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Abstract:  1 

Suffosion is a seepage-induced instability phenomenon whereby fines are eroded away through 2 

the constrictions formed by coarse particles, resulting in a reduction in soil volume and a change 3 

in hydraulic conductivity. In this study, upward seepage tests were performed on gap-graded soil 4 

containing coloured fines in a plane strain apparatus. A series of images was recorded through a 5 

transparent window to quantify the features of suffosion. The estimated cumulative eroded soil 6 

mass from image analysis was found to generally agree with independent macroscopic 7 

observations, indicating that optical analysis allows an easy identification of suffosion 8 

characteristics. For the tested soil, the fines were prone to be transported within an instant period 9 

of increasing hydraulic gradient, with few of them moving during the constant flow. Furthermore, 10 

the volume of the specimen was reduced due to suffosion, leading to an alternation of preferred 11 

coarse particle orientations in the observation field. 12 

 13 

KEYWRODS: erosion; microscopy; fabric/structure of soils; seepage 14 

 15 

NOTATION 16 

fc  fines content 17 

emax  Maximum void ratio 18 

emin  Minimum void ratio 19 

d50  Median particle size 20 

Cc  Curvature coefficient 21 

Cu  Uniformity coefficient 22 

ɛv  Volumetric strain 23 

e0  Initial void ratio 24 

∆  Vector magnitude 25 

N  Total number of particles 26 

n  Unit vector 27 

φk  Inclination of unit vector 28 

  29 
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INTRODUCTION 30 

 31 

It is known that the microstructure of soil can be changed by suffosion, which is an instability 32 

phenomenon whereby fines are eroded away from the specimen due to seepage flow, yielding a 33 

reduction in total volume and a change in hydraulic gradient. Rosenbrand & Dijksra (2012) 34 

quantitatively investigated the spatial distribution of fines by image analysis. Correia dos Santos 35 

et al. (2015) visually observed the transportation of fines in gap-graded soils, which threw light 36 

on the design of embankment core materials. 37 

 38 

The image processing technique was also applied in this research to quantitatively describe the 39 

characteristics of suffosional soil based on images recorded by a digital microscope (Hirox VCR-40 

800). This device is equipped with a compact 2·11 million pixel charge coupled device (CCD) 41 

camera that is capable of capturing high-quality colour images consisting of 1600 and 1200 42 

effective pixels in the horizontal and vertical axis respectively. 43 

 44 

In this study, images were analysed using the open-source computer vision library (opencv) 45 

(Bradski, 2000), by which digital images can be viewed as two-dimensional discrete components 46 

of spatial coordinates and the magnitude of feature value of three colour components (R (red), G 47 

(green) and B (blue)). Calibration of the microscope indicated that there was only 1·33% area 48 

distortion and therefore the influence of lens distortion was neglected in the image processing. 49 

According to the distinct colours of fines and coarse particles, their spectra could be recognised 50 

from the original recorded image and then segmented in order to calculate the fines content. 51 

Figures 1(a) and 1(b) show a typical original image and a segmented image respectively. The 52 

movement of fines at the onset of suffosion was quantitatively obtained by comparing the 53 

locations of fines on two successive images, which is termed image subtraction. To detect the 54 

contours of coarse particles, the watershed algorithm was utilised. The change of preferred 55 

coarse particle orientation was identified from the outlines of individual coarse particles in the 56 
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images taken before and after suffosion, as illustrated in Fig. 1(c). Figure 1(d) illustrates the 57 

preferred coarse particle orientation and aspect ratio, which will be discussed later. 58 

 59 

This paper briefly describes the one-dimensional upward seepage tests performed on gap-graded 60 

soils containing different initial fines contents. By analysing the images recorded during the 61 

seepage tests, the characteristics of suffosion were quantitatively assessed with respect to 62 

cumulative eroded soil mass, fines transportation at the onset of suffosion and volume reduction 63 

accompanied with the alternation of preferred coarse particle orientation. 64 

 65 

EXPERIMENTAL SETUP 66 

 67 

The test material in this study was a mixture of silica no. 3 and silica no. 8. The natural grey 68 

silica no. 3 was regarded as the coarse particles, which forms the soil skeleton. The silica no. 8 69 

was artificially coated with blue pigment and then stabilised by baking; this was treated as fines, 70 

which could be eroded away by seepage flow. All specimens, with initial fines contents of 15%, 71 

25% and 35%, were prepared by the moist tamping method targeting 30% relative density to 72 

ensure the occurrence of suffosion, with an initial water content of around 5%. The properties of 73 

the siliceous sands and mixtures are summarised in Table 1 and the corresponding particle size 74 

distributions are shown by the solid lines in Fig. 2. 75 

 76 

Upward seepage tests were performed on the gap-graded specimens. Figure 3 shows a schematic 77 

diagram of the test apparatus, which mainly comprised a rectangular seepage cell with a 78 

transparent window in the front and a water tank. The specimens were 100 mm wide, 35 mm 79 

deep and 60 mm high. Inlet flow was provided from the water tank, which could be raised or 80 

lowered to control the head difference assigned on the specimen. A 30 mm thick gravel diffusing 81 

filter was placed in the bottom of the specimen box to ensure a reasonably uniform flow across 82 
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the soil and non-woven textile was placed below the specimen to prevent downward fines loss. A 83 

cylinder was installed at the outlet to measure the average flow velocity. 84 

 85 

After completion of specimen preparation, water was allowed to continuously and gently flow 86 

through the soil until it became saturated. A series of images was recorded at different locations 87 

through the transparent window to analyse the soil structure after saturation. The microscope was 88 

then fixed on the middle of the specimen through the front transparent window in order to 89 

observe the micro- structural evolution of the soil subjected to suffosion. The water tank was 90 

raised to increase the water head on the bottom of the specimen. For each increment, a time of 30 91 

min was allowed to ensure completion of particle transportation. The increase in water head was 92 

repeated until no movements could be observed. The microscope was then moved to record 93 

images at various locations on the front transparent window, which were to be interpreted to 94 

acquire an understanding of the particle spatial distribution of suffosional soil.  95 

 96 

TEST RESULTS AND DISCUSSIONS 97 

 98 

Cumulative eroded soil mass 99 

A summary of the test results, including the maximum as- signed hydraulic gradient, cumulative 100 

eroded soil mass and volumetric strain at the end of the test, is given in Table 2. After 101 

termination of the seepage test, the soil was collected and dried to obtain its particle size 102 

distribution. The particle size distributions of the soil after suffosion are plotted as dashed lines 103 

in Fig. 2. The figure shows that the particle size distribution shifted downwards after the 104 

experiment, suggesting fines loss due to suffosion. The percentages of cumulative eroded soil 105 

mass were calculated by employing the method proposed by Kenney & Lau (1985) who derived 106 

the percentage of fines loss by the amount of shift of the distribution curve. The results are 107 

shown in Fig. 4. 108 

 109 
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Based on colour distinction, image segmentation was applied to the images of the suffosional 110 

soils to obtain the spatial distributions of both fines and coarse particles. Repeatable and 111 

representative results of the derived cumulative eroded soil mass depend on the number of 112 

images applied in the analysis; therefore, 27 images taken from various locations on the 113 

transparent window were utilised. The deviation of cumulative eroded soil mass from the 114 

independent macroscopic observations against the number of images is shown in Fig. 5. The 115 

figure shows that one image (of size 8 mm × 6 mm) is not sufficient to obtain a reasonable value, 116 

but 20 images, representing around 960 mm2 (15% of the total front area), yields a reasonable 117 

result. 118 

 119 

The cumulative eroded soil masses estimated using image segmentation are plotted in Fig. 4, and 120 

there is good agreement between these values and the data from independent macroscopic 121 

observations. An average deviation of approximately 5% suggests that the image analysis 122 

technique is capable of describing suffosion properties. 123 

 124 

Fines transportation at onset of suffosion 125 

The hydraulic gradient at the onset of suffosion was defined as the initiation hydraulic gradient 126 

by Chang & Zhang (2013). That is, under the initiation hydraulic gradient, fines start to move 127 

(Skempton & Brogan, 1994). The relationship between hydraulic gradient and average flow 128 

velocity of the specimen with 15% initial fines content at the initial stage of suffosion is shown 129 

in Fig. 6. It can be seen that the hydraulic conductivity started to change when the hydraulic 130 

gradient reached 0·22; this was regarded as the initiation hydraulic gradient in this test case. Five 131 

successive images over 30 s covering the period of the onset of suffosion were then analysed to 132 

assess fines transportation in microscale. 133 

 134 

Figure 7 demonstrates the mobile portions, consisting of the appearance and disappearance of 135 

fines, together with the hydraulic gradient. The mobile portion is defined as the fraction of area 136 

where fines move relative to the total image area with the underlying assumption that the 137 
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disappearance of fines from the consequential image means they are transported by seepage flow. 138 

Figure 7 shows that the major movements occurred during an increase in hydraulic gradient, with 139 

little transportation of fines during constant flow. Similar phenomena were observed in the 140 

different increment steps during the seepage tests. It could be argued that the movement of fines 141 

observed through the transparent window might be different from that in the inside of the 142 

specimen and that the stress states in the physical model could be different from that in situ, and 143 

these points might be considered an inherent limitation of this analysis. However, the 144 

consistency of the above description with others in the literature (Moffat et al., 2011; Rosenbrand 145 

& Dijksra, 2012; Horikoshi & Takahashi, 2014; Ke & Takahashi, 2014) may well demonstrate 146 

the applicability of the current method to detect the onset of suffosion. 147 

 148 

Preferred coarse particles orientation 149 

As indicated in Table 2, specimen volumes were reduced due to suffosion, which might be due to 150 

loss of fines and the rearrangement of particles. Two images taken at hydraulic gradients of 151 

approximately 0·65 and 0·70 for the specimen with 15% initial fines content show the 152 

movements of a coarse particle at the microlevel (Fig. 8). It can be seen that not only translation, 153 

but also rotation, of coarse particles occurred within the period of increasing hydraulic gradient.  154 

 155 

To quantify the influence of suffosion on the soil, the watershed algorithm was applied to obtain 156 

the outline of coarse particles and then to calculate the preferred particle orientation. The vector 157 

magnitude Δ proposed by Curray (1956) was employed to characterise the intensity of the 158 

preferred coarse particle orientation, expressed as 159 

2 2
2 2

1 1

1
cos 2 sin 2

2

N N

k k

k kN
 

 

   
     

   
                                                1 160 

where N is the total number of particles and φk is the inclination of the kth unit vector n (see Fig. 161 

1(d)), which varies from zero for an isotropic particle arrangement to unity when all particle 162 

orientations are exactly the same. In the upward seepage test, it is expected that a change in the 163 
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metastable structure might be trigged by the water flow, resulting in a horizontal distribution of 164 

preferred coarse particle orientation due to gravity acting on the particles. 165 

 166 

Through image analysis, 200 coarse particles randomly selected from images taken before and 167 

after the seepage test for the specimen with 15% initial fines content were numbered and their 168 

orientations identified. The orientations with respect to the horizontal are shown in a rose 169 

diagram representation in Fig. 9. The value of Δ of the specimen before suffosion was 0·091, 170 

which suggests that the specimen prepared by the moist tamping method tended to be isotropic 171 

(Yang et al., 2008), as expected. Regarding the soil after suffosion, no particular preferred 172 

orientation was detected, and the Δ value was 0·052. However, since coarse particles could be 173 

categorised as subangular particles (with an average aspect ratio of 0·80 (Fig. 1(d)) (Altuhafi et 174 

al., 2013), the reduction of Δ by 42·9% might suggest that the force transformation along the 175 

coarse particles could be alternated due to suffosion. Moreover, Fig. 9 indicates that many of the 176 

coarse particles were arranged horizontally after suffosion. 177 

 178 

CONCLUSIONS 179 

 180 

In this study, image analysis was applied to quantitatively describe the characteristics of soil 181 

subjected to suffosion. The cumulative eroded soil masses calculated by means of image analysis 182 

were generally in accordance with those obtained from independent macroscopic observations, 183 

suggesting that image analysis is an effective tool for describing the features of suffosion. For the 184 

gap-graded soil studied in this research, during an increase in hydraulic gradient, a large amount 185 

of fines tended to be transported, but were prone to be stationary under constant flow. The 186 

volume of the soil specimens decreased due to suffosion and, as a result, the coarse particles 187 

were oriented horizontally. 188 

 189 
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 224 

Table 1. Properties of tested materials 225 

Specimen Silica 

No. 3 

15% initial 

fines content 

25% initial 

fines content 

35% initial 

fines content 

Silica 

No.8 

Fines content, fc: %  

Maximum void ratio, emax 

Minimum void ratio, emin 

Median particle size, d50: mm 

Curvature coefficient, Cc 

Uniformity coefficient, Cu 

0.0 

0.94 

0.65 

1.76 

0.96 

1.31 

15.0 

0.79 

0.53 

1.78 

8.69 

13.0 

25.0 

0.77 

0.37 

1.69 

8.54 

16.4 

35.0 

0.74 

0.36 

1.54 

0.07 

19.3 

100.0 

1.33 

0.70 

0.16 

0.99 

1.05 

 226 

Table 2. Summary of test results 227 

Test 

case 

Initial fines 

content: % 

Initial void 

ratio, e0 

Maximum assigned 

hydraulic gradient 

Cumulative eroded 

soil mass: g 

Volumetric 

strain, ɛv: % 

1 

2 

3 

15 

25 

35 

0.71 

0.65 

0.63 

1.1 

1.2 

1.0 

34.54 

44.34 

61.45 

2.5 

4.2 

5.8 

 228 

  229 
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 230 
Fig. 1. (a) Original image taken by microscope VCR-800; the spectrum of fines is obtained from 231 
the dash blocks, and the spectrum of coarse particles is obtained from the solid blocks. 232 

According to the spectrum distinction between the fines and coarse particles, they can be 233 

segmented from the original image and is shown in (b) segmented image, where the black areas 234 

represent the fines; and the grey areas represent the coarse particles; (c) outline of the coarse 235 

particles by watershed algorithm; (d) illustration of preferred coarse particles orientation, and 236 

aspect ratio which is the ratio of the minimum distance to the maximum distance between two 237 

parallel tangential lines restricting the particle 238 

 239 
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 240 
Fig. 2. Particle size distributions 241 
 242 

 243 
Fig. 3. Schematic diagram of seepage test apparatus 244 

 245 

 246 
Fig. 4. Cumulative eroded soil mass obtained from experiment and image segmentation 247 

  248 
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 249 
Fig. 5. Deviation from the independent macroscopic observations against number of images (15% 250 

initial fines content) 251 

 252 

 253 
Fig. 6. Relationship between hydraulic gradient and average flow velocity (15% initial fines 254 

content) 255 

 256 

 257 
Fig. 7. Mobile portion during the onset of suffosion, together with the hydraulic gradient 258 

  259 
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 260 
Fig. 8. Two selected images taken at hydraulic gradients equal to around 0.65 and 0.70 of 261 

specimen with 15% initial fines content: the dash line represents the outline of coarse particle at 262 

hydraulic gradient equals to around 0.65, while the solid line represents that at around 0.70 263 

 264 

 265 
Fig. 9. Rose diagram representation of preferred coarse particles orientation of soil before and 266 

after suffosion 267 


