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This work presents a study on the behaviors of diatomaceous soils. Although studies are rarely reported
on these soils, they have been identified in Mexico City, the Sea of Japan, the northeast coast of Australia,
the equatorial Pacific, and the lacustrine deposit of Bogotá (Colombia), among other locations. Features of
this kind of soil include high friction angle, high initial void ratio, high compressibility index, high liquid
limit, and low density. Some of these features are counterintuitive from a classical soil mechanics
viewpoint. To understand the geotechnical properties of the diatomaceous soil, a comprehensive
experimental plan consisting of more than 2400 tests was performed, including physical tests such as
grain size distribution, Atterberg limits, density of solid particles, and organic matter content; and me-
chanical tests such as oedometric compression tests, unconfined compression tests, and triaxial tests.
Laboratory tests were complemented with scanning electron microscope (SEM) observations to evaluate
the microstructure of the soil. The test results show that there is an increase in liquid limit with
increasing diatomaceous content, and the friction angle also increases with increasing diatomaceous
content. In addition, several practical correlations were proposed for this soil type for shear strength
mobilization and intrinsic compression line. Finally, useful correlations were presented, such as the
relationship between the state consistency and the undrained shear strength, the friction angle and the
liquid limit, the void ratio at 100 kPa and the liquid limit, the plasticity index and the diatomaceous
content, among others.
� 2018 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

The characteristics of soft soils are of critical importance in
geotechnical engineering because the behavior of the soils affects
the performance of engineering works constructed on these de-
posits. The soils basically have low bearing capacity, which can
cause the geotechnical structures to be subjected to excessive set-
tlements. The behavior of remolded soils has received a great deal
of attention over the last 6 decades, for example, from Roscoe et al.
(1958), Tavenas et al. (1979), Burland (1990), Biarez and Hicher
(1994), and Horpibulsuk et al. (2011). Meanwhile, studies of natu-
ral clays by Leroueil and Vaugham (1990), Beaumelle (1991), and
Tatsuoka et al. (2000) have received less attention. Even few studies
edo).
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are reported on the diatomaceous soils (very soft soils), which have
been identified elsewhere in the world by Diaz-Rodriguez (2011) in
Mexico City, Holler (1992) in the Sea of Japan, Chen et al. (1993) and
Ladd et al. (1993) on the northeast coast of Australia, and McKillop
et al. (1995) in the equatorial Pacific. As described by Diaz-
Rodriguez (2011), the diatomaceous soils have extreme Atterberg
limits (approximately 400%), water contents (approximately 300%),
void ratios (approximately 8), coefficient of compressibility
(approximately 5) and microfossils in the structure. The present
study discusses the aforementioned issues that are undoubtedly of
interest for practical design engineers or researchers in this area.

This paper presents a study on the geomechanical characteris-
tics of a diatomaceous soil deposit, aiming at a better under-
standing of the behaviors of these soils when compared to the
majority of soils found in the world. In most soils, the index
properties are related to mechanical behavior. However, in a dia-
tomaceous soil deposit, these correlations cannot work, or should
be modified. Additionally, some explanations are given for the
special behaviors of these types of soils. The soil used in the present
oduction and hosting by Elsevier B.V. This is an open access article under the CC BY-
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work is from the lacustrine deposit of Bogotá (Colombia). The field
work consisted of taking high-quality samples from 2400 m of
boreholes using the stationary piston technique. Some of these
boreholes reached 250 m deep. The laboratory component of this
study includes: (i) physical tests such as grain size distribution,
Atterberg limits, density of solid particles, and organic matter
content; and (ii) mechanical tests such as oedometric compression
tests, unconfined compression tests, and triaxial tests. Laboratory
tests were complemented with scanning electron microscope
(SEM) observations to evaluate the microstructure of the soil. This
is a contribution to the knowledge of the diatomaceous soils,
because the previous studies on diatomaceous soils have been
performed over reconstructed or shallow samples.

The lacustrine deposit of the city of Bogotá (Colombia) is located
on a high plateau of the Andes Mountains at 2550 m above sea
level. More than 60% of the area of this city with 9 million of in-
habitants is located on soft soil deposits. At some sites of the
plateau, the depth of the lacustrine deposit can reach 586m (Torres
et al., 2005). Shallow deposits of soil from 5 m to 10 m deep are
overconsolidated, but in deeper layers, the soil can reach extreme
values for some geotechnical properties: consistency indices lower
than 0.5, water contents higher than 200%, liquid limits up to 400%,
void ratios as high as 5, and high diatomaceous percentage.

The results of the lacustrine deposits of Bogotá showed a high
friction angle (close to 45�) and a high plastic index (close to 200).
These results are not common in the classic mechanics of soil
because the increase of the plastic index causes a decrease of the
friction angle (Mitchell, 1993). A possible explanation is that the soil
had a high content of diatoms in its structure, and these diatoms
changed its behavior (Santamarina and Diaz-Rodriguez, 2003;
Diaz-Rodriguez, 2011). Another interesting result was that an in-
crease in diatoms (particles larger than 10 mm) increases the plas-
ticity of soil without increasing clay-sized particles. This
characteristic creates a disagreement between the classification
system based on Atterberg limits and the classification system
based on grain size. Moreover, some correlations are presented in
this work, including those between the Atterberg limits and the
undrained shear strength, the friction angle and the liquid limit, the
void ratio at 100 kPa and the liquid limit, and the plasticity index
and the diatomaceous content. In addition, several practical cor-
relations were tested and applied to this type of soil as found by
Vardanega and Bolton (2011) for shear strength mobilization, and
the intrinsic compression line proposed by Burland (1990), among
others. The results showed several different features of the diato-
maceous soils, which are not typical in the majority of soils in the
world.

2. Geological framework

The high plain of Bogotá is located at 4�N and 74�W
(geographical coordinates) at an altitude of 2550 m. Its origin lies
in a Plio-Pleistocene lake that was filled with water over time. The
deep deposit of soils is explained by the subsidence of the bottom
of the basin and the gradual accumulation of main lacustrine
sediments during the last 3 million years (Hooghiemstra and
Sarmiento, 1991). The chronostratigraphy of the deposit was
studied by Andriessen et al. (1993) using the fission track-dated
method. They estimated the soil’s age at 3.2 million years at a
depth of 586 m. In addition, chronostratigraphical data were ob-
tained by Torres et al. (2005) based on pollen analysis. Fig. 1 de-
picts some of the deposition processes that have taken place in the
basin of Bogotá. As shown in Fig. 1aed, the main deposition
mechanism was controlled by the level of the water table, which
was in turn dependent on the differential rate between the sub-
sidence of the bottom of the deposit and sedimentation. Possible
deposition mechanisms were: (i) sedimentation of predominant
fine-grained materials in a low energy regime taking place under
deep water (Fig. 1a); (ii) sedimentation of predominant silt and
sand in a high energy regime occurring in low water tables near
river mouths (Fig. 1b); and (iii) swamp and fluvio-lacustrine de-
posits with high proportions of organic matter in shallow water
tables (Fig. 1c).

Chronostratigraphical and geological studies by Torres et al.
(2005) at the deepest site of the deposit, located in the city of
Funza near Bogotá, proposed the following stratigraphy of the
deepest deposits:

(1) The bottom of the deposit was found at 586 m deep. From
568m to 586m, there is a mix of clay and sand deposited in a
fluvio-lacustrine environment. Then, the water table rises
throughout history and lacustrine deposits become domi-
nant in the interval from 530 m to 568 m.

(2) From 460 m to 530 m, there are deposits with high contents
of organic matter, which suggests lacustrine and swamp
deposits. Sandy deposits resulting from a high energy fluvial
environment appear at the Funza site from 445 m to 460 m.

(3) From 325 m to 445 m, once again there are deep lacustrine
and swamp deposits overlying the fluvial deposit.

(4) From 250m to 325 m, subsidence predominates. This creates
a deep basin with a true lacustrine deposit.

The geotechnical study of the basin presented in this research
concerns the upper 250 m of the deposit, corresponding chrono-
logically to the last 1 million years (Fig. 1h). Fig. 1eeg presents the
mean values of organic matter loss on ignition (LOI), liquid limit,
and percentage of grains with sizes less than 2 mm calculated from
the whole geotechnical investigation described in Section 3. These
results complement the stratigraphy proposed in Torres et al.
(2005) with the following geotechnical data:

(1) From 180 m to 250 m, the lacustrine deposit properly con-
tinues with soils having less than 10% of organic matter and
liquid limit of around 50%.

(2) From 155 m to 170 m, there is a swamp deposit with a large
proportion of organic matter and a mean liquid limit
approaching 100%.

(3) From 155 m to 80 m, the lacustrine deposit dominates again.
(4) From 5 m to 80 m, which corresponds to the last 250,000

years, there are some sporadic episodes of swamp deposits
with high proportions of organic matter. This corresponds to
alternating rises and falls of the water table. At the same
time, the mean value of the liquid limit increases from 50% to
200%. In this deposit, the mean percentage of particles with
sizes less than 2 mm fluctuates from 0% to 20%. From 50 m
deep to the surface, the chronological measures carried out
by Torres et al. (2005) (Fig. 1h) show a deposition rate of
3440 yr/m.

(5) In the first 5 m of the deposit, the amount of organic matter
and the liquid limit decrease, while the content of particles
with size smaller than 2 mm increases.

SEM images were taken from a sample at 16 m depth in the
lacustrine zone. Fig. 2a shows an open structure similar to that
observed by Sides and Barden (1971). This open structure could be
the result of a lacustrine deposit from calm (low energy) lake water
as described above. Moreover, in the case of Bogotá soil, there are
fossils in these deposits, as shown in Fig. 2b and c. A detailed ex-
amination of the previous images reveals the high content of
frustules from diatoms (Fig. 2def). As described by Diaz-Rodriguez
(2011), sedimentary diatomaceous soils have silica contents of 90%



Fig. 1. Deposition of lacustrine soils in the Paleolithic lake at the location of Bogotá (Colombia): (a) low energy sedimentation in a proper lacustrine deposit, (b) high energy fluvial
deposit, (c) swamp deposit, (d) schematic drawing of deposition mechanisms, (e) mean value of the organic matter content, (f) mean value of the liquid limit, (g) mean content of
particles with size less than 2 mm, and (h) chronostratigraphy from Torres et al. (2005).
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and only 10% of iron and aluminum oxides. With their low unit
weights and large specific surface areas, the presence of diatoms
gives special mechanical and hydraulic characteristics to these soils.

The mineralogical composition of Bogotá soil includes as much
as 50% quartz, 15%e42% feldspars, 15%e30% clay, and predominant
smectite. Other minerals such as mica and vermiculite appear in
less proportion.

3. Field exploration and geotechnical framework

3.1. Field exploration and testing program

A total of 52 boreholes with a total length of 2400mwere drilled
for this study. Six boreholes reached depths greater than 100 m,
and two reached depths of 240 m (Fig. 3). The sampling protocol
depended on the depth at which samples were taken. Samples
were taken every 2m for the first 20 m, and every 5m from 20m to
50 m. Below 50 m, samples were taken every 8 m.

A stationary piston sampler was used to obtain high-quality
samples. Original samples were 75 mm in diameter but were
trimmed to 50mm for triaxial and oedometric compression tests to
avoid any alteration due to internal friction within the sampler.

The testing program in this study consisted of 1024 tests for
Atterberg limits and water content by the standard ASTM D4318-17
(2017), 113 tests for organic matter content using the ignition
method by the standard ASTM F1647-11 (2011), 113 tests for spe-
cific density of soil particles by the standard ASTM D854-14 (2014),
654 tests for unit weight by the standard ASTM D7263-09 (2009),



Fig. 2. SEM images of a soil sample from Bogotá taken at a depth of 16 m in the lacustrine deposit.

Fig. 3. Locations of the deepest boreholes.
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and 76 tests for grain size by the standard ASTM D7928-17 (2017).
In addition, 448 unconfined compression tests by the standard
ASTM D2166/D2166M-16 (2016), 82 oedometric compression tests
by the standard ASTM D2435/D2435M-11 (2011), and 101 triaxial
tests by the standard ASTM D4767-11 (2011) were also conducted
for mechanical characterization.

3.2. Geotechnical framework

Fig. 4 presents the Atterberg limits and water content mea-
surements from the deepest boreholes. Water contents are
persistently above 100% from 5 m to 50 m deep. In addition, the
Atterberg limits in this zone exhibit high variability due to the
extremely slow pace of deposition of lacustrine deposits of 1 m
every 3440 years, as shown in Fig. 1h. Below 50 m, the Atterberg
limits decrease, leading to a plasticity index below 30% at lower
depths. However, thin layers with very high liquid limits which can
reach 400% can appear at any depth. These layers may be associated
with shallow lacustrine deposits in which diatoms are present. In
fact, as the following section shows, high plasticity indexes are
associated with low clay contents and with the presence of a large
numbers of diatoms.

Fig. 5 shows additional basic geomechanical properties
measured from 7 deepest boreholes, including organic matter
content (measured by the LOI), the proportion of grains with sizes
smaller than 2 mm, the unit weight, and the undrained shear
strength calculated from the results of unconfined compression
tests (qu/2), where qu is the unconfined compressive strength (UCS).

The LOI results presented in Fig. 5a show peat deposits at depths
of approximately 30m, 60m and 160m. These peat deposits appear
unambiguously for boreholes B2, B3, B6 and B7 that correspond to
the limit of the ancient lake, as shown in the topographic scheme
presented in Fig. 3. These peat deposits may correspond to the
deposition scheme presented in Fig. 1a.

Besides the peat deposits, Fig. 5a shows the average organic
matter content ranging from 6% to 10% for the first 5 m below the
surface. It then increases to around 25% at 30 m deep. Afterwards,
the organic matter content decreases gradually to below 10% at
70 m deep. The organic matter content in the deepest layers of the
deposit is between 2% and 8%.

The proportion of clay (Fig. 5b), measured as the fraction of
particles with sizes less than 2 mm, can reach 50% in the first 20 m
below the surface. It then decreases to about 10% although in some
cases it is less than 5%. It is important to note that the lowest per-
centages of clay shown in Fig. 5b occur at depths where the liquid
limit is very high, as shown in Fig. 4. This suggests that the high
liquid limits are not related to the percentage of clay in the soil, but
they may depend on the proportion of diatoms as presented in the
analysis in the next section.

Fig. 5c presents the unit weight of the soil. It suggests the
presence of an overconsolidated crust in the first layer between 5m
and 10 m below the surface. This crust may have formed because of
desiccation of more recently deposited soils combined with the
lowering of the water table due to anthropic activities. In the zone
of high liquid limits, the soil presents low unit weights that range
from 11 kN/m3 to 15 kN/m3. These low unit weights indicate nor-
mally consolidated soils. Despite the highly dispersed results, it is
possible to observe an approximately linear increase in unit weight



Fig. 4. Atterberg limits and water content throughout the seven deepest boreholes. wL is the liquid limit, wP is the plasticity limit, and w is the water content.

Fig. 5. (a) Loss on ignition, (b) proportion of particles with sizes less than 2 mm, (c) unit weight, and (d) undrained shear strength of the soils at boreholes B1eB7.
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between depths of 10 m and 70 m, which is the characteristic of
normally consolidated deposits.

Fig. 5d presents the measurements of undrained shear strength
calculated as half of theUCS. The undrained shear strength is low for
the first 50 m of the deposit. In this depth range, the characteristic
mean value is 25 kPa. Nevertheless, there are highmeasurements of
undrained shear strength in places within the overconsolidated
crust. Deeper layers of the deposit present highly dispersed shear
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strength measurements with some values as high as 200 kPa.
Additionally, a linear trendline was added to show the increase of
undrained shear strength with depth at borehole B1. Borehole B1
was selected because: (1) other boreholes were less deep; and (2)
the dispersion increases with depth in the deepest boreholes.
Fig. 7. Relationship between activity and loss of ignition for Bogotá clays.

Fig. 8. Plasticity index and liquid limit of the Bogotá clays represented in the Casa-
grande plasticity chart.
4. Relationships between basic characteristics

4.1. Grain size, plasticity index and loss on ignition

The activity (A) of Bogotá soil is presented in Fig. 6 for the depth
ranges observed in Fig. 4. To highlight the differences between
common fine-grained soils and Bogotá soil, Fig. 6 includes the ac-
tivity ranges of the most common clayey soils as suggested by Holtz
et al. (2011). The shallowest deposits (<7.5 m depth) in which the
Bogotá soil has lower liquid limits are compared with the thick in-
termediate deposits betweendepths of 7.5mand70m.Within these
deposits, the liquid limit reaches 400% at some locations. At lower
depths between 70 m and 125 m, the liquid limit decreases again.

As observed in Fig. 6, most soils from shallow to deep deposits
have activity values that matchwith the range of kaolinite, illite and
smectites, which are common clays. However, in the thick inter-
mediate deposit, a significant number of tests show soils that have
high plasticity indices and low clay contents lead to very high ac-
tivity values. These high activity values can be explained by the
presence of diatoms as reported by Diaz-Rodriguez (2003) for the
clays of Mexico City.

Fig. 7 shows the relationship between the activity A and the LOI
related to the organic matter content within the soil. It can be seen
that as the LOI increases, the activity also tends to increase. Eq. (1) is
proposed to represent the relationship between the activity and the
LOI obtained in this study. The outliers were excluded to obtain this
equation. Figs. 6 and 7 show that the LOI could be an indirect in-
dicator of the diatom contents of the Bogotá clays. The reason is
that high activity values are related to the presence of diatoms, and
high activity values in these soils indicate high LOI test results.

A ¼ 0:45e0:2324LOI (1)

4.2. Plasticity index and liquid limit

In geotechnical engineering, it is well-known that soils of the
same origin tend to be located among a well-defined band in the
Fig. 6. Activity plot of clay content (grains with sizes smaller than 2 mm) and plasticity
index for the Bogotá clays.
Casagrande plot, leading to a relationship between the plasticity
index and liquid limit. This empirical statement is also valid for the
Bogotá clays, as shown in Fig. 8, which plots 1024 pairs of liquid
limit and plasticity index results for the Bogotá clays. The following
linear equation is proposed to represent the relationship between
the plasticity index and the liquid limit:

PI ¼ 0:78ðwL � 14:5Þ (2)

It is important to note that the results presented in Fig. 8 indi-
cate a clear predominance of clays, even though Fig. 6 shows that
the clay content as defined by the size of the particles is less than
50% for most of the Bogotá soil. These results represent a
disagreement between the unified soil classification system (USCS)
based on the plasticity chart and the soil classification based on
particle size. It is probably related to the high diatom content of
Bogotá soil. On the other hand, the Casagrande plasticity chart is
not necessarily the best methodology to differentiate types of fine
soils, because this chart is a function of the liquid limit and the
plasticity index. These variables are strongly correlated, because
the plastic index is the difference between the liquid limit and the
plastic limit (this was shown in Fig. 8, where a linear relation was



Fig. 9. Relationships between density of soil particles, rs, and loss on ignition.
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obtained with a high coefficient of correlation, R2 ¼ 0.97). More
information on this regard can be found in Polidori (2004). An
additional explanation for soils with high plasticity is that the liquid
limit dominates the behavior of the plasticity index (Seed et al.,
1964; Jang and Santamarina, 2016), as shown in Fig. 8. This is due
to the small variation of the plastic limit, which is almost constant
with respect to the liquid limit (see Fig. 4).
4.3. Density of soil particles and loss on ignition

Fig. 9 presents the relations between the density of soil particles,
rs, and the LOI. From this figure, it is clear that the density of soil
particles decreases as the organic matter content, represented by
the LOI, increases.

The results presented in Fig. 9 were adjusted using a linear
relationship between the density of soil particles and the LOI. A
linear relationship is reasonable because the density of particles in
Fig. 10. Results of 82 oedometric compressi
a mixture of two materials is the result of the density of each
component and the proportion of each material in the mixture. As
shown in Fig. 9a and b, two linear relationships are feasible in the
case of Bogotá soil depending on the LOI. However, these two re-
lationships have a discontinuity for LOI ¼ 20%, suggesting that this
value separates soils with two different origins: organic soils for
LOI < 20% and soils approaching peat for LOI > 20%.

5. Compressibility of the lacustrine deposit with
diatomaceous soil

Classical oedometric compression tests were carried out to
characterize soil compressibility. Fig. 10 presents the results of 82
oedometric compression tests performed following ASTM D2435/
D2435M-11 (2011).

There are twoways to analyze the compressibility curves. One is
to examine their slopes in both the normally consolidated state and
overconsolidated state. The other way is to look at their position in
the e-s0v plot. Regarding the slope in the normally consolidated
domain, Skemtpon and Jones (1944) proposed a relationship be-
tween the coefficient of compressibility Cc and the liquid limit wL.
On the other hand, in the overconsolidated domain, the recom-
pression coefficient Cs is usually related to the coefficient of
compressibility Cc. Eqs. (3) and (4) are proposed for the Bogotá soil,
and Fig. 11 shows the good agreement of the proposed equations
with the measured results.

Cc ¼ 0:01ðwL � 0:58Þ (3)

Cs ¼ Cc
7:6

(4)

Biarez and Favre (1975) and Burland (1990) proposed models to
predict the position of the compression curve based on Atterberg
limits. For this purpose, the Biarez and Favre model used the
liquidity index IL, although the Burland model introduced a
parameter Iv, which is a normalized void index based on two char-
acteristic void ratios (e*100 and e*1000) corresponding to the void ra-
tios on the oedometric curve at two stresses (s0v ¼ 100 kPa and
on tests carried out on the Bogotá soil.



Fig. 11. (a) Relationship between the compressibility coefficient and the liquid limit, and (b) relationship between the compressibility and recompression coefficients for Bogotá soil.

Fig. 12. Normalized compressibility curves: (a) complete compression results, and (b) post-yield results.
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1000 kPa), respectively. These models were developed for recon-
stituted normally consolidated clays submitted to oedometric
loading. However, Hong et al. (2012) demonstrated that the Burland
model can be used for natural soils. In this case, the normalized void
index becomes

Ivn ¼ e� e100
Cc

(5)

where e is the void ratio, and e100 is the void ratio for s0v ¼ 100 kPa.
Fig. 13. Relationship between the void ratio at 100 kPa and the liquid limit.
Fig. 12a shows the results of the oedometric compression tests
and the intrinsic compression line proposed by Burland (1990).
Fig. 12b presents a good agreement of the calculations by the
following equation with the results of the void ratio in the normal
consolidated range:

Ivn ¼ 2:45� 1:285log10s
0
v þ 0:015ðlog10s0vÞ3 (6)

Fig. 13 shows a good agreement of the linear relationship pre-
sented in Eq. (7) that relates the void ratio e100 with the liquid limit.
Using Eqs. (6) and (7), it is possible to obtain the normal consoli-
dation line if the liquid limit of the soil is known.

e100 ¼ 0:0158ðwL þ 35Þ (7)

6. Shear strength of lacustrine deposit with diatomaceous
soil

6.1. Undrained shear strength

As mentioned in Vardanega and Bolton (2011), the undrained
shear strength can be analyzed from two perspectives: (i) empirical
correlations, which are useful for practical estimations of shear
strengths, and (ii) relationships coming from critical state soil
mechanics, which allow the calculation of undrained shear
strength but require information about the overconsolidated ratio
(OCR). Although the second approach is more rigorous theoreti-
cally, the information needed about the OCR is not always available.

Most of the empirical relationships are based on the intrinsic
properties of the soil given by the Atterberg limits and a parameter



Fig. 14. (a) Relationship between the liquidity index and the undrained shear strength; and (b) Relationship between the liquidity index and the logarithm of undrained shear
strength for Bogotá soil.

Fig. 15. Relationship between the plasticity index, undrained shear strength and water
content.
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relating the state of the soil such as the water content or the void
ratio, such as the relationships proposed by Leroueil et al. (1983),
Wood (1986, 1990), Koumoto and Houlsby (2001), and Vardanega
and Haigh (2014). The relationship between strength and liquidity
index (IL) proposed by Wood (1990) and Vardanega and Haigh
(2014) is used in the present work, which is shown as follows:

cu ¼ cLR
1�IL
MW (8)

where the factor RMW is a function of clay mineralogy, and cL is the
strength of the soil at liquid limit. Vardanega and Haigh (2014)
assumed RMW equal to 35 and cL equal to 1.7 kPa. In addition,
Fig. 16. Results of a triaxial test pe
Wood (1990) assumed RMW equal to 100 for montmorillonitic soil
and 30 for kaolinitic soil and cL close to 1.7 kPa. Fig. 14 shows the
comparison between the calculated (Eq. (8)) and experimental data
(n ¼ 418). Additionally, Fig. 14b plots the liquidity index against the
logarithm of undrained shear strength obtained from experimental
data to better represent the correlation (Vardanega and Haigh,
2014). These figures show that fitting the experimental results
with the proposed relationships produces considerable scatter and
a very low coefficient of correlation (R2 less than 0.3). Additionally,
for the adjustment of the equation proposed by Vardanega and
Haigh (2014), cL was equal to 7 kPa, in contrast to the value of
1.5 kPa proposed initially. Wood (1990) obtained values of RMW
equal to 160 and cL equal to 3 kPa. In the above-mentioned studies,
the factors of equation were very high in comparison to the
experimental data originally used to obtain Eq. (8).

However, in the case of Bogotá soil, fitting the experimental
results using the proposed equations causes considerable scatter.
For this reason, a new relationship is proposed, based onwhich the
results of 448 unconfined compression tests are fitted using the
plasticity index as the intrinsic parameter and the water content as
the state parameter. This relationship leads to a better fit than those
mentioned above, which can be expressed as follows and is shown
in Fig. 15:

cu
Pa

¼ 14PIw�1:8 (9)

where Pa is the atmospheric pressure.
rformed on highly plastic soil.



Fig. 17. Friction angle at the critical state for different liquid limits.

Fig. 18. Friction angle against plastic index for soft soils with high friction angle
(adapted from Santamarina and Diaz-Rodriguez, 2003).
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6.2. Effective shear strength

The shear strength of Bogotá soil was studied using undrained
triaxial tests with pore pressure measurements. Fig. 16 shows the
Fig. 19. Normalized shear stress and shear strain b
results of a triaxial test. This particular test, carried out on a soil
having a liquid limit of 186%, leads to a friction angle of 35�. This
result is in disagreement with that in the classical literature in soil
mechanics that suggests lower friction angles for soils having
high levels of plasticity (Lambe and Whitman, 1979; Whitlow,
1990).

In this study, 101 triaxial compression tests covering a broad
range of liquid limits were performed, and an attempt to define the
relationship between friction angles and liquid limits was made.
Fig. 17 shows that a linear relationship could describe the effect of
the liquid limit and friction angle, as shown in Eq. (10). It is
important to note that the friction angle increases as the liquid limit
grows and can reach values as high as 47�. The high friction angle
can be explained by the presence of diatoms, as reported by Diaz-
Rodriguez et al. (1992), Shiwakoti et al. (2002) and Diaz-
Rodriguez (2011). On the other hand, the liquid limit of the
Bogotá soil increases as the diatom content increases, as suggested
in Fig. 6. These results could explain the increase in the friction
angle as the liquid limit increases.

fcrit ¼ 18:5þ 0:112wL (10)

Fig. 18 presents a comparison of experimental data obtained in
this study and the experimental results obtained by Tanaka et al.
(2001) for Ariake and Bangkok clays, Camp et al. (2002) for ma-
rine clay, Moya and Rodriguez (1987) for Bogotá soil, and Diaz-
Rodriguez et al. (1992) for Mexico City soils. The special charac-
teristics of these soils were high fraction of fine soil and high fric-
tion angle. Additionally, this figure shows an increase of the friction
angle with the plastic limit for soils with high content of diatoms
(Bogotá and Mexico City soils).

6.3. Shear strength mobilization

Stressestrain relationships during undrained loading are useful
for engineering practice. For this purpose, Vardanega and Bolton
(2011) proposed a model for predicting the mobilized shear stress
on the basis of the shear strain of saturated soils subjected to un-
drained compression. Themobilized shear stress smob and the shear
strain g are given by the following equations:

smob ¼ 0:5q (11)
ased on the results of undrained triaxial tests.



Fig. 20. (a) Example of experimental results of gM¼2; and (b) and (c) show the
adjustment of experimental results to a logarithm normal probability distribution
function.
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g ¼ 1:5εa (12)

The relationship between the mobilized shear stress and the
undrained shear strength cu was defined in BS8002:1994 (1994) as
the mobilization factor M, which can be associated with a safety
factor:

M ¼ smob
cu

(13)

Power relationships have been proposed to relate the mobilized
shear stress with shear strain. To better fit stressestrain curves,
Vardanega andBolton (2011) proposed to normalize the shear strain
by the shear strain when the mobilization factor is 2, i.e. gM¼2.
Fig.19a presents the normalized stressestrain curves obtained from
101 triaxial compression tests. Additionally, this figure compares
the results with the database used by Vardanega and Bolton (2011).
Experimental data are restricted to the ratio of the mobilized shear
stress to the undrained shear strength in the range of 0.2e0.8
(0.2 < smob/cu < 0.8). This limitation is in agreement with the sug-
gestion of Jardine (1992), where 0.2 is the limit of the zone of linear
elastic response, and the other limit, 0.8, is close to the irrecoverable
plastic zone and is defined as a local boundary surface.

In general, these limits are approximate to represent the
changes of shear behavior of soil. Vardanega and Bolton (2011) took
these limits as approximations because the specific locations are a
function of the soil properties, and are stress-history dependent.
Fig. 19b is plotted on a bilogarithmic scale to obtain the power
relationship between normalized stresses and strains from which
the following equation results:

ln
�
smob
cu

�
¼ 0:455ln

�
g

gM¼2

�
� 0:71 (14)

A complete description of the stressestrain relationship re-
quires knowledge of the strain value (gM¼2) when the mobilization
factor is M ¼ 2. Vardanega and Bolton (2011) proposed the calcu-
lation of gM¼2 based on the plasticity index, the undrained shear
strength, and the mean effective stress p00; but this particular
relationship presents a significant scatter for the results of Bogotá
soil. As shown in Fig. 20a, for Bogotá soil, the value of gM¼2 fluc-
tuates around a constant value. For this reason, the present study
attempts to find a probability distribution function of gM¼2

covering the results of all plasticity indices and shear strengths.
Fig. 20b presents the experimental values of gM¼2 in a histogram,
and Fig. 20c presents the cumulative values. These sub-figures also
present the density probability function and the cumulative
probability of a logarithmnormal function that adjusts the exper-
imental results. This adjustment leads to themean value of mgM¼2

¼
1:16% and the standard deviation of sgM¼2

¼ 0:52%.
7. Conclusions

This paper presents a study on diatomaceous Bogotá soil. The
results confirm several features that have been found in complex
and engineering ‘difficult’ diatomaceous soils elsewhere in the
world. The main features of Bogotá soil found in this study are:

(1) As a result of lacustrine deposits, the Bogotá soil contains
diatoms which increase the plasticity of the soil without
clay-sized particles. This characteristic suggests a disagree-
ment between the classification system based on Atterberg
limits and the classification system based on grain size.

(2) For the Bogotá soil, the presence of high percentage diatoms
could be associated with very high values of the activity in-
dex. In addition, the high activity values are related to high
soil percentages of organic matter and low densities of soil
particles.

(3) Regarding compressibility, the Bogotá soil presents high void
ratios and high compressibility that are well related to the
liquid limits. In addition, the intrinsic compression line
proposed by Burland (1990) describes the normal consoli-
dated behavior of this soil with high accuracy.

(4) Concerning the strength, we propose a relationship for the
undrained shear strength based on the plasticity index as the
intrinsic parameter and water content as the state param-
eter. On the other hand, the friction angle presents high
values for high liquid limits which is probably the result of
large content of diatoms. The relationship between the
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friction angle and the liquid limit can be described by a
linear function.

(5) The stressestrain curve is described in two domains of
strains: intermediate strains for 0.2<smob/cu < 0.8 and small
strains. The proposal of Vardanega and Bolton (2011) was
used for the range of intermediate strains. Although this
approach leads to a function related to the normalized
mobilized shear strain and shear strain, for the Bogotá soil,
the value of the shear strain tends to be constant when the
mobilization factor is 2.
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