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To examine the pore-size distribution (PSD) evolution of intact, compacted, and saturated loess during deformation associated with
consolidation or shearing, nominally identical specimens were consolidated to different confining stresses or sheared to sequential
axial strains under the same confining stress, and the PSD of each deformed specimen was characterized using the Mercury intrusion
porosimetry (MIP) technique. The results show that the PSD evolution during consolidation is similar to that during shearing,
suggesting that the PSD evolution depends mainly on whether the soil volume contracts or expands. The volumetric contraction
results mainly from compression of interaggregate pores, and the intra-aggregate PSD or intra-aggregate pores are not affected. In
compacted and saturated loess, interaggregate pores are compressed from the larger to the smaller, while in intact loess, the PSD
evolution depends on whether the soil yields. This difference arises from different cementations that dominate particle associating in
three soils. In intact loess, carbonate cementations that can be damaged by remolding and loading contribute greatly to particle
associating. As a result, the stability of a pore is controlled not only by its size but also by carbonate cementations at surrounding
particle contacts. Clay cementations that play the dominant role in particle aggregating in compacted loess are resistant to loading;
thus, aggregates could not be destroyed by loading and the mechanical responses of compacted loess are in fact interactions among
aggregates. Both carbonate and clay cementations can fail under the combined effect of loading and inundation, leading to dis-
integration of aggregates and turning of the loess structure from the double-structured to the uniform type.

Quantitative characterization of the microstructural evolu-
tion is of great importance to interpret the soil macroscopic
hydromechanical responses and develop constitutive models

1. Introduction

Loess soils distribute in midlatitude semiarid and arid re-

gions; these soils cover large areas of China, Russia, Europe,
North America, and New Zealand [1-4]. Loess soils are
known for their open structure, which is characterized by
high macroporosity and water-sensitive interparticle
bonding [5, 6]. These microstructural characteristics have a
great impact on the macroscopic hydromechanical behavior;
for example, loess soils may have a strong resistance to
deformation at an intact state while being highly com-
pressible upon wetting.

The microstructure of a given soil is neither unique nor
fixed; it evolves in response to any change in the stress state.

taking the structural effect into account. For example,
current multiscale approaches for modeling the behavior of
unsaturated soils are based on the separation and interaction
between different levels of structure [7-9].
Characterization of the microstructural evolution is now
focused on the soil fabric (the soil microstructure is a
combination of the soil fabric and interparticle bonding
according to [10]) because its change is more apparent and
relevant to the mechanical and hydraulic properties that are
of practical engineering interest. In addition, characteriza-
tion of the soil fabric is much easier. Among the advanced
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techniques used for the soil microstructure characterization
(the soil fabric mainly, the same hereinafter), the Mercury
intrusion porosimetry (MIP) and scanning electron mi-
croscopy (SEM) techniques are the most used [11]. The
former is so powerful that can provide quantitative infor-
mation, that is, pore-size distribution (PSD). The following
studies have been carried out using the MIP technique. (i)
The PSD was measured after each suction or water content
increment to investigate the microstructural evolution
during wetting or drying; such studies focused on clayey
soils [12-14]. Environmental scanning electron microscope
(ESEM) was also used for this purpose. Target relative
humidity (or total suction) was imposed directly in the
ESEM chamber to moisten or dry the soil specimen; the soil
microstructure after the moisture equalization which took a
long time was observed [15, 16]. (ii) The PSD was measured
after consolidation or shear failure to investigate the mi-
crostructural change due to consolidation or shear failure;
these studies aimed at a variety of soils [17, 18]. (iii) The PSD
was measured after high-temperature heating, soaking in
saline solution, leaching, and adding various curing agents to
investigate the microstructural change due to heating, sa-
linization, desalinization, and interaction between soil
particles and curing agents; these studies also aimed at a
variety of soils [19-21]. However, only a few studies have
examined the microstructural change of loess due to con-
solidation, shear failure, or wetting collapse up to now
[22-30]. In related studies, the microstructures of loess
before and after consolidation, shear failure, or wetting
collapse were measured using the MIP or SEM or both
techniques and compared. For example, Jiang et al. [22]
measured the PSDs of intact and compacted loess before and
after triaxial test and concluded that the change occurs to
interaggregate pores only and is stress path-dependent. Xie
et al. [26] combined the SEM and image processing tech-
niques to analyze the two-dimensional shape features of
pores in intact loess after creep test. Li et al. [27] also
extracted the two-dimensional shape features of pores and
particles in intact and saturated loess after confined com-
pression test using the SEM and image processing tech-
niques. They concluded that pore spaces larger than 60 ym
mainly provide spaces for collapse. Luo et al. [25] carried out
an end-member model to denote the changes in the pore
structure with the macroscopic stress-strain responses of
intact loess, based on the pore structure analysis using the
SEM and image processing techniques. However, how the
microstructure of loess evolves during consolidation,
shearing, wetting, drying, heating, and other processes re-
mains unclear.

This paper aims to examine the microstructural evolution
of intact, compacted, and saturated loess during deformation
associated with consolidation or shearing. The microstruc-
tural evolution, the PSD evolution to be more specific, during
consolidation is examined by comparing the PSDs of nom-
inally identical loess specimens consolidated to various
confining stresses in triaxial cells. Similarly, the PSD evolution
during shearing is examined by comparing the PSDs of
nominally identical loess specimens consolidated under the
same confining stress and then sheared to sequential axial
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strains. So, the novelty of this study is that the PSD evolution
of intact, compacted, and saturated loess during consolidation
and shearing is revealed by combining various experimental
methods, such as the triaxial testing and MIP technique; the
mechanism for the microstructural evolution is interpreted
based on measured data and statistical results. The main body
of this paper begins with a brief description of the loess
microstructure with the micrographs obtained by the SEM
technique. Then, the results of the MIP tests are presented; the
PSDs of specimens that were brought to different stress states
are compared, and the PSD evolution is analyzed for each
loess, that is, intact, compacted, and saturated loess. In the
end, the mechanism for the PSD evolution is discussed, and
the PSDs at the stress states beyond scope of this experimental
study are predicted for three loess soils.

2. Material and Methods

2.1. Test Material. Loess from Xi'an, China, was studied for the
purpose of examining the microstructural evolution provoked
by hydraulic and mechanical loading. Intact block samples of
about 10 cm in diameter and 20 cm in height were extracted by
hand at a depth of about 5 m in an exploratory well excavated at
the sampling site. Physical properties of the loess soil studied
are summarized in Table 1. The grain-size distribution shows
that this loess is mainly composed of silts (i.e., 0.005-0.075 mm)
and clays (<0.005 mm), taking up 82.1% and 15.9% by mass,
respectively. This loess is clayey loess, according to the loess
classification proposed by Gibbs and Holland [31] based on
plasticity index and liquid limit, as shown in Figure 1. The
mineral composition of the loess soil studied characterized by
the X-ray diffraction (XRD) technique is presented in Table 2.

2.2. Test Program. Consolidated drained (CD) triaxial tests
were conducted on intact, compacted, and saturated loess
specimens of 39.l mm in diameter and 80 mm in height.
Intact specimens were extracted from block samples. Sat-
urated specimens were obtained by immersing intact loess
specimens in deaired water under vacuum condition to
achieve a degree of saturation greater than 95%. Disturbed
soils were air-dried for several days, pulverized with a rubber
mallet, sieved with a 0.25mm sieve, and moistened with
deaired water to reach a predesigned water content (close to
the in situ water content). After the moisture equalization,
wet soils were compacted to a density close to the in situ
density to obtain compacted specimens. Compaction was
conducted in a mold of 39.1 mm in diameter in three layers
with scarification between layers to ensure homogeneity of
the soil specimen. These loess specimens were then loaded in
triaxial cells. In each CD test, the specimen was first con-
solidated to predetermined confining stress. Consolidation
was assumed to be completed as the readings of axial dis-
placement maintained constant. The specimen was then
sheared under drained condition by increasing the deviator
stress at a constant strain rate (i.e., 0.012% per minute) to a
predetermined axial strain. The microstructure of each
specimen after the triaxial test was characterized using the
MIP technique. The stress paths for the triaxial drained tests
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FiGure 1: Plasticity chart showing the classification of the studied loess soil.
TaBLE 2: Mineralogical composition of the studied loess soil.
Mineral Quartz  Plagioclase Potash feldspar ~ Calcite ~ Dolomite Mlite Chlorite ~ Amphibole Hematite
Content (%) 52.0 13.6 34 1.6 8.0 8.5 1.4 0.5
are plotted in the confining stress (p) versus deviator stress 1000 G
(¢) plane in Figure 2; each circle represents a stress state at
which the PSD was measured. 800 L. ]
(1) Specimens were consolidated to different confining : : d
stresses, that is, 100, 200, 300, and 400 kPa. When the 5 600 - R i i i i i 1
specimen was no longer deformed, the test was 2
terminated and the specimen was taken out from the ST 400 + e T ' I '
triaxial cell. A cubic specimen was trimmed out from T
each specimen, at about 1/3 specimen height, and 200 + s
used for the MIP test. The PSDs of deformed %T
specimens were compared to interpret the PSD 0 C
evolution induced by consolidation (isotropic 0 100 200 300 400 500
loading). p (kPa)

(2) Under each confining stress (i.e., 100, 200, 300, or
400kPa), up to four specimens were sheared to a
sequence of axial strains, that is, 5%, 10%, 15%, and
20%. As the target axial strain was reached, the test
was ceased and the specimen was taken out from the
triaxial cell. Similarly, a cubic specimen was prepared
for the MIP test. The PSD change in response to any
increment of axial strain during shearing (aniso-
tropic loading) can be derived by comparing the
PSDs before and after the axial strain increment.

To conduct a MIP test, each cubic specimen was mildly
air-dried [32]. A porosimeter that can apply an intrusion
pressure ranging between 0.5 and 60,000 psi was used; the

FIGURE 2: Stress paths of the triaxial tests on intact, compacted, and
saturated loess specimens (each circle represents a stress state at
which the PSD was measured).

corresponding entrance diameter ranges from 3.0 to
360,000 nm according to Laplace’s capillarity law. The pores
with an entrance diameter beyond this range will not be
intruded. In addition, the isolated pores and the constricted
pores only accessible through the channels that are too small
to be intruded (less than 3.0 nm) will not be intruded [23]. It
is, therefore, understandable that the cumulative intrusion
void ratio, ey, is typically lower than the void ratio deter-
mined by conventional approach, e. Figure 3 compares the e
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values with the e;, values of a total of 33 intact and com-
pacted loess specimens. It can be seen that in most cases ey, is
lower than e. With regard to the cases in which ey, is greater
than e, that is probably because of sample disturbance and
technical or operational error during the measurement.
Since a single technique (i.e., MIP) was used and the changes
instead of the absolute values were concerned, this method
was thought to be reliable to reveal the microstructural
evolution induced by specimen-scale deformation.

It is worth noting that the PSDs were measured on the
specimens unloaded. Consequently, the results can only
indicate the influence of plastic deformation on the soil
fabric. For the three loess soils studied, recoverable volume
changes during shearing were found to be very small even
under low confining stress. Take intact loess as an example;
the stress-strain curves during the loading-unloading paths
are summarized in Figure 4, where ¢, is the volumetric
strain, ¢, is the axial strain, q is the deviator stress, and o3 is
the confining stress.

3. Results

3.1. Microstructural Characteristics of Loess Soils. Loess soils
are mainly composed of silts, with a fraction between 60%
and 90%. Clays (<0.005mm) can account for 5% to a
maximum of 30% of the total solid mass; they are func-
tioning as aggregates rather than individuals [33]. Aggre-
gates are associations of soil particles (i.e., clays, silts, and
sands). In each loess soil studied (intact, compacted, or
saturated), aggregates dominate the soil structure; see Fig-
ure 5. In comparison with intact loess, aggregates in com-
pacted loess have greater sizes; however, aggregates in
saturated loess are smaller than that in intact loess. In intact
loess, after the wind-blown dust and sand settled, calcium
ions produced by leaching of primary calcites can react with
carbonate ions, leading to illuviation of secondary calcites
which wrap and cover solid particles like films. So, associ-
ation of particles in intact loess is mainly attributed to
carbonate cementations, also due to clay cementations.
There also have soluble and insoluble salts, such as sodium
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FIGURE 4: Stress-strain curves of intact loess specimens during
anisotropic loading-unloading process.

chloride and calcium sulfate, their contribution is limited
because of the low contents. However, carbonate cemen-
tations would experience irreversible damage during
remolding due to crushing or pulverizing. So, in compacted
loess, formation of aggregate is mainly due to surface charges
of clay minerals, van der Waals attraction, and matric
suction [34]. Considering the elemental role of aggregates in
loess soils, the pores are thought to be of two sets: intra-
aggregate pores (or micropores) and interaggregate pores
(or macropores). That is to say, these soils are double-
structured and have a bimodal PSD, which can be regarded
as the superposition of two unimodal PSDs: one is for intra-
aggregate pores and the other is for interaggregate pores;
ein = € + e, where ¢° and e” are the cumulative intrusion void
ratios for intra-aggregate pores and interaggregate pores,
respectively. On each unimodal PSD, the peak density
corresponds to the dominant pore diameter, dicro OF dimacro-
The delimitation of two unimodal PSDs corresponds to the
delimiting pore diameter, dqclimitings Which depends on the
grain-size distribution and the method used to determine
the PSD [15, 16].

3.2. PSDs of Intact, Compacted, and Saturated Loess.
Figure 6 compares the PSDs of intact loess, compacted loess
with identical dry densities or void ratios (i.e., 1.15), and
saturated loess, including cumulative curves and density
curves in semilogarithmic scales. First of all, it is noteworthy
that the drop in the density for the entrance pore diameter
between 4 and 7 um, as highlighted in the green-colored oval
in Figure 6(b), might be due to experimental error associated
with the transition of two pressure units during the intrusion
of Mercury.

In Figure 6(a), it is shown that inundating intact loess
leads to a great reduction in ey, (i.e., 1.11 and 0.69 for intact
and saturated loess specimens, resp.), which provides evi-
dence for the self-weight collapsibility of intact loess since
the specimen was soaked without loads. Other proofs are in
Figure 6(b), the larger density of the pores between 5.3 and
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360 um and the lower density of the pores between 0.8 and
3.8 um in intact loess than those in saturated loess. It means
that the pores between 5.3 and 360 ym in intact loess col-
lapsed when specimen was inundated, transforming into
smaller ones with an entrance diameter between 0.8 and
3.8 um. From Figure 6(b), it is shown that three soils almost
have the same dic;o, Of about 40 nm, and similar densities
for the pores smaller than 0.3 ym, which indicates that in-
undating and remolding have little impact on small pores
(<0.3 um), including intra-aggregate pores (<0.1 ym). Al-
though from the micrographs aggregates are seen to have
different sizes in three soils (Figure 5), their PSDs for intra-
aggregate pores are similar. It should be noted that the
electric double layer on the surfaces of particles can be
thickened with increase of soil water content, leading to
weakening of interparticle bonding and swelling of aggre-
gates, bearing in mind that swelling or shrinking of ag-
gregates due to wetting or drying is reversible [8]. In
addition, the cubic specimen was mildly air-dried before the
measurement of PSD; the test results could not reflect the
changes in aggregate fabric and intra-aggregate pores.

Intact loess has more pores between 0.3 and 11.9 ym;
compacted loess has more pores between 11.9 and 72.5 ym.
In addition, two soils have quite different d,,co. That is
because aggregates in compacted loess are greater than that
in intact loess; as a result, interaggregate pores in com-
pacted loess are larger than that in intact loess. Particu-
larly, compacting a clayey soil at drier side of the optimum
(the case here) facilitates the development of aggregates
with greater dimensions [34]. However, a firm conclusion
on the PSD change due to remolding cannot be drawn
upon the comparison of PSDs of intact loess and a single
compacted specimen since molding water content has a
great influence on the type of structure (i.e., aggregated,
dispersed, or flocculated) and aggregate-size distribution
of compacted loess. The PSDs of intact and compacted
loess were once compared by Wen and He [20]; Jiang et al.
[22]; Ng et al. [23]; Shao et al. [24]; and Wang et al. [35].
Wen and He [20] tested six loess soils, while most of them
(both intact and compacted) have a unimodal PSD, which
may be related to the settings of porosimeter. So, their test
results are not considered. In some of the studies [22, 35],
the intra-aggregate PSDs (for intra-aggregate pore series)
of intact and compacted loess are similar, while in the
others [23, 24], the intra-aggregate PSD changed signifi-
cantly after remolding. Compacted specimens in the above
four studies were prepared at 16.9%, 18%, 10.9%, and 9.9%
to a dry density between 1.23 and 1.5 g/cm”; the former two
were close to the optimum water contents, while the latter
two were smaller than the optimum water contents. A
review of these test results also cannot reach a firm con-
clusion; however, it can be inferred that the optimum
water content corresponds to the minimum amount of
water required for the development of a complete electric
double layer. When compacted at the optimum water
content or greater, compacted soil would have a certain
intra-aggregate pore series, while when compacted at dry
side of the optimum condition, the intra-aggregate PSD
varies with molding water content.
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3.3. PSD Evolution during Consolidation. The PSD evolution
during consolidation (or isotropic loading) is depicted in
Figure 7-9for intact, saturated, and compacted loess by
comparing the PSDs of nominally identical specimens
consolidated to different confining stresses. It is found that
intra-aggregate pores (<0.1 ym) are unaffected in all three
soils (intact, saturated, and compacted loess). In Figure 7, a
slight decrease in d,,0 is Observed with increase of con-
fining stress. In comparison, the density of the pores greater
than 10 ym reduces a lot when confining stress increases
from 200 to 300kPa, which corresponds to a remarkable
reduction in e;,. This range happens to contain the stress at
the maximum curvature of e-logp curve. The stress at the
maximum curvature can be termed structural yield stress,
which is the sum of preconsolidation stress and structural
strength of intact loess [36, 37]; the former ranges between
85 and 135 kPa for the studied intact loess; the latter refers to
the contribution of interparticle carbonate cementations to
the compressive strength [38]. When intact loess is subjected
to a stress greater than its structural yield stress, the soil
structure will alter due to bonding breakage and the soil
specimen will undergo significant volumetric contraction;
otherwise, the soil structure will remain intact in principle.
Therefore, it is the interparticle carbonate cementations in
intact loess that resist the overburden stress exceeding the
preconsolidation stress. For saturated loess, most of the
pores larger than 5um are closed even without load, sug-
gesting that the structural strength is reduced significantly as
intact loess is inundated. A noticeable transformation of the
pores between 2 and 4 ym into smaller pores between 0.5 and
2 um takes place when confining stress increases to 300 kPa;
otherwise, the PSD changes induced by increase of confining
stress are very small for saturated loess; see Figure 8.

The PSD evolution of compacted loess is more regular, as
shown in Figure 9. A distinct reduction in e;, is produced,
and this reduction is mainly attributed to decrease of the
interaggregate pores with an entrance diameter greater than
6 ym. For example, turning of the pores greater than 18.2 ym
into the pores between 6 and 18.2 ym is induced as com-
pacted loess is subjected to confining stress of 100 kPa. In
response to the subsequent increase of confining stress, the
density of interaggregate pores decreases and dy,cro moves
towards lower values. In short, interaggregate pores in
compacted loess are compressed from the larger to the
smaller. It means the vulnerability of a pore in compacted
loess is related to its size only.

3.4. PSD Evolution during Shearing. The PSD evolution
during shearing (or anisotropic loading) is analyzed by
comparing the PSDs of nominally identical specimens that
were consolidated to the same confining stress and then
sheared to a sequence of axial strains. Before putting forward
the analysis of the PSD evolution, it should be pointed out
that all of the stress-strain curves show strain hardening that
is associated with volumetric contraction. And in fact, all of
the specimens (intact, compacted, or saturated) contracted
throughout the test (the volumetric strains were always
positive); radial dilation took place at a lower rate than the
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accumulation of axial displacement. Since all of the stress-
strain curves show strain hardening, the critical state is
thought to be achieved at 15% axial strain and the critical

state lines (CSLs) are drawn in Figures 10(b), 10(e), and
10(h). The slope and intercept of the CSL, M, and y, can be
obtained, upon which the effective internal friction angle
and effective cohesion, ¢ and ¢, are determined (¢ =sin""
[3M/(6+M)], c=p (3-sing)/(6cosp)). In addition, the
intersection of the CSL and p axis is termed the bonding
stress, 0y, which is related to the degree of saturation and
interparticle bonding [39]. These parameters are summa-
rized in Table 3. Intact loess has much greater ¢ and o, than
compacted loess and saturated loess, meaning that it has
much stronger interparticle bonding.

Figures 11-13 present the PSDs of intact, compacted,
and saturated loess specimens sheared to sequential axial
strains under confining stresses of 200 and 400 kPa. Each
curve is named X-m —n%, where X denotes the loess soil,
intact (I), compacted (C), or saturated (S); m denotes the
confining stress and #n denotes the axial strain. For intact
loess, as the axial strain augments and the specimen con-
tracts under the increasing deviator stress, the PSD for intra-
aggregate pores (<0.1 ym) still remains unchanged even if
the specimen is sheared to an axial strain of 20% under
confining stress of 400 kPa. Interaggregate pores are com-
pressed before all larger pores are closed during shearing at
the confining stress of 200 kPa. That is because as afore-
mentioned the soil structure remains intact after consoli-
dated to 200 kPa; the interparticle carbonate cementations
around some interaggregate pores do not fail and can still
resist increase in deviator stress. For this reason, the pore
stability in intact loess is dependent not only on the pore size
but greatly on surrounding interparticle carbonate cemen-
tations. For example, root channels with the walls well filmed
with calcium carbonates would not be closed even if the soil
specimen suffers significant volumetric contraction [32].
This statement is evidenced by Figure 11(b); confining stress
of 400 kPa is high enough to break most interparticle car-
bonate cementations in intact loess, so shearing activates the
particle movement and rotation, resulting in turning of
larger pores into smaller pores and removal of almost all
large pores (>5um) when reaching the critical state, such as
[-400-15% and I-400-20%.

As for compacted loess, after specimen is consolidated to
a given confining stress, proceeding of shearing causes
compression of interaggregate pores, from the larger to the
smaller. For this reason, reduction in the density of larger
pores is accompanied by growth in the density of smaller
pores, indicating the transformation of larger pores into
smaller pores. When all of the pores with an entrance di-
ameter greater than d,,.., are compressed, further volu-
metric contraction of the specimen leads to a reduction in
dimacro- The PSD thus exhibits a drop at dp,,c0. It can be seen
from the curves under the confinement with a stress level no
more than 400 kPa; the pores smaller than about 1 ym were
not disturbed by shearing. The decrease of e, is attributed
largely to compression of the pores greater than 1 um.

The PSD evolution of saturated loess during shearing is
similar to that of compacted loess. To be more specific,
interaggregate pores are compressed from the larger to the
smaller; compression of larger pores typically results in an
increase in the density of smaller pores. It is shown that very
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TABLE 3: Parameters of the critical state.

Loess M u (kPa) 9 () ¢ (kPa) oy (kPa)
Intact 0.48 75 12.9 36 68
Compacted ~ 0.42 41 11.4 20 34
Saturated 0.43 0 11.6 0 0

M and y are the slope and intercept of the critical state line (CSL); ¢ and ¢
are the effective internal friction angle and effective cohesion; oy is the
bonding stress.

little change happens to the PSD for intra-aggregate pores.
However, it can be seen from Figure 13(b) that the density of
the pores around dgclimiting (i€, 0.1 4m) has a potential to
increase as a result of diminishing of larger pores, which
suggests that the bimodal PSD may be modified to be
unimodal as the specimen contracts further.

3.5. Variations of the PSD Parameters. Knowing dgclimiting>
e and ¢ can be determined from the PSD in terms of
cumulative intrusion void ratio and are presented with
respect to e;, in Figures 14(a) and 14(b). The linear re-
lationship between el and e;, shown in Figure 14(a) and
the almost constant e’ shown in Figure 14(b) provides
strong evidence for the PSD evolution of loess soils stated
above that the contraction of soil specimen or reduction in
ein is mainly due to compression of interaggregate pores. It
is worth noting that all intact, compacted, and saturated
specimens have almost the same value of ¢, that is, 0.17. In
the studies by Jiang et al. [22] and Wang et al. [35]; intact
and compact loess soils were reported to have the same e%;

€’ is 0.15 in the former study and 0.13 in the latter. Another
difference among three compacted loess soils tested by
Jiang et al. [22]; Wang et al. [35], and in this study is the
clay content, that is, 4.8%, 9.8%, and 15.9%, respectively. It
has already highlighted that the intra-aggregate PSD is
greatly controlled by molding water content. Besides, the
intra-aggregate PSD and ¢’ are of course related to the
granular and mineral composition of soil material. Under
such a scenario, the dependency of ¢’ on molding water
content suggested by Romero et al. [40]for compacted
clayey soils cannot be determined with certainty for the
studied compacted loess because the influence of clay
content and the difference arising from test settings cannot
be excluded.

The relationship between d ;.. and e, of compacted
and saturated loess in a semilogarithmic scale is more
linear than that of intact loess; see Figure 14(c). That is
because in compacted and saturated loess, interaggregate
pores are compressed from the larger to the smaller as the
specimen contracts. When the pores with an entrance
diameter greater than d,,,.,, are all compressed, further
volumetric contraction can certainly lead to a reduction
in dpacro- With regard to intact loess, dpacro generally
decreases with decrease of e;,, while its variation is more
random than that of the other two loess soils. As stressed
before, macropores with surrounding particles well
cemented with carbonate cementations in intact loess
can only fail under quite high-stress states, which pre-
vents dmacro from quick reducing with increase of load
increase.
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4. Discussion

The loess soils studied in the present study are highly
contractive, all of the loess specimens showed strong
volumetric contraction in the triaxial tests (Figure 10).
The PSD evolution induced by consolidation is similar to
that induced by shearing. It thus can be stated that the
PSD evolution mainly depends on whether the soil vol-
ume contracts or expands. This conclusion can also be
drawn from the test results of Luo et al. [25]. Since the
stress-strain curve exhibits strong strain hardening, the
specimen may contract a little further in response to
further increase in shear stress. However, intra-aggregate
pores in compacted loess would not be affected under any
loading condition (consolidation or shearing), even if the
soil is in the densest state [35]. In compacted loess, intra-
aggregate pores are formed as dry soil is mixed with water
and moisture homogenization throughout the soil is
reached, that is, formation of aggregates. It indicates that
aggregates in compacted loess could not be destroyed due
to loading, irrespective of the stress path, and the me-
chanical responses of compacted loess are the interactions
among aggregates rather than among particles. That is
because clay minerals (illite and chlorite) that play a
dominant role in aggregating particles in compacted loess
are vulnerable to wetting while they are resistant to
loading. For this reason, the double-structured charac-
teristic of compacted loess could not be eliminated
(Figure 15(b)).

Similarly, the bimodal PSD of intact loess could not be
eliminated, while it might be weakened if the specimen
contracts further. With regard to the mechanism, as men-
tioned earlier, particles in intact loess are cemented with
carbonate cementations and clay cementations. Carbonate
cementations can be damaged by remolding, loading, and
leaching [41]. For this reason, aggregates in intact loess could
be destroyed due to loading, while not completely, because
the aggregates formed due to the surface charges of clay
minerals and various attractions between clay particles could
not be destroyed, similar to that in compacted loess. In
addition, it is difficult for the particle connections that are
strongly cemented with calcium carbonates to fail. Under
such a scenario, aggregates in intact loess could not be
completely destroyed, and the bimodal nature of the PSD
could not be eliminated but could be weakened (see
Figure 15(a)).

However, both carbonate cementations and clay ce-
mentations can fail under the combined effect of loading and
inundation, leading to disintegration of particle associations
[27, 41], which is evidenced by the zero values of ¢ and ¢,
(Table 3). Bear in mind that the soil specimen was saturated
before conducting the triaxial test and the test took a long
time because of the drained condition; thereby, carbonate
cementations could be weakened and damaged a little. This
reasoning is supported by the finding that the vulnerability
of pores in saturated loess is mainly controlled by the pore
size and that the density for the entrance diameter around
Adelimiting (0.1 yum) shows a potential to increase as a result of
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(c)

FIGURE 16: Micrographs of loess specimens after the triaxial tests. (a) I-300-0%. (b) C-400-20%. (c) S-300-10%.

the diminishing of larger pores when saturated specimen
was sheared to 20% axial strain under 400kPa
(Figure 13(b)). Clay minerals in the studied loess are illite
and chlorite in essence; they all have a double-layer struc-
ture, large specific surface area, and strong hygroscopic
property with the layered crystal structure. When water is
accessible, water molecules fill the interlayer spaces, leading
to expansion of the crystal structure and sharp decline of the
structural strength. For this reason, considering that the
studied loess is well-grained (coefficient of uniformity,
C, > 5; coeflicient of curvature, C, = 1-3), the microstructure
of saturated loess is thought of turning to be uniform and the
PSD would turn to be unimodal if the specimen contracts
turther during shearing (Figure 15(c)).

The above reasoning is also supported by the micro-
graphs taken on the specimens after the triaxial tests.
Figure 16(b) shows the microstructure of the specimen
C-400-20%, which experienced the largest volumetric
contraction among all compacted specimens. Even so, ag-
gregates can still be clearly identified; the contact area be-
tween aggregates is enlarged with increase of soil
compactness. The microstructure of the specimen I-300-0%
is shown in Figure 16(a), in which aggregates are much
smaller than that in compacted loess. However, the mi-
crostructure of saturated specimen is getting uniform due to
loading and aggregates cannot be identified because of the
vague outlines; see Figure 16(c).

5. Conclusions

The microstructure of soil has great control on the hydro-
mechanical behavior and it evolves in response to any
change in the stress state. Although a few studies have ex-
amined the changes of the loess soil microstructure due to
consolidation, shear failure, and wetting collapse, how the
loess soil microstructure evolves along these stress paths
remains unclear. The present study examines the PSD
evolution of intact, compacted, and saturated loess in triaxial
tests by comparing the PSDs of nominally identical speci-
mens consolidated to different confining stresses or sheared

to sequential axial strains under the same confining stress.
Some important conclusions can be drawn upon this in-
tegrated experimental study.

The studied loess soils (intact, compacted, and saturated)
are highly contractive; all loess specimens showed strong
volumetric contraction during loading, either isotropic or
anisotropic. The PSD evolution during consolidation is
similar to that during shearing, suggesting that the PSD
evolution depends mainly on whether the soil volume
contracts or expands. The intra-aggregate PSD or intra-
aggregate pores (<0.1 ym) are not affected within the stress
level applied. The volumetric contraction results mainly
from compression of interaggregate pores. Reduction in the
density of larger interaggregate pores is typically accom-
panied by growth in the density of smaller interaggregate
pores, suggesting that a transformation of larger pores into
smaller pores is induced by loading. In compacted and
saturated loess, interaggregate pores are compressed from
the larger to the smaller; it means the pore stability depends
mainly on the pore size, while in intact loess, the stability of a
pore is controlled not only by its size but also by carbonate
cementations at surrounding particle contacts, and the PSD
evolution depends on whether the soil yields.

Aggregates in compacted loess could not be destroyed by
loading, irrespective of the stress path, since clay minerals
that play the dominant role in aggregating particles in
compacted loess are resistant to loading. The double-
structured characteristic of compacted loess thus could not
be eliminated, and the bimodal nature of the PSD could not
be eliminated. The mechanical responses of compacted loess
are the interactions among aggregates rather than among
particles. While the bimodal nature of the PSD of intact loess
could be weakened because carbonate cementations that
contribute greatly to particle associating could be weakened
and damaged by loading. The microstructure of saturated
loess is thought of turning to be uniform as a result of
disintegration of aggregates because the cementations, both
clay minerals and calcium carbonates, can fail under the
combined effect of loading and inundation. The PSD would
turn to be unimodal if saturated loess specimen contracts
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turther. The reasoning based on the comparison of PSDs is
supported by the soil macroscopic responses and micro-
scopic observations.
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