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Abstract

In this investigation, the structural strength of a clayey soil compacted at three different dry densities (1.7, 1.6 and 1.5 Mg/
m?) and three different compaction water contents (20%, 16% and 12%) was studied by using a micropenetrometer. The
penetration curves at various water contents during the drying and wetting cycle were analyzed. The maximum unit
penetration strength and the penetration stiffness were used to represent the structural strength. Experimental results show
that the structural strength increases with decreasing water content. At a given water content, the larger dry density, the
larger structural strength and the smaller hysteresis loop induced by the drying-wetting cycle. At a higher dry density, the
structural strength increases and the drying-wetting cycle induced hysteresis loop becomes smaller. Specimens compacted
on the wet side of optimum water content exhibit a dispersed structure and those compacted on dry side of optimum water
content have an aggregated structure. For soils with a dispersed structure, the structural strength increases with decreasing
water content and the growth rate is gradually accelerated. However, for soils with an aggregated structure, when dried to
water content lower than 8%, the structural strength increases by a small degree or even decreases. Moreover, the hysteresis
loop of the soil specimens with dispersed structure is much smaller than those with an aggregated structure.

Keywords Compaction water content - Density - Microstructure - Penetration - Strength

1 Introduction

Compacted soils are widely used as a construction material.
Therefore, strength characteristics of compacted soils are
of great concern in geotechnical engineering and have been
thoroughly investigated by performing different laboratory
tests in the past decades (i.e., unconfined compressive
strength tests, triaxial tests, direct shear tests, tensile
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In terms of the density effects on soil microstructure, the
most direct influence is that a larger dry density refers to a
compression of soil pores and an increase in the contact of
soil particles [6, 11, 35, 38]. With respect to the effect of
compaction water content on soil microstructure, previous
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researchers have found that a dispersed structure is devel-
oped in the soil specimen compacted on the wet side of the
optimum water content as clay particles forming a matrix
envelop the silt and fill the inter-granular voids. An
aggregated structure is formed in the soil specimen com-
pacted on the dry side of the optimum water content and
both inter-aggregate pores and intra-aggregate pores can be
observed [2, 5, 14, 26, 39, 41].

Micropenetrometer developed by Liu et al. [17] is to
measure structural strength of soils, which is defined as the
magnitude of intrusive force, with a certain probe, to break
apart or pass through a microstructural unit of a soil. Using
the micropenetrometer, Gu et al. [12] investigated the
thermal effects on the structural strength of a clayey soil
and found that structural strength decreased with increasing
temperature. Wang et al. [33] studied the effects of wet-
ting—drying cycles on the structural strength of a slurry
specimen and found that the penetration curves change
from mono-peak pattern to multi-peak pattern with
increasing numbers of wetting—drying cycles. Tang et al.
[30] compared the mechanical behavior of a saturated
slurry specimen and an unsaturated compacted specimen
by using the micropenetrometer. The previous studies all
confirmed that the structural strength is sensitive to the
change of soil water content. However, the structural
strength of soil specimens with different microstructures
induced by different compaction states as well as its
response to water content are still unclear.

In this study, a series of micropenetrometer tests were
conducted on a compacted clayey soil at different water
contents during a drying and wetting cycle. The soil
specimens were compacted at three different water con-
tents (20%, 16% and 12%) and three different dry densities
(1.7, 1.6 and 1.5 Mg/m3). The microstructure of the soil
specimens was measured by using the mercury intrusion
porosimetry (MIP). According to the obtained penetration
curves during the drying and wetting cycle, the evolution
of penetration strength and penetration stiffness of soil
specimens with different compaction states were analyzed.

2 Materials and methods
2.1 Testing materials

The soil used in this study was collected from Nanjing,
China. It is widely distributed in the middle and lower
reaches of the Yangtze River. The mineralogical compo-
sition of the clay is mainly illite, followed by montmoril-
lonite whereas its kaolinite content is very small. The
fractions of sand, silt and clay are 2%, 76% and 22%,
respectively. The liquid limit and plastic limit of the used
soil are 36.5% and 19.5%, respectively. It is classified as a
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lean clay (CL) according to the Unified Soil Classification
System [1]. The index properties of the tested soil are
summarized in Table 1.

2.2 Testing program and testing apparatus

In this study, two series of micropenetrometer test were
carried out on soil specimens with various water contents
during a drying and wetting cycle. In the first series, in
order to investigate the density effect, micropenetrometer
test was conducted on soil specimens with a compaction
water content of 20%, but compacted at three different
densities of 1.5, 1.6 and 1.7 Mg/m°. In order to investigate
the effect of compaction water content, the second series of
micropenetrometer tests were conducted on soil specimens
with a density of 1.7 Mg/m>, but compacted at three dif-
ferent water contents of 12%, 16% (optimum water con-
tent) and 20%. Details of the testing program are listed in
Table 2 and the water retention curves of each soil speci-
men are shown in Fig. 1.

A micropenetrometer [17] was used in this study to
investigate the strength characteristics of the tested soil.
Figure 2 shows a schematic diagram of this apparatus.
During the penetration test, the prepared specimen is
placed on the platen. The platen is driven by a motor and
rises at a constant rate to allow the probe penetrate into the
soil specimen. In this study, the penetration velocity of the
probe is adjusted to be 2 mm/min. The penetration resis-
tance is measured by a load transducer (with a capacity of
500 N and a resolution of 0.01 N) connected with the
penetration probe, and the penetration depth is measured by
a displacement transducer (with a capacity of 50 mm and a
resolution of 0.01 mm) mounted on the platen. The pene-
tration resistance and depth were measured at a time
interval of 1.0 s. Note that the micropenetrometer was
developed to measure structural strength inside soft soils,

Table 1 Index properties of the tested soil

Property Value
Specific gravity 2.73
Sand content: % 2

Silt content: % 76
Clay content: % 22
Liquid limit: % 36.5
Plastic limit: % 19.5
Plastic index: % 17.0
Optimum water content: % 16.0
Maximum dry density: Mg/m® 1.7




Acta Geotechnica (2024) 19:2907-2918

2909

Table 2 Details of the testing program

Test ID Compaction water content  Dry density (Mg/  The applied drying-wetting cycle (percentages indicate soil gravimetric water
(%) m’ ) content)

CW20D17 20 1.7 20% — 16% — 12% — 8% — 3% — 8% — 12% — 16% — 20%

CW20D16 20 1.6

CW20D15 20 1.5

CW16D17 16 1.7 16% — 12% — 8% — 3% — 8% — 12% — 16% — 20%

CWI12D17 12 1.7 12% — 8% — 3% — 8% — 12% — 16% — 20%

the test results of soil samples with a low water content
may be inaccurate but indicative.

Wetting of soil specimens was conducted using a
designed wetting box, as shown in Fig. 3. A humidifier is
used to generate the water mist. The de-aired water was
then pumped into the chamber. Then, through a porous
splitter, the atomized water was sprayed evenly onto the
specimen. The soil specimen is placed on a shelf to prevent
direct contact with water accumulated on the bottom. Note
that the porous splitter is placed at a slight tilt to avoid
condensation dripping onto the specimen.

2.3 Specimen preparation and testing procedure

The collected soil was air-dried, crushed and passed
through a 2-mm sieve. Then, a certain amount of de-aired
water was added to reach the target water contents of 20%,
16% and 12%, respectively. These mixtures were then
sealed for 48 h for water to distribute uniformly. After that,
static compaction with a fixed displacement rate of 0.4
mm/min was adopted to prepare compacted soil specimens
to the target dry density (1.7, 1.6 and 1.5 Mg/m?) in an
oedometer ring. The dimensions of the specimens are
61.8 mm in diameter and 40 mm in height. After com-
paction, the soil specimens were weighed immediately and
then exposed to the temperature- and relative humidity-
controlled laboratory environment for evaporation
(T = 30 °C, RH = 45%). The soil specimens were dried to
different water contents (16%, 12%, 8% and about 3%
(fully air-dried)). When the soil specimen reached the
target water content, it is sealed immediately for a 48-h
curing. After curing, the specimens were taken for
micropenetration test. Similar to the drying process, dif-
ferent target water contents (8%, 12%, 16% and 20%) were
also set during the wetting path. The specimens were
weighed at regular intervals and were taken out of the
wetting equipment when the target water content is
reached. The actual water content of each specimen is
measured after the micropenetration test.

For the microstructure measurement, the soil specimens
were cut into small cubes with a side length of about 5 mm
and immersed into liquid nitrogen for a few minutes. Then,

the frozen specimens were put into a freeze—dryer for 48 h.
After freeze—drying, the specimens were taken for MIP
tests by applying an absolute pressure on mercury to enter
the soil pores. The pore diameter can be calculated
according to the Washburn equation [36].

3 Experimental results and discussion

3.1 Typical penetration curve
in a micropenetrometer test

Figure 4a shows the penetration curves of soil specimens
(compaction water content = 20%; dry density = 1.7 Mg/
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m?) with various water contents during the drying path. It
can be seen from the figure that at a given water content,
the penetration resistance increases almost linearly with
increasing penetration depth at the early stage of the test.
This is because a conical probe head was adopted in this
study, the contact area between the probe and the soil
specimen keeps increasing from the time the probe touches
the soil to the time of full insertion [30, 33]. The pene-
tration resistance initiates when the tip of the cone contacts
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the specimen (as shown in Fig. 5a). A stress zone was
generated around the contact area and two forces was
applied onto the probe head: a frictional force f; parallel to
the contact surface and a compressive force N, perpen-
dicular to the surface. Both of these forces affect the
penetration resistance of the soil specimen. As the probe
continues to penetrate the soil, the increasing contact area
between probe and soil creates larger stress zone (Fig. Sa,
b). The compressive force Ny and surface friction f
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Fig. 4 Penetration curves of soil samples with three different dry
densities during drying: a 1.7 Mg/m®; b 1.6 Mg/m®; ¢ 1.5 Mg/m®

increase correspondingly. As a result, the penetration
resistance increases monotonically with increasing pene-
tration depth. As can be seen from the figure, a peak value
generally appears at a penetration depth of around
1.0-1.5 cm. After reaching the peak value, the penetration
resistance almost keeps constant with a small fluctuation.
This happens when the conical probe head fully penetrates
the soil. The size of the stress zone becomes
stable (Fig. 5b, c). Both Ny and f; reach equilibrium as the
penetration continues. As a result, the penetration resis-
tance will remain as a constant value, indicating good
homogeneity in soil structure. As shown in Fig. 4a, most of

the soil specimens with various water contents show a
similar pattern. However, for the soil specimen with an air-
dried water content of about 3%, a sudden drop in pene-
tration resistance can be found after reaching the peak
value. This is likely because the soil specimen becomes
brittle after air-drying. When the penetration probe comes
into contact with the soil specimen, a local stress concen-
tration occurs. Then, with gradually increasing pressure to
a critical value, fracture occurs at this point. For the pen-
etration curves of soil specimens with compaction water
content of 20% and dry density of 1.6 and 1.5 Mg/m>, as
shown in Figs. 4b and 3c, the trend is qualitatively similar.

3.2 Density effects on structural strength
of a clayey soil

The maximum unit penetration strength can be obtained by
using the peak value of the penetration resistance divided
by the area of the probe head, which is a parameter intu-
itively representing the structural strength of soil specimen.
Figure 6a illustrates the variation of maximum unit pene-
tration strength of soil specimens with three different dry
densities during the drying process. It can be seen that the
maximum unit penetration strength increases with the
decrease in water content during drying. This is because
with decreasing water content, the soil suction increases
and the stabilizing effect of suction on soil particles
becomes more significant [8, 21, 37, 42]. Specifically, at
the early stage of drying, the change of maximum unit
penetration strength with decreasing water content is rela-
tively slow. When water content decreases to 12%, a dra-
matic increase in maximum unit penetration strength can
be observed. This is because suction in the lower water
content range is more sensitive to changes in water content
than that in the higher water content range [22]. At the
compaction water content of 20%, the difference in max-
imum unit penetration strength between the three speci-
mens with different dry densities is relatively small. During
the drying process, at a given water content, the larger dry
density, the larger maximum unit penetration strength. This
is because a larger dry density leads to more contacts
between soil aggregates and particles. When the water
content decreases from 20 to 3%, for the soil specimen
with a dry density of 1.7 Mg/m°®, the maximum unit pen-
etration strength increases from 2.8 to 94.8 MPa. While for
the soil specimen with dry density of 1.6 and 1.5 Mg/m?,
the maximum unit penetration strengths increase from 2.1
to 65.3 MPa and from 1.5 to 30.8 MPa, respectively. At the
air-dried water content of about 3%, the maximum unit
penetration strength of the soil specimens with dry density
of 1.7 Mg/m® (94.8 MPa) is over three times as large as
that of the soil specimens with dry density of 1.5 Mg/m®
(30.8 MPa). The difference in maximum unit penetration
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Fig. 5 Schematic drawing of the penetration process of the probe
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strength between the three specimens continues to increase
with decreasing water content. As pointed by Gao et al.
[10], in a wide range of water content, density effects on
the evolution of strength induced by water content are
insignificant. However, the contribution of water content to
strength is not only the contribution of capillary force but
also the effect of suction on soil dilatancy [23, 40], which
may account for the observed phenomenon. In addition,
stiffness is another important parameter to represent the
structural characteristics of soil specimens. The slope of the
penetration curve at the initial state can characterize the
local soil stiffness. In this study, a penetration stiffness is
defined as the slope of the penetration curve at the initial
state with the penetration depth smaller than 1.0 cm. Fig-
ure 6b shows the evolution of penetration stiffness of soil
specimens with three different dry densities during drying.
As expected, as the water content decreases, the penetra-
tion stiffness of each soil specimen increases. When the
water content decreases from 20 to 3%, the penetration
stiffness of the three specimens with densities of 1.7, 1.6
and 1.5 Mg/m3 increases by 41, 28 and 24 times, respec-
tively. Moreover, the influencing trend of dry density on
structural strength investigated in this study is similar to
that on macroscopic strength characteristics. Previous
studies have shown that unsaturated soil with high dry
densities demonstrates amplified shear strength, along with
increased brittleness and enhanced stiffness
[13, 19, 27, 31]. It proves that the structural strength can
reflect the macroscopic mechanical behavior of soils.
Figure 7 shows the penetration curves of soil specimens
with various water contents during the wetting path.
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Fig. 7 Penetration curves of soil samples with three different dry
densities during wetting: a 1.7 Mg/m®; b 1.6 Mg/m®; ¢ 1.5 Mg/m®

Similarly, the maximum unit penetration resistance and the
penetration stiffness of each soil specimen can be obtained
from the figure. Figure 8 illustrates the evolutions of
maximum unit penetration strength and penetration stiff-
ness of soil specimens with three different dry densities
during the drying and wetting cycle. For each soil speci-
men, at a given water content, the maximum unit pene-
tration strength and penetration stiffness during the drying
path is always larger than those during the wetting path. In
other words, there is a hysteresis loop during the drying and
wetting cycle for both maximum unit penetration strength
and penetration stiffness. The hysteresis loop can be
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contributed by hydraulic hysteresis. At a given water
content, the suction during the drying path is always larger
than that during the wetting path [22]. The difference in
surface tension induced by the difference in the contact
angle at the receding soil-water interface during drying and
at the advancing soil-water interface during wetting may
also count. Moreover, it can be seen from the figure that the
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size of the hysteresis loop becomes smaller as the dry
density of soil specimen increases. This is because the
average pore size of a soil specimen with a larger dry
density is smaller and the corresponding difference in the
receding and advancing contact angles is also smaller [24].

3.3 Effects of compaction water content
on structural strength of a clayey soil

The pore size distributions of the soil specimens compacted
at three different water contents of 20%, 16% and 12% are
shown in Fig. 9. It can be found that for the soil specimen
with a compaction water content of 20% (on the wet side of
the optimum water content), a mono-modal pore size dis-
tribution is observed. This is attributed to the dispersed
structure of the clay-particle matrix gathered around the silt
grains [5]. The corresponding pore diameter at the peak
point is about 0.9 pm. While for the soil specimen com-
pacted at the optimum water content of 16%, a typical bi-
modal pore size distribution is shown. Both inter-aggregate
pores and intra-aggregate pores can be observed. This is
due to an aggregate structure with clay particles assembling
[5]. The corresponding pore diameters at the peak point of
inter-aggregate pore and intra-aggregate pore are about
26.7 and 0.8 pm, respectively. Moreover, for the soil
specimen with a compaction water content of 12% (on the
dry side of the optimum water content), the bi-modal pore
size distribution is not obvious. This phenomenon was also
observed by Tarantino and De Col [32]. This is because
with a decreasing compaction water content, the density
function (de/dlogd) of intra-aggregate pore will decrease
and that of inter-aggregate pore increases. As can be seen
from the figure, the density function of inter-aggregate pore
of the soil specimen with a compaction water content of
12% is much larger than that with a compaction water
content of 16%.

By conducting the micropenetrometer tests on the soil
specimens (compaction water content = 20%, 16% and
12%; dry density = 1.7 Mg/m®) with various water con-
tents during the drying path, the penetration curves can be
obtained, as shown in Fig. 10. Based on these penetration
curves, the maximum unit penetration resistance and the
penetration stiffness of each soil specimen can be deter-
mined. Figure 11a illustrates the drying induced evolution
of maximum unit penetration strength of soil specimens
with three different compaction water contents. As
expected, the maximum unit penetration strength increases
with decreasing water content. For the soil specimen with a
compaction water content of 20%, the increasing rate of
maximum unit penetration strength with decreasing water
content keeps increasing in the tested water content range.
However, for the soil specimens compacted at water con-
tent of 16% and 12%, when dried to water content of about
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Fig. 10 Penetration curves during drying of soil samples compacted
at various water contents: a 20%; b 16%; ¢ 12%

8%, the increasing rate of maximum unit penetration
strength suddenly diminishes to a very small value. The
difference can be explained that for the soil specimens
compacted on the wet side, there is no aggregation in the
soil microstructure and suction is the most important factor
controlling the soil behavior [41]. During the drying pro-
cess, the decrease in water content leads to an increase in
suction, resulting in an increase in the surface tension of
the menisci water. As a result, the suction-induced normal
force between soil particles increases, leading to an
increase in the maximum unit penetration strength. For the
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Fig. 11 Drying induced evolution of a maximum unit penetration
strength and b penetration stiffness of soil samples with three
different compaction water contents

soil specimens compacted on the dry side with an aggre-
gated soil structure, both inter-aggregate pores and intra-
aggregate pores exist in the soil microstructure and there is
a pore diameter separating the two pore distinct. The
delimiting pore diameter corresponds to a suction value
and a water content value according to the Young—Laplace
equation and the soil water retention curve. In the range of
water content higher than the characteristic one, suction
plays the most important role in soil behavior, similar to
the previous discussion. While in the range of water con-
tent higher than the characteristic one, all the water in the
inter-aggregate pores has been drained and the soil
behavior is governed by the inter-aggregate contact, lead-
ing to a decrease in maximum unit penetration resistance
with decreasing water content [41]. Based on the experi-
mental results, it can be postulated that the specific value of
the characteristic water content is around 8%.

Moreover, it can be found that in the tested range of
water content, at a certain water content, the maximum unit
penetration resistance of the soil specimen with a com-
paction water content of 20% is the largest, followed by
that with a compaction water content of 16% and that with

a compaction water content of 12% is the smallest. This is
likely because for the soil specimen compacted at water
content of 20%, the average pore size is smaller than those
compacted at water content of 16% and 12%, as shown in
Fig. 9. A small pore diameter corresponds to a larger
suction value and a larger inter-particle normal force. Thus,
at a given water content, the maximum unit penetration
resistance of the soil specimen with a dispersed structure is
larger than that with an aggregated structure. Figure 11b
shows the drying induced evolution of penetration stiffness
of soil samples with three different compaction water
contents. The variation tendency of penetration stiffness
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Fig. 13 Evolution of a maximum unit penetration strength and
b penetration stiffness of soil samples compacted at three different
water contents subjected to a drying-wetting cycle

with decreasing water content is similar to that of maxi-
mum unit penetration resistance shown in Fig. 1la. It
should be noted that when drying from 8 to 3%, a decrease
in penetration stiffness of the soil specimen with a com-
paction water content of 12% can be clearly observed,
which is due to a reduction in inter-aggregate contact
surface. Previous studies on the effects of compaction
water content on the macroscopic strength characteristics
of soils include both the effects of soil microstructure and
the suction effect [4, 16, 31]. At the same water content, the
difference in macroscopic strength characteristics of soil
specimens with different microstructures induced by dif-
ferent compaction water content is not obvious. However,
the difference in structural strength of soil specimens with
different microstructures induced by different compaction
water content is significant.

Figure 12 shows the penetration curves during wetting
of soil samples compacted at various water contents of
20%, 16% and 12%. The determined maximum unit pen-
etration strength and the penetration stiffness of each soil
specimen are plotted in Fig. 13. The overall trend of the
evolution of maximum unit penetration strength and the

@ Springer

penetration stiffness of soil specimens during the drying
and wetting cycle has been analyzed in the previous sec-
tion. The hysteresis loop can also be observed in both
maximum unit penetration strength and penetration stiff-
ness. Moreover, as can be seen from Fig. 13, the hysteresis
loop of the soil specimen compacted at water content of
20% is much smaller than those compacted at water con-
tent of 16% and 12%. As discussed previously, the
observed hysteresis loop is mainly due to the hydraulic
hysteresis. For the soil specimen with a dispersed structure,
the pore size distribution is more uniform compared to the
soil specimen with an aggregated structure. Thus, the
geometric non-uniformity of the individual pores in the soil
specimen with a dispersed structure is less obvious, which
is the main cause for the hydraulic hysteresis [3, 9, 24, 37].
Another possible reason is that the effect of drying-wetting
cycle on the microstructural change of the soil specimen
with an aggregated structure. As pointed by Romero et al.
[29], the wetting path may lead to a soil structure domi-
nated by bi-modal pore size distribution transferring to
dominated by a single pore.

4 Conclusions

A micropenetrometer is used to investigate the effects of
dry density and compaction water content on the structural
strength of a clayey soil subjected to a drying and wetting
cycle. In this study, the maximum unit penetration strength
and the penetration stiffness are used to characterize the
structural strength of a soil specimen with a given com-
paction state. The relationships between these two indices
and water content were analyzed. The main outcomes of
the study are summarized as follows:

(1) During the micropenetrometer test, typically the
penetration resistance of a soil specimen first increases
almost linearly with increasing penetration depth before
reaching a peak point and then fluctuates in a small range.
For the soil specimens with an air-dried water content of
about 3%, the penetration resistance may drop after
reaching the peak point as the specimen becomes brittle.

(2) The structural strength increases with decreasing
water content because the stabilizing effect of suction on
soil particles becomes more significant. The drying-wetting
cycle results in a hysteresis loop in the structural strength,
which is mainly due to the hydraulic hysteresis.

(3) With a larger dry density, both the maximum unit
penetration strength and the penetration stiffness become
larger as the contact area between soil particles is larger.
While the drying-wetting cycle induced hysteresis loop is
smaller because of a smaller average pore size distribution.

(4) For the soil specimen compacted at water content of
20% with a dispersed structure, the increasing rate of
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structural strength with decreasing water content keeps
increasing in the tested water content range. However, for
the soil specimens compacted at water content of 16% and
12% with an aggregated structure, the increasing rate of
structural strength increases at the early drying and sud-
denly diminishes to a small value when drying to the water
content of about 8%. It even appears that the structural
strength decreases. The hysteresis loop of the soil specimen
with a dispersed structure is much smaller than those with
an aggregated structure. This is because the geometric non-
uniformity of the individual pores in the soil specimen with
a dispersed structure is less obvious, leading to a smaller
hydraulic hysteresis.
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