consolidation pressure. This finding indicates that, as the complexity of pore structure is 323 

reduced with the increasing consolidation pressure, the overall pore structure tends to become 324 

homogenized and uniform with the consolidation process. The consolidation pressure–box 325 

dimension relationship presented here quantifies the consolidation-induced pore structure 326 

homogenization.  327 

The improvement in pore profile identification is essential for the subsequent measurement 328 

of the box-count dimension. Compared with the existing image-based fractal dimension 329 

calculation of soil pores [21, 45, 46], the low imaging noise and high contrast between the 330 

pores and soil matrix achieved by metal intrusion facilitate the observation of clear pore 331 

structure. The observed nanometer-sized pores with clear pore profiles enhance the resolution 332 

for box dimension calculation, yielding more accurate box dimension results than the 333 

conventional image-based method. 334 

Probability entropy is another indicator of the homogenization of pore structure. The 335 

orientation angle is first induced. The orientation angle of a pore digitized from BSE images 336 

describes the spatial orientation of the pore. Because the pore unit is axis-symmetric, the range 337 

of the orientation angle is taken as 0–180°. Figure 7 shows the distribution of orientation angles. 338 

Probability entropy (Hm) is introduced here to describe the orientation regularity of pore 339 

orientation. Based on the definition of information entropy [47, 48], the probability entropy is 340 

given as: 341 



 𝐻𝐻𝑚𝑚 = � 𝑃𝑃𝑖𝑖𝑙𝑙𝑐𝑐𝑙𝑙𝑛𝑛
𝑛𝑛

𝑖𝑖=1
𝑃𝑃𝑖𝑖 (4) 

where Pi is the probability that a pore unit orients at an angular interval, n is the number of 342 

angular intervals. Here the range of the orientation angle is 0–180°, the angular interval is taken 343 

as 10°, and n is given as 18.  344 

Probability entropy is used as an indicator to describe the spatial orientation of pores. If 345 

the orientation angle distribution of pores is completely random, the probability entropy is 346 

given as 1. When the pores tend to orient in a certain direction, the probability entropy 347 

decreases. Figure 7 shows the decrease in probability entropy with increased consolidation 348 

pressure. The transformation of the probability entropy indicates that the increase in orientation 349 

regularity of pores is due to the consolidation process. The decreases in the box dimension and 350 

probability with increasing consolidation pressure indicate that the overall pore structure of 351 

silty clay tends to become homogenized in consolidation. 352 

3.4 Circularity of pores and relationship with mercury intrusion porosimetry 353 

Circularity (C) measures how closely the shape of a pore approaches a perfectly circular shape. 354 

For a noncircular pore with given area and perimeter, circularity is calculated as: 355 

 𝐶𝐶 = 4𝜋𝜋
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝑝𝑝𝑎𝑎𝑎𝑎𝑝𝑝𝑚𝑚𝑎𝑎𝑝𝑝𝑎𝑎𝑎𝑎2
 (5) 

C is equal to 1 if the pore is mathematically perfectly circular. C decreases when the pore has 356 

curving features or large elongation. 357 

Figure 8 shows the circularity-dp distribution of the C-0 and C-600 samples. It can be seen 358 

that C increases as dp decreases. The C-dp distribution is found to obey an inverse power 359 

correlation given as: 360 



 𝐶𝐶 = 𝑎𝑎 ∙ 𝑑𝑑𝑝𝑝−𝑏𝑏 (6) 

The fitted parameters of the C-dp distribution at the 99% confidence level for the C-0 and 361 

C-600 samples are listed in Table 4. 362 

The C-dp distribution describes the relationship between the pore area and the perimeter. 363 

This relationship is essential for MIP. In the MIP test, the pore diameter can be derived based 364 

on the pressure that forces the mercury into the specimen pores using Washburn’s equation 365 

[11]. That equation is used based on the area–perimeter relationship of pores by assuming that 366 

the pores have a cylindrical shape. Washburn assumed that the surface tension of mercury 367 

acting along the cross-section of a pore forces the non-wetting mercury out of the pore, while 368 

the opposing force that acts over the cross-sectional area of the pore drives the mercury into 369 

the pore. The force equilibrium between applied pressure and surface tension can be expressed 370 

as: 371 

 𝑃𝑃 × 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = −𝛾𝛾𝑐𝑐𝑐𝑐𝛾𝛾𝛾𝛾 × 𝑝𝑝𝑎𝑎𝑎𝑎𝑝𝑝𝑚𝑚𝑎𝑎𝑝𝑝𝑎𝑎𝑎𝑎 (7) 

 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 =
𝜋𝜋
4
𝑑𝑑𝑝𝑝2 (8) 

 𝑝𝑝𝑎𝑎𝑎𝑎𝑝𝑝𝑚𝑚𝑎𝑎𝑝𝑝𝑎𝑎𝑎𝑎 = �4𝜋𝜋 × 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝐶𝐶

 (9) 

where P is the pressure applied on mercury to intrude the pores, γ is the surface tension of the 372 

mercury, θ  is the contact angle between mercury and pore wall. The cylindrical pore 373 

assumption using the constant circularity of 1 and Washburn’s equation can be obtained by 374 

substituting Eq. (8), (9) into Eq. (7): 375 

 376 

 𝑃𝑃 = −
4𝛾𝛾𝑐𝑐𝑐𝑐𝛾𝛾𝛾𝛾
𝑑𝑑𝑝𝑝

 (10) 



Given the C-dp relationship obtained in Figure 8, the cylindrical pore assumption [23, 49] 377 

of the MIP no longer valid. Because pores with circularity less than 1 have larger perimeters 378 

than those of circular pores, greater pressure is required to force mercury into noncircular pores 379 

and Washburn’s equation always underestimates dp. Therefore, the force equilibrium in 380 

Washburn’s equation can be modified based on the sample-specific area–perimeter relationship 381 

by substituting equations (6), (8), and (9) into equation (7), so that the pressure-equivalent pore 382 

diameter relationship is obtained as: 383 

 𝑃𝑃 = −
4𝛾𝛾𝑐𝑐𝑐𝑐𝛾𝛾𝛾𝛾
𝑑𝑑𝑝𝑝 × √𝐶𝐶

= −
4𝛾𝛾𝑐𝑐𝑐𝑐𝛾𝛾𝛾𝛾

√𝑎𝑎 ∙ 𝑑𝑑𝑝𝑝
1−𝑏𝑏2

 (11) 

The effectiveness of the sample-specific modified Washburn’s equation was verified 384 

experimentally. Figure 9 compares the F distribution of C-0 and C-600 samples obtained from 385 

metal intrusion, MIP test, and the modified F distribution based the pressure-dp relationship 386 

presented in Eq. (11). The shaded area represents the range of modified F distribution based on 387 

sample-specific parameters with the confidence level of 99%. It can be seen that for the C-0 388 

sample (Fig. 9a), the difference between the total F calculated via metal intrusion and via MIP 389 

is less than 5%. However, the F distribution obtained from the MIP is very different from that 390 

of the metal intrusion, and MIP cannot measure the pore with dp> 90μm. As shown in figure 9, 391 

the accuracy of MIP measurement can be significantly improved by modified Washburn’s 392 

equation (Eq. (11)). The modified F distribution becomes closer to the result from metal 393 

intrusion, especially for pores larger than 90 μm. These pores play a predominant role in 394 

determining permeability and bearing capacity [50]. The situation is the same for the C-600 395 

sample, in which the range of the modified F distribution is closer to that of the direct visualized 396 



F distribution. Hence, we suggest here that, for porosimetry, test results can be improved by 397 

using the modified Washburn’s equation and sample-specific parameters to obtain a more 398 

accurate reflection of the true pores sizes. The modified Washburn’s equation based on the 399 

area–perimeter relationship of pores is also found to be effective in studying the pores of 400 

cementitious materials [23]. 401 

Based on the results above, Figure 10 shows a schematics of transform process of pore 402 

structure in silty clay under increased consolidation pressure. During consolidation, the overall 403 

pore structure tends to become homogeneous and uniform as fractal dimension and probability 404 

entropy decrease (Figure 6, 7). The aspect ratio of pores is pressure-independent (Figure 5). 405 

Two stages in the transformation process are clearly observed here: radial compaction and pore 406 

segregation. 407 

According to the results indicated on Figure 2, with no consolidation pressure applied, the 408 

formation of larger (dp >10 μm) pores are dominated by the distribution of sand while smaller 409 

(dp <10 μm) pores are mainly embedded in clay/silt particles.  410 

When the pressure increases to 600 kPa, the pore volume fraction decreases, which is 411 

mainly resulted from shrinkage of larger pores (dp >10 μm), especially for dp >250 μm. The 412 

sand particles are compacted radially, reducing the pore area while the integrity of the pore is 413 

preserved. This stage is referred as “radial compaction”. During this process, the overall shape 414 

of convex area (Figure 10) remains less altered as indicated by the similar aspect ratio (Figure 415 

5) while the solidity reduces significantly (Figure 4). Based on the pore size distribution (Figure 416 

3), it is noticed that the PSD for dp <10 μm remains close as unconsolidated soil, indicating 417 



insignificant redistribution of clay/silt particles at this stress level. 418 

As the pressure increased to 3200 kPa, the largest dp is found to be 150 μm. The pore size 419 

distribution shows a notable increase for smaller pores and a decrease for larger pores (Figure 420 

3). The transformation indicates that a portion of larger pores is directly divided into pores with 421 

dp <10 μm, by the separation of agglomerated clay/silt particles. This stage is referred as “pore 422 

segregation”. Because in consolidation, lower pore volume results in higher effective stress to 423 

distribute and agglomerate soil grains including small silt/clay particles. The marginal 424 

reduction in pore solidity (Figure 4) in pore ranges also indicates that pore-segregation effect 425 

is the dominating factor for pore size and volume reduction when pressure increases from 600 426 

to 3200 kPa. 427 

4 CONCLUSION 428 

In this study, the recently developed metal intrusion characterization scheme provided new 429 

insights for transformation of pore structure during consolidation from a quantitative 430 

perspective analysis. Clear images of pore profiles with enhanced contrast and low imaging 431 

noise were obtained by combination of metal intrusion technique and BSE imaging with low 432 

energy electron and long dwell time. Comparisons between metal intrusion and epoxy 433 

impregnation suggested that the high-pressure metal intrusion technique produced minimal 434 

mechanical alteration to the pore structure of silty clay samples. 435 

The consolidation process was found to induce a notable change in the pore size and pore 436 

profiles of silty clay. Observation showed that the consolidation process caused the collapse of 437 

larger pores and the formation of smaller pores. The silty clay samples that underwent 438 



consolidation pressure greater than 600 kPa contained no pores having dp>250 μm. The sample 439 

that underwent 3200 kPa consolidation pressure was found to have a significant increase in 440 

pore in the range of 0.2–6 μm. The solidity (S) of pores was adopted to describe the pore 441 

features and the transformation of pore shape in terms of the consolidation pressure. Solidity 442 

was found to decrease when the consolidation pressure increased, due to the consolidation-443 

induced deformation of pores. The aspect ratio (A) of pores was used to describe the overall 444 

slenderness of pores. It was found that the aspect ratio was independent of consolidation 445 

pressure, indicating that the pores were likely to shrink evenly in uniaxial consolidation. 446 

The overall pore structure was found to become more homogeneous as the consolidation 447 

pressure increased. The box dimension was used to describe the spatial homogeneity of pores 448 

in terms of consolidation pressure. From image analysis, it was found that the box dimension 449 

decreased as the consolidation pressure increased, indicating that the overall pore structure 450 

tended to become homogenized after consolidation. Compared to the conventional image-451 

based method, the clear pore profiles obtained by metal intrusion technique extended the 452 

resolution in box dimension calculation to obtain a more accurate result. Probability entropy 453 

was used to describe the orientation homogeneity, and was found to decrease as consolidation 454 

pressure increased, indicating an increase in the regularity of pore orientation of during the 455 

consolidation process. 456 

Circularity (C) was used to describe the area–perimeter relationship of pores. Based on the 457 

inverse power correlation of the circularity-dp relation, the Washburn’s equation used in the 458 

MIP was modified to obtain a more accurate reflection of pore size in combination with the 459 



mercury porosimetry method. The schematics showed the two stages which were clearly 460 

observed in the transformation process, namely the radial compaction and pore segregation. 461 

When pressure increased to 600 kPa, the soil particles were compacted radially. The area of 462 

embedded pore was reduced without changing the integrity of the pore. When the pressure 463 

increased to 3200 kPa, particles redistributed and silt/clay particles agglomerated, which 464 

directly divided large pores into smaller pores. The scheme shown in this study provides more 465 

comprehensive and complete information for the consolidation study of silty clay and other 466 

geomechanical materials. 467 
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