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ABSTRACT 

The small-strain and electromagnetic behaviors of soils significantly change due to compression. The objective of this 

study was to investigate the small-strain stiffness and electrical resistivity of diatomaceous sand by modifying the 

conventional setup of oedometer tests (1D-compression tests). The specimens used were pure sand and sand with 20% 

diatoms by weight. The vertical displacement was directly observed using a digital gauge at the top of the compression 

cap during compression. At the end of each loading step, shear waves (S-waves) are measured using a pair of bender 

elements installed on the top and bottom compression caps. In addition, electrical resistance was measured using a pair 

of electrodes installed horizontally in the middle of the compression cylinder. The test results show that the compression 

index increased but the swelling index decreased according with the increase in the amount of the small and crushable 

diatom particles. The presence of diatom particles weakened the interparticle contacts and softened the soil skeletons. In 

addition, the electrical resistivity increased with the increase in diatom contents, which increased the surface conduction. 

Our work suggests that the S-wave velocity and electrical resistivity of diatomaceous sand can be characterized by 

modifying the conventional oedometer tests. 
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1. Introduction 

Diatoms are commonly found in marine sediments in 

deep seabeds such as Osaka Bay (Japan) and Ulleung 

Basin (Korea) (Shiwakoti et al., 2002; Lee et al., 2011, 

2013). Diatoms grow in sunlit water areas that are rich in 

silica and consume silica to build their skeleton (Tréguer 

et al., 1995). Diatom dead bodies settle on sea floors and 

dissolve the silica forming new deposits (Díaz-Rodríguez 

et al., 1998; Tanaka & Locat, 1999; Owen et al., 2010; 

Caicedo et al., 2018). The presence of diatoms affects the 

engineering properties and behavior of marine sediments 

(Tanaka & Locat, 1999; Shiwakoti et al., 2002; Hong et 

al., 2006; Wiemer et al., 2017). In addition, small and soft 

diatom particles in soil skeleton form weak interparticle 

contacts and increase the attenuation of shear waves 

(Assefa et al., 1999), which significantly affects the soil 

stiffness. With high intra-porosity (Burger & 

Shackelford, 2001) and high specific surface (Zhang et 

al., 2011), the diatom may govern the electrical resistivity 

of soils. Hence, this study was conducted to investigate 

the small-strain and electrical resistivity behaviors of 

diatomaceous soil. Two specimens, including pure sand 

and a sand-diatom mixture, were used in the oedometer 

tests. The vertical displacement was observed using a 

digital gauge. In addition, the oedometer apparatus was 

modified to attach a pair of bender elements and a pair of 

electrodes for shear wave and electrical resistance 

measurements at every loading step. 

 

2. Experimental setup 

2.1. Specimens 

Table 1. Oedometer test specimens 

Specimen 
Sand 

content (%) 

Diatom 

content (%) 

Density 

(g/cm3) 

DC00 

(sand) 
100 0 1.398 

DC20 80 20 1.398 

 

Two artificial specimens, named DC00 and DC20, 

were used in this study, as listed in Table 1. Their grain 

size distributions (GSD) are plotted in Fig. 1. DC00 was 

the specimen of uniformly graded sand with a density of 
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Figure 1. Grain size distribution of sand and diatom 



 

1.398 g/cm3 (relative density of 80%), a medium size 

(D50) of 0.47 mm, and a specific gravity of 2.65, as 

summarized in Table 1. The sand particles are sub-

rounded, as shown in Fig. 2 (a). DC20 is the specimen 

formed by replacing 20% of the amount of sand (by dry 

weight) in DC00 with diatoms. Thus, the density of 

DC20 remains equal to that of DC00, i.e., 1.398 g/cm3. 

 

(a) 

 

(b) 

Figure 2. Sand and diatom: (a) sand particles; (b) diatom 

particles 

 

The diatoms used in this study were Coscinodiscus disc-

like frustules as shown in Fig. 2 (b). The diatom was 

uniformly graded with a D50 of 22 m and a specific 

gravity of 2.2, as shown in Fig. 1. The two specimens 

were placed well into an oedometer cell with a height of 

70 mm and diameter of 58 mm and saturated with tap 

water. 

2.2. Oedometer tests 

For deformation characterization, standard 

oedometer tests, including a loading phase (5 kPa to 1280 

kPa) and an unloading phase (1280 kPa to 5 kPa), were 

conducted for the DC00 and DC20 specimens. The 

specimens were saturated with tap water before the 

oedometer tests, and the saturation condition was 

sustained by maintaining the water level above the 

specimen, as shown in Fig. 3. The vertical compression 

loads were applied to the top cap of the odometer cell 

using a metal rod and measured using a load cell 

connected to a data logger. Oedometer tests include 

loading tests from 5 to 1280 kPa and unloading tests from 

1280 to 5 kPa. Each loading or unloading step proceeded 

after verifying the completion of the previous step using 

the graph of vertical displacement vs time. 

The vertical displacement was directly observed by a 

digital gauge at the top of the specimens and recorded by 

the connected data logger, as shown in Fig. 3. 

2.3. Measurement systems 

For the small-strain and electrical resistivity 

characterization, a measurement system was adopted, as 

shown in Fig. 3. Fig. 3 shows that the shear wave (S-

wave) was measured via a pair of bender elements 

installed on the top and bottom caps (Lee & Santamarina, 

2005). The benders were placed in a plastic house and 

shielded with epoxy to eliminate electrical noise and 

frame waves (Lee & Santamarina, 2005; 2006). A single 

sinusoidal signal was generated using the top bender 

element, and the propagated waves were detected by the 

bottom bender element. The signals were filtered and 

amplified by a filter/amplifier, and captured by an 

oscilloscope, as shown in Fig. 3. 

 

Figure 3. Schematic diagram of the oedometer test setup. BE: bender elements; EL: electrodes; LCR: 

inductance-capacitance-resistance 



 

Electrical resistance was measured using a pair of 

electrodes installed horizontally in the middle of the 

compression cylinder. The electrodes were placed in a 

plastic house and shielded with epoxy resin to eliminate 

electrical noise. Finally, the electrodes were connected to 

an LCR meter, and the data were stored in a computer 

linked. Electrical resistance was converted to electrical 

resistivity using a linear calibration performed on water 

with different salinities (Cho et al., 2004), as shown in 

Fig. 4. Fig. 4 shows that the relationship between the 

electrical resistance and electrical resistivity is linear, 

with a coefficient of determination (R) of 0.9999. 

The S-wave and electrical resistance were alternately 

measured at the end of each loading step. 

 

3. Experimental results 

3.1. Displacement 

 The displacements of the two specimens during 

loading and unloading were observed and used to 

calculate the void ratios. The results were summarized 

and plotted in Fig. 5. Fig. 5 shows that for DC00, the void 

ratio decreased significantly as the vertical effective 

stress increased. For instance, the void ratio value of 0.61 

at 640 kPa was decreased to approximately 0.49 at 1280 

kPa. During unloading, the void ratio increased as the 

vertical effective stress increased. The difference 

between the loading and unloading indicates plastic 

deformation, which is not recoverable. 

DC20 showed a similar trend: the void ratio slightly 

decreased in the first few steps and significantly 

decreased at 640 and 1280 kPa. However, DC00 

exhibited lower void ratios than DC20. The loading curve 

for DC20 is steeper than that for DC00. However, the 

unloading curve of DC00 is steeper than that of DC20. 

 

3.2. Shear wave 

The S-wave signals were captured during the 

oedometer tests, and the S-wave velocity was calculated 

using the first arrivals and travel distances, which is the 

tip-to-tip distance between the two bender elements, as 

shown in Fig. 3. Fig. 6 shows the S-wave velocity for the 

loading steps versus the vertical effective stress. For 

DC00, the S-wave velocity increased from 141 m/s to 

407 m/s as the vertical effective stress increased from 5 

to 1280 kPa. Similarly, for DC20, the S-wave velocity 

increased from 80 m/s (at 5 kPa) to 226 m/s (at 1280 kPa). 

The S-wave velocities of DC00 were higher than those of 

DC20. 

3.3. Electrical resistivity 

The electrical resistance was directly measured at 

every loading step using the measurement system (Fig. 

3) and calibrated to the electrical resistivity using the 

linear equation, as shown in Fig. 4. The electrical 

resistivity values were summarized and plotted in Fig. 7. 

Fig. 7 shows that for DC00, the electrical resistivity 

increased from 257 to 304 Ωm as the vertical effective 

stress increased from 5 to 640 kPa and significantly 

increased to 373 Ωm at 1280 kPa. DC20 showed a similar 

trend to DC00 but lower electrical resistivity values 

compared to those of DC00. For DC20, the electrical 

resistivity increased from 189 Ωm at 5 kPa to 222 Ωm at 

640 kPa, and significantly increased to 322 Ωm at 1280 

kPa. 
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Figure 4. Electrical resistivity calibration 

Figure 5. Void ratio vs vertical effective stress 

Figure 6. S-wave velocity vs vertical effective 

stress 



 

4. Analysis and discussion 

4.1. Compressibility 

The compression and swelling indices for DC00 and 

DC20 were calculated using Fig. 5 and plotted in Fig. 8. 

Fig. 8 shows that the compression index increased from 

0.38 (DC00) to 0.58 (DC20) when diatoms were added. 

The increase in the compression index can be attributed 

to the high intra-porosity of the diatoms (Tanaka & 

Locat, 1999; Shiwakoti et al., 2002). Thus, the density of 

DC20 was equal to that of DC00, but the void ratio of 

DC20 was lower than that of DC00. The added diatoms 

filled the pores among the sand particles (inter-porosity) 

and decreased the inter-porosity. However, diatom 

particles are excessively porous because of the small 

pores with diameters ranging from 30 to 1000 nm 

crushable (Losic et al., 2007; Zhang et al., 2011) which 

increase the intra-porosity of the soil. The soil becomes 

more compressible, and the compression index increases. 

The swelling index decreased from 0.032 (DC00) to 

0.018 (DC20). The swelling index indicates the elastic 

deformation of a material. The decrease in the swelling 

index might be caused by the rearrangement of sand and 

diatom particles, which is irreversible during unloading. 

In addition, the diatoms may be crushed into small pieces 

during loading and cannot recover their original shape 

during unloading (Hong et al., 2006; Wiemer et al., 

2017). Thus, the swelling index decreased. 

For comparison between DC00 and DC20, the 

vertical strains of DC00 and DC20 were calculated using 

Fig. 5 and plotted in Fig. 9. Fig. 9 shows that DC20 

displaced much more than DC00 during loading but did 

not swell as much as DC00 did during unloading. The 

plastic deformation, i.e., the gap between loading and 

unloading in Fig. 9, increases because of the presence of 

the diatom, and it is an indication of the diatom crushing 

phenomenon. 

4.2. Deterioration of soil skeleton 

The decrease in S-wave velocity indicates the 

deterioration of the soil skeleton (Salgado et al., 2000; 

Carraro et al., 2009). The diatom used in this study had 

very high intra-porosity (porosity of its particle) with 

pores ranging from 30 to 1000 nm and was very 

crushable (Losic et al., 2007; Zhang et al., 2011). This 

diatom is porous and soft compared to sand particles. For 

DC20, 20% diatoms were added to replace the same 

amount of sand. Porous and soft diatom particles in the 

soil, therefore, soften the soil skeleton and the 

interparticle contacts. 

For the analysis of S-wave, the S-wave velocity can 

be expressed as follows: 

�� � � ���� 	�
�

��� �
�

                                                   (1) 

Figure 7. Electrical resistivity vs vertical effective stress 

Figure 8. Compression and swelling indices 
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where Vs is the S-wave velocity; ��
�  and ��

�  are the 

effective stresses acting in the wave propagation 

direction and the particle motion direction, respectively; 

��
� � (1 − ����)��

� ; the friction angle � � 40.0! for 

DC00 and � � 26.1!for DC20; � is the factor of S-wave 

velocity at 1 kPa; and $ is the exponent factor. It is to be 

noted that values of $ increase from $ ≈ 0 for cemented 

soils (Fernandez & Santamarina, 2001; Yun & 

Santamarina, 2005), and to $ ≈ 0.7 for soft and weak 

particle soils (Lee et al., 2007; Cha et al., 2014). The 

estimations of � and $ are shown in Table 2 as follows: 

 
Table 2. � and $ factors. 

Specimen � (m/s) $ ( ) 

DC00 (sand) 112.4 0.189 

DC20 41.7 0.291 

 

Table 2 shows that $ increased from 0.189 to 0.291 as 

the diatom content increases. The increase in $ indicates 

the deterioration in inter-particle contact and soil 

skeleton (Santamarina et al., 2001). 

4.3. Development of surface conduction 

The electrical resistivity of soils can be defined as 

follows: 

��!'( � ��)( + (1 − �) +�
, -                                   (2) 

where ��!'( , �)(  are the electrical conductivities of the 

soil and electrolyte, respectively; n is the porosity; /� is 

the unit weight; g is the gravitational constant; 011(  is the 

electrical conductivity at the surface; and S is the total 

surface conduction. The unit weight and electrolyte 

conductivity were equal for DC00 and DC20. Thus, the 

porosity and total surface conduction govern the soil's 

electrical resistivity of the soil. The experimental results 

showed that the electrical resistivity decreased after 

adding diatoms. The diatoms with a specific surface of 

27·86 m2/g (Zhang et al., 2011) may significantly 

increase the surface conduction of the soils, thus 

decreasing the electrical resistivity of DC20. Note that 

the electrical resistivity is the inverse of electrical 

conduction. 

5. Summary and conclusion 

This study aims to characterize the small-strain shear 

stiffness and electrical resistivity of diatomaceous sand. 

Oedometer tests were conducted on specimens of pure 

sand (DC00) and a mixture of sand and 20% diatoms (by 

weight). The oedometer test consisted of two phases: 

loading from 5 to 1280 kPa and unloading from 1280 to 

5 kPa. The vertical displacement, S-wave, and electrical 

resistance were measured. From the experimental results, 

the following observations were made: 

 The compression index increased, but the swelling 

index decreased as small and crushable diatom 

particles broke into small pieces, which could not 

recover. 

 The soil skeleton was softened in the sand with 

diatom, and interparticle contacts were weakened 

due to the soft and crushable diatom particles. 

 The electrical resistivity decreased as the diatom 

content increased, which is an indication of increase 

in the surface conduction of the soil with the 

addition of diatoms. 
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