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Abstract: Diatomite is a powdering mineral mainly composed of diatom microfossils present in
marine and lacustrine soils, which influences their physical and mechanical properties. Although
many articles have been found in the literature concerning the influence of diatomite in the overall
behavior of natural soils, few research efforts have been carried out to evaluate the influence of the
diatom microfossil species on their shear resistance. Therefore, in this research, the influence of the
diatomite species and the content in the peak and the residual shear strength of diatomite-fine grained
soil mixtures was analyzed using the annular shear strength test. Scanning electron microscopy
(SEM) and Atterberg limits were also carried out as additional tests to explain the interlocking effect
between the microfossils and the soil. Overall, both diatomite species increased both peak and
residual shear strength of the soil similar to dense sands. Nevertheless, the Mexican species reveal
higher friction angle values compared with Colombian species.
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1. Introduction

The soil constitutes the support of many infrastructures such as buildings, bridges,
highways, and dams, among others; therefore, understanding the various elements that are
part of it seems to be an interest topic in the recent years. Due to the heterogeneity of the soil,
the shape of distinct particles conditions some properties, including volumetric properties,
permeability, suction, compressibility, shear strength, and cyclic loading [1-3]. Diatoms
are unicellular photosynthetic algae which have a skeleton denoted as frustule composed
mostly of silica. These microorganisms whose size can vary from 20 to 200 microns have
become fossilized through the geological ages, becoming an inherent part of the soil and
changing its properties [4-6]. Diatomaceous earth, or diatomite as it is known in the
scientific literature [7], are the fossilized diatoms which have settled in seas and lakes
(periods near 40 million years) forming marine and lacustrine soil deposits in many parts
of the world, such as Mexico City, Bogotd, the capital of Colombia, Osaka Bay in Japan,
California in the US, seabed sediments in the Antarctic, Yunnan in China, and the Indian
Ocean [8-11]. Given its morphology of hollow structure, the diatomite has a high porosity
which helps it to retain a high amount of water. Other characteristics found in the literature
are that they present a rough and abrasive surface, low density, large surface area, and
absorbent capacity [12,13]. These singular characteristics govern the behavior of some soil
deposits, leading to an increment in the void ratio and Atterberg limits but also increasing
the friction angle, controverting the fundamentals established in the classic mechanical
of soils.

Previous studies have been carried out to analyze the influence of the diatomite in the
geotechnical properties of fine-grained soils [7]. Diaz-Rodriguez [9] studied the influence
of diatomite on geotechnical properties of soils manufacturing artificial mixes of diatom
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microfossils and kaolin. Atterberg limits and shear strength in undrained conditions
were performed in soil specimens normally and over-consolidated. Based on the author’s
conclusion, Atterberg limits increased with the diatom content as well as the friction angle.
Similar results were found by Shiwakoti et al. [14], who prepared remolded specimens of
soil with diatomite. According to the authors, they conclude that the presence of these
microfossils alters the index properties and increases the compressibility as well as the
friction angle of the soil. An explanation of this phenomenon could be attributed to
the hollow structures of the diatoms and the rough surface which helps to increase the
interlocking among the particles.

Exploratory studies have also been carried out in lacustrine soils with presence of
diatoms. Caicedo et al. [10] developed an experimental plan in diatomaceous soils located
in Bogota, where more than 2400 tests were performed. Based on their analysis, they
concluded that high values of Atterberg limits and friction angle disagree between the
classification system based on Atterberg limits and the classification system based on grain
size [10]. Although some studies have examined the influence of the diatomite in a standard
soil at different dosages [15], a gap was found in studying the influence of a specific species
in the geotechnical behavior of the soil. No research efforts have been found in analyzing
the type of diatomite in the shear strength properties of the soil. Accordingly, the main
aim of this research was to study the presence of two species of diatom microfossils on the
shear strength properties of soils. The shear resistance of the soil was determined by the
friction angle and the interlocking phenomenon which exists between the particles [16].
Most research focuses on measuring the friction angle at the peak shear strength because,
in the majority of geotechnical problems (e.g., foundations), the strains are small and the
stresses are below the peak. However, it is better to consider the residual shear strength as
parameter design [17]. Therefore, in the current research, the mechanical response of the
soil samples was analyzed through the ring shear equipment, whose main advantage is
the evaluation of shear strength in both peak and residual conditions.

2. Materials and Methods
2.1. Materials Characterization and Experimental Designs

In this research, an untreated commercial kaolin available in Bogota (Colombia) with a
specific gravity (GS) of 2.69 was employed as the fine-grained soil matrix, and two distinct
types of diatom microfossils commonly used as pesticide in the field of agriculture were
selected to be studied. The first type of diatom microfossil corresponds to the Alucoseira
Granulata species (GS = 2.55), extracted from the lacustrine soil of Tunja in Colombia
(Colombian diatomite species), and the second is the Cosconodiscus Centralis (GS = 2.34)
imported directly from Mexico City in Mexico (Mexican diatomite species). Scanning
electron micrographs (SEM) were taken of the three materials, as shown in Figure 1.
According to the SEM images, the kaolin presents a set of many laminar layers overlapping
together and without pores within the internal structure. Concerning diatom microfossils,
the Colombian species has a cylindrical shape with pores along its walls. Similarly, the
Mexican species has a shape of discs with pores, too, along its surface. In both cases, the
pores sizes range from 200 to 900 nm, approximately.

Since the particle size is less than 0.075 mm remaining in the fine range, the particle
size distribution for the three materials was obtained through the hydrometer, as ian be
seen in Figure 2. From the graph, it can be observed that the three materials fit in the size
of the silt. Similar gradation curve was also noticed between Colombian species and kaolin
with a more regular size distribution, while in the Mexican species, the slope of the curve
is steeper.
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Figure 1. SEM images of: (a) kaolin; (b) Colombian diatom species; (c¢) Mexican diatom species.
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Figure 2. Particle size distribution.

For the experimental designs, artificial mixtures of kaolin and the two diatom micro-
fossils were manufactured to investigate the influence of the diatomite species in the shear
strength of the soil. The mass ratio expressed in percentage for all the mixture designs
is depicted in Table 1. For the specimen’s conditioning before the annular shear strength
test, the diatomite-kaolin mixtures were initially blended in dry conditions and then were
added to distilled water so that the mixture reached the moisture content corresponding to
the liquid limit (LL). Later, the mixes were homogenized and kept wrapped in plastic bags
for 24 h so that all the mixtures were completely humidified.

Table 1. Mass ratio in percentage of the mixture designs.

Sample N° Id Mixture Composition Liquid Limit  Plastic Limit
1 Kaolin 100% 100% kaolin 44 24
2 Col. Diatomite 20% 80% Kaolin-20% Colombian diatomite 50 28
3 Col. Diatomite 40% 60% Kaolin-40% Colombian diatomite 56 32
4 Col. Diatomite 60% 40% Kaolin-60% Colombian diatomite 70 38
5 Col. Diatomite 80% 20% Kaolin-80% Colombian diatomite 83 42
6 Col. Diatomite 100% 100% Colombian diatomite 99 48
7 Mex. Diatomite 20% 80% Kaolin-20% Mexican diatomite 49 28
8 Mex. Diatomite 40% 60% Kaolin-40% Mexican diatomite 56 34
9 Mex. Diatomite 60% 40% Kaolin-60% Mexican diatomite 80 45
10 Mex. Diatomite 80% 20% Kaolin-80% Mexican diatomite 110 50
11 Mex. Diatomite 100% 100% Mexican diatomite 132 60

2.2. Annular Shear Strength Test

The annular—or the ring shear strength test, as it is also commonly known—was
employed in the current study to measure peak and residual strength of the diatomite-
kaolin mixtures. It is worth pointing out that estimating the peak and the residual strength
is extremely important to find out the limit states of a material or a geotechnical structure,
due to the fact that they present different levels of strains and stress paths. For instance,
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shear cell

in terms of design, an excavation supported by a retaining structure could present two
situations. On the one hand, the soil subjected to a passive condition could reveal small
strains reaching its peak resistance. On the other hand, the soil mass supported by the
retaining structure could already be subjected to large strains and, therefore, be closer to its
residual strength.

To perform the test, the reconstituted humidified diatomite-kaolin specimen was
removed from the plastic bag and placed in the annular shear cell. The annular shear cell
consisted of two concentric rings confined vertically and totally filled with water. Then,
normal stress was applied to the sample by the top plate by means of a lever-arm (see
Figure 3). Similar to the consolidation test, the samples were consolidated by performing
the water pore pressure. Once the mixture was consolidated, the shear strength was
measured. To shear the sample, the upper lid and the bottom ring must rotate relative to
each other. In that sense, the bottom ring rotated at a controlled angular speed whereas
the upper part was restrained by a horizontal beam, and a torque cell device helped to
measure the shear resistance of the soil. Both the normal stresses applied on the lever arm
and the measured shear stress were previously calibrated to avoid measurement errors.
To obtain drained conditions of the test, this was carried out at an angular speed of 0.032
radians per second. The normal stresses to which the samples were consolidated were 100,
200, and 400 kPa, respectively. The vertical displacement was also recorded to analyze the
specimen volume change. More details of the procedure are described in the United States
Bureau of Reclamation USBR 5730.

Annular
Shear

Figure 3. Annular shear strength test. Adapted from [18].

3. Results and Discussion

Initially, to have more comprehensible knowledge with respect to the diatomite-kaolin
mixtures, the Atterberg limits for the different diatomite concentrations were recorded, as
shown in Figure 4. Although it is very typical to obtain the LL of the samples by applying
the Casagrande’s method, in this research, the fall-cone method was adopted since the
calculations for Mexican species was not possible with the conventional method. As can
be seen in the Figure 4, the trend suggests that the higher the diatom content was, the
higher was the increase in liquid and plastic limit. This result ties well with previous
studies wherein limit and plastic limits increase with the increase in diatomite content [9].
An explanation of the above could be that the hollow structure and the pores along their
surfaces help to retain more water, increasing their Atterberg limit values. Concerning the
type of diatom species, the Mexican displayed higher values of both liquid and plastic
limits in relation to Colombian species. In agreement with the above, the Mexican species
displayed a lower specific gravity than the Colombian species, indicating that this species
could present higher porosity and, as a result, retain more water inside its structure.
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Figure 4. Liquid limit (LL) and plastic limit (PL).

Concerning the shear resistance, the annular shear test presents a particular advantage
over other kinds of shear tests (e.g., direct shear) considering the possibility to evaluate the
residual strength parameters in the same fail surface and in the same shear stress direction
because of the radial movement of the soil container. The residual shear strength is a
property of fine soils which evaluates the gradual loss of shear strength along a developed
failure surface and, thus, in some cases, it is better to use this value rather than peak shear
strength for design purposes. For all diatomite-kaolin mixtures, the shear-strength vs.
displacement curves at the three normal stresses were calculated.

Figure 5 shows the results of shear strength vs. displacement for the two diatomite
species under study. The increase of diatomaceous material in the mixtures with kaolin
revealed slight increases in resistance. Regarding the stress—strain response, it is noted
that the shear stress increased in those specimens subjected to greater consolidation steps.
Besides, at higher normal stresses, the behavior of the curves looked more typical of a
compacted sand than of a normally consolidated clay, especially with higher contents of
Mexican diatomite. Unlike clays, the fossilized diatoms did not present electrochemical
properties; thus, the improvement in the shear stress could be attributed to the friction
produced between the particles. The above is because the higher the diatomite content was,
the greater the shear resistance was. With some exceptions, the residual shear stress was
kept constant after reaching 4 mm of horizontal displacement.

A point of interest worth highlighting is that, for all the samples, regardless of the
stress level and the amount of diatomite added, they adequately reached the critical state
of the soil during the residual condition of the material. This concept is fundamental to
understand the response of the soil that has been previously remolded, as it was in the
current case, where the specimens underwent a previous peak resistance [19,20].
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Figure 5. Illustrative example for shear stress vs. displacement curve.

To analyze the volumetric behavior of the diatomite-kaolin mixtures, the vertical
displacement was also recorded for all the specimens, as can be observed in Figure 6. From
the graphs, two important aspects were deemed for analysis: firstly, the deformability
observed in the specimens when they were subjected to different consolidation stresses
prior to the torque shear stage and secondly, the behavior observed in the composite
material by the influence of diatomite. In the 100% kaolin mixture, the material presented a
contractive behavior during the shear stage being very similar to a normally consolidated
clay or, at most, a slightly over-consolidated clay, as was expected. The same phenomenon
was displayed until reaching the combination with 40% diatomite and 60% kaolin, where
the mixture began to reveal a dilatancy response, especially at the highest consolidation
stress (i.e., 400 kPa). The above could be due to the presence of diatomaceous material
which provided frictional properties to the specimens. The behavior at 400 kPa was that
typically shown by a dense granular material.
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Figure 6. Vertical vs. horizontal displacement for both species analyzed at 60% diatomite content.

The same phenomenon was more noticeable in the diatomite-kaolin mixtures manu-
factured with Mexican diatomite content equal to or greater than 40%, where the behavior
at stresses of 400 kPa was always revealing dilatancy. This may have been influenced
by the microstructural configuration of the Mexican diatomite where the discs present
could interlock more easily than the cylinders shown by the Colombian species. This is
consistent with what has been found in previous studies [21]. In samples prepared with
100% diatomite, the dilatancy was also observed at a medium normal stress (e.g., 200 kPa)
for both species. Therefore, it could be believed that, when the specimen has the presence
of only diatomaceous material, the behavior is more similar to a dense or compacted
granular material.

Figure 7 reveals the failure envelopes obtained from the annular shear strength test
for the peak shear strength resistance for both diatom microfossil species. With respect to
the modified mixtures with Colombian diatomite, at low normal stresses, the shear stress
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seemed to be very similar for any content of diatom. Meanwhile, with increasing normal
effort, the variability tended to be slightly higher. Regarding mixtures manufactured with
Mexican diatomite, more pronounced changes are noted from diatomite contents equal to
or above 60%. The trend also indicates that, as the diatom content increased from 60% to
100%, the shear stress tended to increase, especially at high normal stresses.
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Figure 7. Relationship between peak shear stress vs. normal stress at different diatom contents.

Comparing the results from both diatomite species, the peak shear strength was much
higher when modifying the kaolin mixture with Mexican diatomite instead of Colombian
diatomite, especially when the confined vertical pressure was higher and with diatom
contents superior to 60%. To cite an example, Mexican diatomite 60% displayed increments
of 116%, 33%, and 45% when compared to Colombian diatomite 60% on peak shear stresses
at 100, 200, and 400 kPa, respectively. In the same way, Mexican diatomite 80% showed
values of peak shear stress of 93.85, 154.36, and 279.32 while Colombian diatomite 80%
presented values of 34.08, 81.64, and 161.83 at vertical pressures of 100, 200, and 400 kPa,
respectively. These findings support the notion that the shape and the species of the
diatomite influence the peak shear resistance of soil.

Similar to peak shear strength, the residual shear strength for all diatomite-kaolin
mixtures was obtained, as can be observed in Figure 8. It was evident that, as the residual
shear strength was recorded at large displacements, the values attained would be lower
than the peak shear strength. Nonetheless, similar trends were observed. Regarding
mixtures modified with Colombian diatomite, at 100 kPa of normal stress, the results were
very similar despite the diatom content. However, at large normal stresses, the variance
among the mixtures was higher. On the contrary, mixtures with Mexican diatomite showed
higher dispersion at 100 kPa and lower variability at 400 kPa. Adding Colombian diatomite,
no clear improvement in residual shear stress was observed. Mexican diatomite denoted
higher values of residual shear strength, especially with diatom contents equal to or higher
than 60%, as was observed in the peak shear strength as well. However, this improvement
was more noticeable at lower vertical pressures.

From the normal shear stress plots, the peak and the residual friction angles, which
are indicators of the effect interlocking between particles and the variation of the friction
angle, were calculated for all kaolin-diatomite specimens (see Figure 9). The cohesion for
both peak and residual states was nulled in view of the contractive volumetric response,
typical for normally consolidated materials. Concerning Colombian diatomite contents,
the variation of the friction angle was almost negligible. In fact, as the diatomite content
increased, the gap between peak and friction angles became smaller. This result suggests
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that this diatomite leads to an increase in the residual friction angle at a higher rate than
the friction angle. On the other hand, the variation of the friction angle was higher as the
Mexican diatomite content increased. Although the addition of Mexican diatomite may
increase both peak and residual friction angles, the growth rate is greater for the peak
rather than the residual one.
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Figure 8. Relationship between residual shear stress vs. normal stress at different diatom contents.

Figure 9. Variation of the effective friction angle respect diatomite content in both species.
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A correlation between peak and residual friction angles was also observed for both
types of diatomite, as shown in Figure 10. In the case of mixtures modified with Colombian
diatomite, the relationship between the peak and the residual friction angle was positively
direct with a R? of 0.88, whereas in the case of mixtures modified with Mexican diatomite,
a good correlation with a R? value of more than 0.80 was obtained. However, while
the residual friction angle tended to increase, the peak angle was getting lower values.
From the graph, it can also be inferred that the addition of higher amounts of Colombian
diatomite led to an increase in the interlocking effect between particles in short and large
deformation levels. Meanwhile, the inclusion of Mexican diatomite also interlocked well
with soil particles as its content increased. Nonetheless, at large displacement levels, it
tended to dissipate them.
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4. Conclusions

In this research, the influence of diatomite species and content in peak and residual
shear strength of diatomite-kaolin mixtures was analyzed using the annular shear strength
test. Scanning electron microscopy and Atterberg limits were also carried out as additional
tests to explain the interlocking effect between the microfossils and the kaolin. Based on
the experimental results, the following conclusions are drawn:

e  According to SEM images, both diatomite species have larger voids content due to
the pores disposed along their surfaces. The presence of these pores can be related
to aspects such high water retention that influences the results of tests such as the
Atterberg limits. For both species, the higher the diatomite content was, the higher
the liquid limit and the plastic limit values were. However, diatomite-kaolin mixtures
manufactured with Mexican species displayed greater values, suggesting that this
diatomite has larger porosity in its structure.

e  For the annular shear strength test, the results show the increment in the peak and
the residual strength as the normal stress increased. A linear behavior was observed
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in almost the totality of the mixtures. Comparing the results from both diatomite
species, the peak shear strength was much higher when modifying the kaolin mixture
with Mexican diatomite instead of Colombian diatomite, especially when the confined
vertical pressure was higher and with diatom contents superior to 60%. Regarding
residual shear strength, Mexican diatomite also denoted higher values of residual
shear strength, especially with diatom contents equal to or higher than 60% as was
observed in the peak shear strength as well.

e  The increase of diatomite content in the samples polarized their behavior towards
materials similar to compacted sands. Likewise, when the specimens had a higher pro-
portion of clay, their response was contractive, analogous to a normally consolidated
clay.

e  With respect to the friction angle results, as the diatom content increased, the peak
friction angle was also higher. That phenomenon was observed in both species. Nev-
ertheless, the Mexican diatomite revealed higher values compared with Colombian
diatomite species. Regarding the residual friction angle, mixtures manufactured with
Mexican diatomite also displayed higher values when compared to mixes with Colom-
bian diatomite. In addition, the difference between peak and residual friction angle
was higher in Mexican diatomite mixes.

e Ashas been observed, diatomite has large porosity, low density, and interlocks well
with other particles, increasing the shear resistance. Due to these properties, future re-
search is recommended to study the influence of these microfossils in other composites
such as concrete or bituminous mixtures.
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