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Abstract: This study concerns the creep impact on strength
parameters of the selected very cohesive soils (PI = 30-70%).
The analysis refers to Neogene clays characterized by a
complex structure, resulting directly from a complicated
load history in the geological time scale and identified
glacitectonic deformations. In the process of samples’ pre-
paration for strength tests as well as during the interpreta-
tion of the post-failure state, particular attention was paid
to the soil structure. The imaging methods (X-ray densi-
tometry and computer microtomography) enabled the
comparison of the soil structure and the selection of sam-
ples with similar characteristics. The completed program
of strength tests consisted of two series of tests in the
triaxial stress state, differentiated by the occurrence of
the initial creep stage, preceding the typical strength test
scheme under undrained conditions. This study allowed
to obtain a quantitative assessment of the influence of
the creep process on the strength parameters of tested
soils. Constant stress lower than 60% of the shear stress
deviator leads to the deceleration creep course (m para-
meter 0.64-0.89). As a result, higher values of internal
friction angle (20% increase comparing to triaxial tests
without creep stage) and cohesion reduction are obtained
from triaxial creep tests. Creep parameter m is found to
be a valuable indicator for differentiation of landslide
activity trend. The tests proved low values of axial strains
(1-5%) at failure, which was associated with lithogenesis.
By the implementation of obtained strength parameters
into the 3D finite element model of the slope, the potential
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influence of the creep process on the stability of an exemp-
lary cross section of the Warsaw slope could be determined.

Keywords: Neogene clay, strength, X-ray computed micro-
tomography, Warsaw slope, undrained triaxial test, safety
factor

1 Introduction

The diversity of the strength parameters of the soil depends
on many factors, among which structural features are par-
ticularly significant. They result from the genesis and post-
sedimentation transformations of sediments, which have
been determined by complex, sometimes multi-stage geo-
logical history. The transformation of soil strength is influ-
enced by changes in geostatic stresses, pre-consolidation,
glacitectonics, and also — at shallow depths — disintegration
caused by weathering [1-4].

The soil genesis affects the course of geodynamic
processes within the slopes. Both large-scale shears due
to sudden landslide movements as well as slow creep are
considered in the slope stability analysis, whereas the
second factor is less frequently analyzed. The creep pro-
cess is considered as a displacement of soil materials
along the slope with different speeds and intensities.
The character of creep refers both to slow displacements
of quasi-stiff parts of soil materials and the internal defor-
mations of the soil caused by the constant or variable
non-failure load.

Various aspects of the creep mechanisms can be
found in numerous articles [5-9]. Based on these publi-
cations, it can be concluded that the creep process is
related to the transformation of the structure and its
adjustment to changes of forces occurring within the
slope in the equilibrium state. The deformation of the
structure is induced by the failure of bonds in a micro-
structural scale, the interaction of clay minerals, water
absorbed on the surface of the particles, displacements of
the liquid phase, and the structural viscosity of the soil.
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The comprehensive prediction of creep displacements is
not possible only on the basis of microscale mechanisms
[6]. In geological and engineering issues, the genesis
diversity of soils should also be taken into consideration.
Hence, in determining the rheological properties of a spe-
cific soil layer, the response of the soil to various factors
of physical and mechanical characteristics as well as
those related to changes in the spatial management is
taken into account.

The slopes of the post-glacial upland located in the
urban area of Warsaw falling toward the Vistula River
valley are an interesting example of heterogeneous geo-
dynamic behavior. As a result of the anthropogenic activity
of the sloping relief and the successive loading by construc-
tions, slow displacements with variable dynamics are
observed [10]. They were conditioned both by the creeping
of Quaternary and anthropogenic surface formations as well
as by deeper geodynamic response resulting from the vari-
able inclination of the roof of the underlying, glacitectoni-
cally disturbed, Neogene (Mio-Pliocene) hollow formation
known as spotted clays. In this study, the relationship of
structural features and creep toward shear strength was
analyzed, taking into consideration these clays collected
from the area of the Warsaw slope.

In the study of creep, particular attention was paid to
microcracks present in tested soil and their spatial arrange-
ment visible at various scales. These features maybe an
important reason for explaining the mechanism of transfor-
mations of the investigated soil in the past and currently
influencing changes in soil strength. In the research pro-
gram, non-invasive and non-destructive methods of ima-
ging the heterogeneity of the structure were used, and
two methods were applied: microtomography and densito-
metry. They allowed to obtain the characteristics of tested
material and to observe the influence of changes in labora-
tory loading programs. The parameters of creep and shear
strength obtained from laboratory tests were used in numer-
ical modeling of the equilibrium state of slopes and glaci-
tectonically disturbed substrate.

2 Geological conditions of spotted
clays formation in the vicinity of
the Warsaw slope

In this study, samples were taken from the upland part of

Warsaw in the city center. Additionally, the spotted clays

sampled at the bottom of the Vistula River valley (Powisle
district) were also included in the research but as they do
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not correspond to the main purpose of the analysis of the
creep effect on strength parameters, which will not be
discussed in more detail in this study. The choice of
this type of soil resulted from its complex geological his-
tory and the diversified geodynamic behavior reported for
this area [11].

The analyzed formation of Neogene spotted clays was
deposited in a large, hollow reservoir, covering central
Poland [12]. During the subsequent several quaternary
glaciations, these formations were significantly deformed
by glacitectonical processes [13]. Numerous elevations
and lowerings of the clay formation roof have been docu-
mented in Warsaw [14]. Spatial variability of spotted
clays arrangement was caused not only by glacitectonics
but also by later fluvioglacial activity and multidirec-
tional river erosion.

In the direct vicinity of the Warsaw slope, there is a
linear, elevated structure in SSE-NNW direction con-
sisting of a number of elevations, including Mokotow,
City Centre, Wawrzyszew, and Burakow (the names refer
to the districts of Warsaw). The character of the spatial
differentiation of the Mio-Pliocene clays roof is shown in
Figure 1.

More detailed research on geological, engineering,
and geotechnical conditions of Mio-Pliocene clays (e.g. refs
[15,16]) showed significant diversity of the clay roof even at
small distances. For example, on Piekna Street (several dozen
meters north from the test site of this study), two extremely
different lithological profiles were documented (Figure 2)
despite the distance between them was approx. 7 m.

The clay is covered by fluvioglacial and glacial deposits,
also anthropogenic soils of very variable thickness (from
several to several dozen meters). This is illustrated by geo-
logical cross sections from various regions of the slope
(Figure 3). Due to the variability of the geological structure,
they can be represented both for the City Centre of Warsaw
as well as for the periphery (e.g., the area of Farys Street,
according to ref. [17]).

The presented spatial characteristics were later used in
the article to determine numerical models of slopes and to
analyze the influence of various factors on slope stability.

3 Genetic factors of structural and
physical characteristics of tested
soils

The physical and mechanical properties of Neogene clays
were formed by sedimentation and subsequent
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Figure 1: (@) Map of the Neogene clays roof the Warsaw area (modif. after ref. [20]) and (b) Glacitectonic folding mechanism (glacier

overthrust front; ref. [48]).

consolidation together with diagenetic processes. In the
Quaternary, the glacier that appeared during South Polish,
Odra, and Warta glaciation periods covered several times
the fine-grained sediments deposited in the Neogene reser-
voir. The complex history of loads is reflected in the dis-
continuities and closed cracks observed on a centimeter
scale. Several relaxation periods of the subsoil under the
glacier were associated with interglacial periods during
which both erosion and denudation processes appeared
together with alluvial and hollow accumulation. Subsequent
loading phases of both Quaternary and Neogene sediments
resulted in soil overconsolidation of and quasi-discontinuous

deformations. These events resulted in the compaction of
the spatial arrangement of the matrix of clay particles and
the formation of local microcracks, which were “closed”
over time [18]. Microcracks occurring in clay samples
create the privileged zones initiating the failure surfaces
under deviatoric stress [18]. Such soil structure is more
sensitive to changes in moisture [19] due to privileged
drainage routes. Structural discontinuities caused by the
influence of the glacier may occur down to several dozen
meters below the clay roof [2]. The obtained values of the
overconsolidation ratio of Neogene clays from Warsaw
determined on the basis of the CPT test results were in
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Figure 2: Examples of two lithological profiles drilled near the sampling site.
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Figure 3: Forms of Neogene clay roof in the Warsaw slope: (a) schematic geological section near the Piekna St. and (b) geophysical cross

section at the Farys St.; (modif. after ref. [17]).
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Figure 4: Neogene clay from Warsaw Srédmiescie district (near Piekna St.) with macroscopically visible structural elements.

the range of 6.2-12.5, with the mean value of 9 [20], and
the earth pressure coefficient at rest K, = 1-1.3 [21].

The clays sampled at a depth of 10 m from the area of
Piekna Street (City Centre) had a dark gray color, locally
black or green, which indicated the diversity of mineral
composition of tested soils. Inclusions of the sandy and
silty fraction were rich in iron. During cutting cylindrical
specimens for the triaxial test, small-scale shears were
observed, as well as microfaults (dozen millimeters),
becoming visible during the drying of the fresh surface
of the specimens (Figure 4).

The values of the physical parameters of tested soils
matched the ranges of regional characteristics obtained by
other authors [2,20]. The results of the physical properties of
the research material versus the synthetic characteristics of the
clay formation from the Warsaw region are shown in Figure 5.

According to the ISO 14688-1 standard [22], the investi-
gated soil was classified as clay (Cl). The X-ray structural
analysis showed that beidellite was the main component of
the clay fraction, as illite and kaolinite were of secondary
importance. Similar characteristics were obtained from the
study of Neogene clay from Warsaw in refs [11,14]. The natural
water content of the collected samples was similar to those
fully saturated, which was associated with the presence of soil
in the saturation zone — below the Quaternary groundwater
table. Due to pre-consolidation, these clays were also stiff.

4 Methodology of laboratory tests

The purpose of the laboratory test program was to assess
the creep effect on changes in the shear strength of stu-
died soils. The stepwise procedure for this task is illu-
strated in Figure 6.

The main aspect of the program was to compare the
behavior of soil samples sheared during a continuous
increase of deviatoric stress with the results of tests in
which shearing was preceded by a creep stage under
constant load. Reliable comparison depends on the selec-
tion of samples with the most similar structural character-
istics. This similarity was determined by means of imaging
the internal soil structure by preliminary densitometric
evaluation of the cores and then the use of computed
tomography on samples prepared for triaxial testing (point
I of the procedure).

Samples with similar structural features were divided
into two groups intended for the implementation of

Tests results compared to archival
Parameters studies of the Neogene clays
formation [2], [20]
<2 pm .
K 30 45 56
Fraction [%] 2-50 um 375 E 50
>
S0 um 6.5 73 20
Bulk density, em® h
y, p [g/cm’] 1.8 198 .
Porosity index, e [-] 0.28 0!8 0,92
Water content, w ,, [%] e, B
n b 19.2 26 35.6
Liquid limit, w, [%] 30 7’ 115
Plastic limit, w p [%] 15 -0
Plasticity index, Ip [%] 1541*75
Skempton's activity, A [-] 075 1% 15

Figure 5: The physical properties of the Neogene clay against
archival results — ranges of regional variability.
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Figure 6: Scheme of laboratory test focus on creep process impact on Neogene clay strength.

separate research scenarios. The samples of the first
group were intended to determine the shear strength of
soil in the TRX apparatus under continuously increasing
load (point IIA of the procedure).

The obtained shear parameters allowed to determine
the 60% value of the non-destructive deviatoric stress
(gr = 01 — 03) at which the creep tests (g = 0.6gr) were
supposed to be carried out using the second group of
samples with similar structural characteristics. These
samples were subjected to triaxial compression tests
with a modified loading program (point IIB of the proce-
dure). After the initial continuous increase of deviatoric
stress, several days, the constant axial load was applied,
to observe the soil creep. Then, the increase of load was
resumed, controlled by the condition of constant axial
displacement, until the samples lost their shear strength
and failure appeared.

After the shear and creep tests, the samples were again
subjected to tomographic structural imaging (stage III) to
assess the changes resulting from the deformation and
shearing of soils.

4.1 Soil structure recognition

The preliminary assessment of the soil structure before
its removal from Shelby samplers was performed using

X-ray densitometry. Using this method, the soil inside
two metal samplers was tested. The passage of X-rays
through the thin metal walls of the sampler caused a
constant error in registering the soil material density
value; however, a qualitative characteristic of soil density
variation was obtained without the risk of structural
changes during the extrusion of the soil material from
the sampler. This allowed indicating the zones of struc-
ture disturbance along the core. The obtained densito-
metric images had low resolution (pixel size ~1 mm), so
the boundaries of zones with various densities were
blurred. On the other hand, in a short time of exposure
(~30 min), it was possible to identify hidden zones of the
loosened material and select the appropriate parts of the
core for cutting cylindrical samples (h = 72 mm in height
and d = 36 mm in diameter) oriented with a vertical axis
in accordance with the natural orientation of the soil
substrate.

Then, the samples for strain and strength tests in
the TRX apparatus were subjected to microtomographic
imaging according to the methodology in refs [23-25]. A
MicroXCT-400 model, produced by the American company
Xradia, was used. X-ray high-resolution computed micro-
tomography tests (XpCT) included the following: data
recording at different directions of exposure, their assembly
as several series of projections, image processing, and final
three-dimensional visualization. The exposure time of a
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single image was 6 s. A series of 1,024 X-ray images of each
sample (in the format of 8-bit BMP images with a resolution
of 1,024 x 1,024) was obtained.

The obtained images showed the variability of the
coefficient of X-ray absorption, influenced mainly by
the density variation of the solid phase of the clay mate-
rial. The most compacted areas were characterized by
lighter shades, while the darkest areas were recognized
as gaps, often filled with loose materials.

During the exposure, the soil samples were protected
with a rubber membrane, which eliminated the possibi-
lity of water evaporation. Due to the low density and
membrane thickness in comparison to the size of the
soil sample, it did not significantly affect the quality of
radiographs. With the assumed cylindrical dimensions of
the samples, pixels with a side of ~40 pm were obtained.
To assess the possibility of imaging quality improvement,
several additional exposures of smaller, centimeter frag-
ments of clay samples were carried out. The imaging of
structural discontinuities affecting the deformation of the
soil was therefore fully sufficient when using the above-
mentioned exposure parameters. On the other hand, the
ranges of pore size of the analyzed clays, determined by
SEM, often presented in the literature, were several dozen
times lower (0.75-1.90 pm; ref. [2]). The SEM method, due
to the small size of the scanned surfaces and obtaining 2D
images, is not as comprehensive in the assessment of
structural discontinuities as the presented microtomo-
graphic imaging.

4.2 Shear strength tests

Shear tests have been performed with the use of triaxial
systems, based on computer control and data acquisition
by GDS Instruments equipment and software solutions.
A general methodology of triaxial tests was consistent
with current standards [26], and state-of-the-art practices
were described in refs [27,28], with some unique addition.

Preparation of test samples for both standard shear
strength determination (the names of the samples S, S,,
S; referred to the first letter of “shearing”) and tests with
additional consideration of the creep stage was preceded
by uniformly adopted saturation conditions.

According to the commonly known and established
practice, preparation of the samples included saturation
by backpressure technique [29] and isotropic consolidation.
Backpressure value used to achieve demanded saturation
level (the end saturation criteria were B values, which were
~0.84, which refers to the research of ref. [30] was up to
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800 kPa. Effective consolidation stresses applied to the sam-
ples in one series were ¢’3 = 100, 200, and 300 kPa (the
consolidation took up to 3 days). These values represent
the general stress state, water level depth, and depth of
sampling.

The samples were subjected to appropriate strength
tests at increasing stress o; automatically adjusted to the
assumed, previously calculated as appropriate, constant
displacement rate vs = 0.01 mm/min.

These studies were conducted under undrained con-
ditions (CU). This test type has been chosen, as repre-
senting a more critical scenario of subsoil conditions,
giving insight into pore pressure behavior, resulting in
effective strength parameters, and also being more time
efficient in comparison to the CD test. The deformation
increase observed in the CU tests depends on the load as
well as on soil reaction by changes in soil porosity,
without the parallel participation of filtration and conso-
lidation processes. On the other hand, in the case of
CD tests (drained), these processes cooperate, causing
changes in the character of deformability and strength.
The significance of these factors has been repeatedly
assessed by analyzing various results of drained and
undrained triaxial tests. For example, in normally con-
solidated clays from the Macao region of China, ref. [31]
obtained higher deformation values and higher soil
strengths from drained tests than in undrained ones.
These effects were associated with the influence of filtra-
tion and consolidation processes. Therefore, the analysis
confirmed that the CU were more unfavorable and, there-
fore, much more safe in engineering predictions.

The effective values of internal friction angle and
cohesion were determined according to classical metho-
dology resulting from the Coulomb-Mohr theory [32]. For
the representation and analysis of the results, standard
MIT stress path parameters [33] have been used, i.e.,
mean effective stress s’ = (¢'; + 0’3)/2 and shear stress
t' =t = (0'y — 0'3)/2, which is half of the deviatoric stress
g. The maximum value of the deviatoric stress was con-
sidered as shear stress criterion.

The obtained values of the internal friction angle
were also compared with the shear angles (6) of the sam-
ples determined after the shear tests completion based on
the analysis of the directions of the shear surfaces in the
microtomographic images. The theoretically specified shear
angle in a homogeneous material should be 6 = 45° + (¢'/2).
Deviations from this principle may indicate the heteroge-
neity of the soil material, as well as structural features as
microcracks and sedimentation lamination [34,35].

Other results of the study of overconsolidated clays
from the Lower Silesia region [35] also showed lower than
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theoretically expected values of 6. These effects were
explained by reactivating discontinuities or weak zones
in the soil structure. Their presence in some samples
resulted in decreasing the shear angles in comparison
to the theoretical ones. This comparative approach has
also been used in interpreting the research presented in
this article.

4.3 Triaxial creep tests

The creep tests conducted on the second group of sam-
ples (the names of the samples C;, C,, Cs referred to
the first letter of “creep”) were planned with the stress
level (SL) = g/q; = 0.60, i.e., 60% of the expected max-
imum deviatoric stress (g;). Then, changes in the axial
deformation (&;) were observed for 14 days as a function
of time, and then, the load was continuously increased
until the failure was achieved. The choice of the vertical
stress value at which creep observations were made may
be optional, but usually with the recommendation that
creep should be declining, i.e., it does not lead directly
to loss of soil strength. The value of SL = 0.6 adopted in
this study was determined on the basis of the results of

Creep of glacitectonically disturbed stiff clay = 1125

authors’ experiments [23] and the works of ref. [36],
where decelerating creep was observed at stresses 30
to 70% of the maximum deviatoric stress (o'; — 0’3).
Triaxial stress is an important aspect of creep studies
[37]. In the following research, the expected values of
the maximum deviatoric stress at failure were determined
based on the results of standard triaxial CU tests of the
first group soils that had the same lithogenetic type and
structure. The maximum deviatoric stress in the tests of
the second group soils (gnax) Obtained after the comple-
tion of the creep stage and re-application of the constant
load increase may differ from the reference results from
the soils of the first group (gf). It was conditioned by
the natural structural differentiation of the studied soils
as well as by the influence of the previous creeping.
The analysis of these differences is one of the goals of
research and analysis.

The creep of the investigated soils was characterized
based on changes in the increment of axial deformations
£, as a function of time t. Resulting from the analysis of
the equation (g;) — log t, three qualitative types of defor-
mation changes might be distinguished: decelerating,
quasi-steady state, and accelerating. Hence, for the quan-
titative characterization of the creep behavior in any time
interval, a dimensionless parameter m was adopted [38].
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Figure 7: Calculation scheme of parameter m and its various values

in relation to the character of the strain rate increase.
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Alog g
=— -1. 1
m Alogt[ | )]

The parameter m is based on the model assumption
of logarithmic linearization of the increment in axial
deformation as a function of time. The decreasing velo-
city of deformation corresponds to the value of m > 0
(decelerating creep). As the load increases, the soil shows
a constant rate of deformation, which corresponds to the
value of m = 0. The value of m < 0 corresponds to the
increase in the rate of deformation that occurs directly
before shearing.

Figure 7 shows a scheme for determining m value,
comprising, in turn:

1) Registration of vertical deformations as a power func-
tion of time e = at®, if a > 0 and 0 < b < 1, the deforma-
tion has a decelerating character (Figure 7.1).

2) A power approximation of the deformation velocity
versus time, at a decelerating creep a > 0 and b < 0
(Figure 7.2).

3) Logarithmic linearization of deformation velocity versus
time (Figure 7.3).

4) The relationship between the types of deformation
changes: decelerating, quasi-steady state, and acceler-
ating, and the m values: positive, zero, and negative
(Figure 7.4).

When discussing the determining m parameter, it is
necessary to explain the assumption of the axial strain
rate &; as the creep indicator, despite the triaxial condi-
tions of changes in stress and strain. Ref. [39] showed
that the m parameter values calculated on the basis of ¢,
were close to those determined based on the volumetric
deformations (ey = & + 2¢3). At the same time, ref. [40]
noted greater uncertainty related to the possible use of
ey than &;.
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5 Results and discussion

5.1 Structural evaluation of tested samples

The purposes of densitometry and computed microtomo-

graphy research were as follows:

¢ The assessment of the character and the origin of struc-
tural discontinuities of tested soil;

¢ The selection of samples with similar structural char-
acteristics for comparative rheological and strength
tests;

¢ The assessment of the impact of loads applied in triaxial
tests on forming the new structural effects.

The results of low-resolution exposures performed
in the densitometer allowed to obtain the preliminary
assessment of the structural condition of the cores inside
Shelby samplers. The observed disturbances may result
from both the drilling and sampling techniques and the
natural genetic features of the soil. The dark zones visible
in the density images indicated a significant relaxation
and even voids (Figure 8). These parts of the core (inter-
vals: 9.12-9.20 m and 10.65-10.95 m below the ground
level) were eliminated from further research. Taking the
remaining material into consideration, cylindrical soil sam-
ples with standardized dimensions (36 mm x 72 mm) were
prepared. Before placing them in the triaxial apparatus,
microtomographic exposures were performed. This way,
spatial data with ~25 times (and in single XpCT scans
even ~60 times) better resolution were obtained. The pos-
sibility of creating any digital cross sections on their basis
enabled a multi-directional analysis of the structural varia-
bility of the material selected for further research.

Structural images of soil samples for TRX tests indi-
cated the diverse nature of the recorded heterogeneities.

Figure 8: Interpretation of the densitometer imaging results of the analyzed clay in Shelby probes.
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For example, the image of the U, sample (the name refers to sandy inclusions (Figure 9). This indicated the varia-
to the sampling sites, i.e. U as upland) showed extensive, bility of the genesis and transfer of the material even at
darker fragments of lower density, corresponding probably a small scale. On the other hand, microcracks and

SAMPLES FROM THE AREA OF THE VISTULA VALLEY
V1 [21] V2 (for TRX CU test)

- ™
.
S S S L K

SAMPLES FROM THE AREA OF THE WARSAW UPLAND

Figure 9: The compilation of various images of the Neogene clay from the area of Warsaw slope.
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voids found in the sample U, (Figure 9) were consid-
ered to be related to the complex stress state due to
glacitectonic strains. Some cracks may show up and
develop additionally during soil sampling and/or during
extruding it from the sampler and preparing cylindrical
samples. A similar genesis of discontinuities was
observed in sample V; (the name refers to the sampling
sites, i.e. V as valley; Figure 9), collected from Powisle
[23], where in V,; sample, the cracks with an opening of
up to several millimeters and a few centimeters long
were observed. These examples showed that structural
disturbances may appear at various stages of sediment
formation and transformation as well as during the
collection and preparation of samples for testing. The
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character and conditions of structural variability may
significantly affect the separate, individualized defor-
mation and strength behavior of samples. Hence, the
presented samples U;, U, were not qualified for further
triaxial tests, as they did not meet the condition of
structural similarity to other samples designated to
shearing tests series (S;, S,, S3) and creep test series
(Cy, Gy C3).

Exemplary microtomographic sections of the chosen
for further triaxial tests samples (V5, S, and C;) are shown
in Figure 9. They illustrate typical images of the internal
structure, i.e., a relatively homogeneous clay material
with a dispersed content of silty fraction, without micro-
cracks visible at the resolution used. Among other

e Characteristics of density variation
ple sy Sample surface XuCT cross-sections
S2 (after
TRX CU)
C2 (after
TRX CU with
creep stage)
10 mm
I

Figure 10: Exemplary images of the post-failure structure of Neogene clay samples (after triaxial tests).
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structural features, it is worth mentioning that the “nest”
clusters with lighter shades indicate a higher density
of the soil material. They may indicate the presence of
iron compounds (with higher density in relation to the
clay matrix). Such effects were found in small sandy
enclaves accumulating the mineralized liquid phase in
the pore space. The presented interpretations were veri-
fied and confirmed directly by cutting the samples after
performing triaxial tests and repeated microtomographic
images. Characteristic aggregates of sand grains with a
rusty color suggesting the presence of iron ions in the
third oxidation state were identified.

The examples of the images of the microstructures of
Neogene clays after the TRX CU tests (Figure 10) clearly
reveal both the shear surfaces and the zones of plastic
displacement inside the samples. This indicates a mixed,
brittle-plastic mechanism of deformations.

A similar character as well as lithological and struc-
tural changes was noted in microtomographic images of
samples subjected to the creep stage and then shear
(C, - Figure 10).

The complementary use of densitometry and micro-
tomography indicates their universal, innovative applica-
tion in initial quality recognition of full-size soil core and
subsequent, detailed structural analysis.

5.2 Shear strength

The shear strength (Table 1) shows some differences
when comparing the two groups of test samples with

Creep of glacitectonically disturbed stiff clay = 1129

the standard continuous load increase (samples S;, S,,
S;) and with a gap during continuous loading, at which
long-term creep at constant stress was monitored (sam-
ples Cy, Cy, C3).
The summarizing data and the obtained results are
presented in Table 1 characterizing:
e Conditions of initial consolidation;
¢ Axial deformations and stresses s’ and t (deviatoric) at
failure;
¢ Cohesion and internal friction angle;
e Shear angles determined on the basis of the tomo-
graphic images.

In general, despite careful selection of structural simi-
larity, the tested samples showed some differentiation in
behavior. It was confirmed by the random variability of the
consolidation coefficient in the range (0.6-5) 10~ m?/s. It
was probably conditioned by local changes in water con-
tent and pore pressure distribution.

Figure 11 shows the results of all shear stages of the
tested samples using graphs of principal effective stress
ratio (0'1/0's;) against the axial strain and pore pressure
changes. After the 14-day creep stage, the maximum
deviator was most often achieved faster than in the stan-
dard triaxial tests. In comparison to the standard tests,
the samples of the “C” series show an increase of s” and
t values at failure. For the sample consolidated at 0’5 =
100 kPa, the increase of s’ was 32% and the deviatoric
stress t was 72%. For 0’3 = 200 kPa, an increase was as
follows: s’ = 23% and t = 36%, while at 0’5 = 300 kPa, 24
and 20%, respectively. Linear strength envelope interpre-
tation of “C” test gives as a result higher angle of internal

Table 1: Characteristics of the course and results of shear strength tests of Neogene clay samples

Selected parameters Interpretation
of TRX tests of the TRX tests results
. Consolidation St Strength _
2 stage parameters w» B8
E S E%
> . o o 0 o — en &S E
- = — <= g e
2 |B€| 5% | €9 | 9f |88+ 52 |E~| § |Segc§
. S % = g 25 g o0l =g s 2 § 5w 5
£ 8= §— | 8¢ £8s| 25 5| 289 £ o ©TEES
= S =8 S = gum IR EB R =] o mﬁ._g
175 = = B | gl pgEQ| S22 2o 5] £ o E
9| §3 %3 238% U8 ZES E® g 9550
BE5 SZ  F& £& 288 =g g8 & Sx3Zx
£ & O 9 s @ = & o &= o) = o) © T X
@ © @ 8 < & 8 ©
100 : 0.45
(& L1-10° | 1242 169.5 2.3 9.5-48.6
200 : 0.49
2 32107 198.0 | 294.1 1.7 21 0 15.3-47.8
300 : 0.48
c3 1.8:10° | 260.0 350.4 1.8 16.7-47.0

The values in grey refer to the results of standard TRX CU tests preceded with analogous consolidation conditions.

The underlined angle values indicate the dominant failure plane.

AThe use of weights.
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Figure 11: Comparison of the shear stage of two exemplary triaxial tests: standard shearing (S1-S3) and taking into account earlier
creep (C1-C3).

friction (20% increase comparing to “S” test) and cohesion related to the glacitectonic history of the sediment. Due
reduced to zero (Table 1). A possible explanation of the reduc- to a limited number of samples available, authors cannot
tion of cohesion is creep-reactivated microdiscontinuities draw firm conclusions, although a very thorough examination
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of the tested material prior to the test gives confidence toward
strength parameters obtained.

The variability of the cohesion and the internal fric-
tion angle of Neogene clays from Warsaw maybe quite
significant [2] - Figure 12, which results from the struc-
tural conditions related to the specific sedimentation and
glaciotectonic history. This is typical for Polish Neogene
clay sedimented in various places like the Bydgoszcz
region where its variability is even higher [41]. The soil
structure with fissures determining soil strength can be
observed also in similar London clay [19,34]. The samples
analyzed in this article were characterized by high values
of internal friction angle, similar to the upper estimates
for the Neogene clays from Warsaw and relatively low
values of cohesion, even reduced to zero in the soil wea-
kened by the creep stage.

Comparison of the character of deformations and the
failure conditions of tested soils with data from other
regions allowed to assess the determinants of deforma-
tions. As a reference, it can be assumed from ref. [27] that
for plastic clays, strain at failure is from 15 to 30%. Hence,
in the pre-consolidated formations, these values maybe
even five times lower. For example, for the Neogene clays
located to the south of Wroctaw, a range of strains 3-6%
have been reported [42]. From the analysis of glacitecto-
nically disturbed Neogene clays from Warsaw, compar-
able 1-5% strains at failure were observed. Similar results
can be found in other publications [43]. Low values of
axial strains at failure were associated with their stiff,
pre-consolidated structure, and the probable initiation
of shearing along glacitectonically disturbed weak zones
and microdiscontinuities.

An important piece of evidence indicating the role of
weak surfaces connected with the history of loads on the
strength characteristics was the comparisons of shear
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Figure 12: Failure envelopes for two series of triaxial compression
tests (standard and including creep stage) against the range of
archival test results.
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angles in the samples 6., (after tests with creep stage)
and O, (after standard TRX CU) with the expected values
according to the theoretical Coulomb—Mohr model. The
most common values obtained during the research were
0. < Osn (with the lowest angles from 35 to 9.5°). It proves
the structural heterogeneity of the tested material and the
role of local microshears in shaping the steady-state
states and the conditions for achieving the maximum
shear resistance. This explanation corresponds to the
abovementioned relations between the microstructural
features and the mechanical properties of the soil.

Complementary strength tests extended for creep
stage with documentation of microstructural changes is
a novel and comprehensive approach. Creep impact on
mechanical properties of soil is constantly an explicated
issue, where latest studies of stiff clay concern time and
stress dependents, e.g., ref. [44].

5.3 The course of clay creep

The evaluation of the creep influence on the strength
properties of soils requires a comparison of the course
of tests under continuous load increase (“S” tests — shearing
on group I samples) with tests where a 14-day creep stage
under a constant load was carried out (“C” tests — creep on
samples group II). The SL was supposed to correspond to
60% of the maximum (at failure) stress deviator g;. The
values of gs were assumed on the basis of the shear strength
obtained from the “S” tests on the group I samples. The
assumed loads were equal only in the range from 45 to
49% of the real value of the load at failure which was
achieved later (for group II samples). Thus, the values of
gr obtained from the “C” tests on group II samples turned
out to be about 20-30% higher than the results obtained in
the “S” tests carried out on group I samples. It was difficult
to decide whether the increase in the value of the stress at
failure was caused by the structural reconstruction during
the decelerating creep. It should be noted that such rela-
tions occurred consistently in tests of samples carried out at
stresses 03 equal to 100, 200, and 300 kPa carried out on the
samples of overconsolidated soils.

Characteristics of the creep course and the rate of
deceleration depend on the stress which the soil is sub-
jected to and on the individual structure of the samples.
The graphs presented in Figure 13a show that the values
of the vertical strains were inversely proportional to the
horizontal stresses 03. These effects are connected with
the well-known soil mechanics relations between the
compressibility in the triaxial and uniaxial deformation
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14-day creep stage (SL=0.6) before shearing (in CU mode)
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Figure 13: Results of single-stage creep presented as (a) increment
of axial strain as a function of time and (b) strain rate as a function
of time in logarithmic scales.

state. The decrease in the vertical displacements values
was directly related to the limitation of deformations in
the horizontal direction caused by the magnitude of hori-
zontal stress applied. This dependence indicates that together
with depth, the creep tendency as well as the range of creep
deformations preceding soil shearing will be smaller and this
refers also to the slopes. This was confirmed by a number of
field observations and inclinometric measurements. The one
exception may be the presence of visible or hidden structural
discontinuities constituting privileged zones of increased
deformation of a separate nature.

The course of the creep expressed by the graph shape
can also be associated with the structural variability. In
comparison to other tests, the C, sample tested at o5 =
200 kPa showed the highest rate of deformation, which
was maintained over several days (Figure 13b). The initial
slight deformations did not show a quasi-stabilization,
but they systematically developed (up to the highest
value observed in the studies considering creep — Table 1),
which may result from the natural structural variabhility,
including local changes of state or particle size distribution.

The differences in the creep behavior were reflected
in the values of m parameter (Figure 13b). The lowest
value of m = 0.64 corresponded to the creep of the
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above-mentioned C, sample. Potentially, in a soil char-
acterized by decreasing values of m parameter, slow but
constant displacements on slopes might be expected (i.e.,
the lowest rate of loss of displacement velocity of the soil
of C, character among all other samples). If the soil mate-
rial has no weakening zones, and the load values are
about 40-60% of the shearing stress, after the initial
significant deformation, the reduction is observed. The
characteristics of the creep velocity changes of tested
clays confirmed and extended the results of the analyzes
provided in ref. [40], where the values of the parameter m
< 1 had been obtained for the overconsolidated soils.
Nevertheless, the authors [40] underlay the necessity of
creep studies on stiff, overconsolidated soils, because of a
small number of tests.

6 Modeling of the stability
conditions

The results of the TRX tests were used in numerical mod-
eling of the influence of ¢’ and ¢’ on the slope stability.
The determination of the stability conditions was carried
out using the ¢ - ¢ reduction method presented in ref.
[45]. This approach has been implemented in the calcu-
lation procedures of the Z_Soil 16.08 software. Iterative
search for solutions to equilibrium equations was carried
out by means of finite element model (FEM) method. An
important reason for the selection of FEM was to deter-
mine the slip surface position conditioned by the stress
state in the slope and the variability of the strength char-
acteristics of soil layers.

Therefore, this method provides a more adequate
assessment of the impact of local geological and engi-
neering conditions on stability than classical solutions
with a priori assumed shape of the slip surface (usually
circular and cylindrical).

The creation of a calculation model appropriate for
the given conditions requires geometric optimization of
the shape of finite elements and the position of mesh
nodes for which iterative calculations of the equilibrium
state were carried out. The created numerical models con-
sisted of 36,475 calculation nodes and 33,000 three-
dimensional cuboid elements. The dimensional recurrence
of the model allowed to compare the results minimizing
the influence of the mathematical variability of their con-
struction. No displacement possibilities along the bottom
and vertical borders of the model were assumed as border
conditions. The size of the entire model was determined so
that the boundary conditions did not affect the internal
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Figure 14: The analyzed models of the Warsaw slope structure.

space of the model, where the zone of slopes and their
surroundings was located.
The defined numerical models referred to the nature
of the variability of the geological structure in the areas
of Piekna Street (Central Warsaw) and Farys Street
(Bielany district), adopted on the basis of the works of
refs [10,17]. Geological conditions in river valleys are
often an inherent feature of slopes determining their
geodynamic activity [46].
In the multivariate numerical modeling, the following
important factors influencing the stability were considered:
e Position and shape of the boundary surface between
Neogene clays (N) and Quaternary glacial tills (Q);

e Optional strength characteristics together with the results
of standard tests and tests interrupted by creep;

e Possible load of the slope crown with building objects.

The following models of the position and shape of
the boundary surface between the Neogene clays and
Quaternary glacial tills were adopted. The (A) model
was related to the horizontal course of the N/Q boundary
at the base of the model slope. In the (B) and (C) models,
the N/Q boundary was formed as a local culmination of
clays in the upland base with optional values of slope
inclinations along the axis perpendicular to the slope
as B; = 14° and 8, = 19°, respectively. The clays within
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the upland and the slope were covered with a dozen or so
meters of stiff, sandy till. To compare the impact of the
analyzed options for the slope inclinations on slope sta-
bility, the same inclination (a = 32°) and the same height
(H = 15m) were assumed in all models. The schemes of
geological models are illustrated in Figure 14.

Another variable factor affecting the calculations was
the influence of the modification of the strength para-
meters on the slope stability. The sets of values of physical
and mechanical parameters of Neogene clays determined
on samples from the Warsaw Upland and PowiSle district
were used in calculations as well as literature characteristics
of stiff, sandy till overlaying Neogene clays (Table 2). The
complex and multi-stage formation of the upland (glaci-
tectonics, alternating erosion, and accumulation during
successive glacial periods) explains adopting a separate
characteristic of the mechanical properties of clays from
the upland area, taking the current load of Quaternary
glacial tills into account. On the other hand, in the area
of the river terraces of PowiSle, the current cover of alluvial
and anthropogenic soils was considered as of little impor-
tance for loading history of underlying Neogene clays. This
was why those sediments were removed from the model.

To assess the impact of buildings in the area of the
slopes, possible loads from the construction object on the
slope crown were taken into consideration, assuming that:
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Table 2: The soil parameters values applied to the numerical models of the analyzed Warsaw slope

Geological formation Symbol of Physical parameters Strength parameters Sources of parameter
formation values

Water Bulk weight Internal friction Cohesion

content [kN/m?3] angle ¢’ [°] ¢’ [kPa]

w [%]
Glacial sandy till from | 12.0 22.0 22.4 41.7 [2]
the upland
Neogene clay from the lla 27.0 19.9 17.5 17.8 Standard TRX CU tests
upland Ib 21 0 TRX CU tests including

the creep stage

Neogene clay from the I} 26.0 19.8 7.0 25.1 Standard TRX CU tests

valley

Note: The row in bold indicates a formation that is an elevation of clay within the slope.

e The dimensions of the loaded rectangular area were
8m x 20 m;

¢ The stress transferred to the substrate was 250 kPa;

e The load was moved 4 m away from the upper edge of
the slope.

The model calculations allowed to determine the influ-
ence of the assumed boundary conditions on the slope sta-
bility. Therefore, according to the diagram presented in

Figure 15, the impact of three groups of factors has been

taken into account:

— Three models of the geological structure in the slope
area (A, B, Q);

— Two options for the strength parameters of Neogene clays
within the upland (with and without creep influence);

— Two situations: with no load (Q,) and with load (Q;)
caused by the construction located in the area of the
slope crown.

Buildin
Model Varlanss pa::zzfrss f);e;got:ene load °
analogs of the clay slope clay (Il) from the upland area ég;&(::a')
Q|
TRX CU (lla)
Model A: Q
No elevation |
Q|
TRX CU with creep (lIb)
_ @ |
Model referring Q|
to the Warsaw . TRX CU (lla)
slope section Model B: Q
like at e.g. B=14 —
Farys St., Q
Piekna St. TRX CU with creep (llb)
%
Q|
TRX CU (lla)
Model C: Q
B=19
Q|
TRX CU with creep (llb)
_ @ |

Figure 15: Scheme of multi-variant stability calculations for selected models of the Warsaw slope.
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Figure 16: SF results of various variants of the analyzed models.

This gave 12 combinations of boundary conditions.
The values of the safety factor (SF) obtained in numerical
calculations are shown in Figure 16.

In the analyzed situations, the SF values were in the
range of 1.08-1.65. The calculation results taking the accep-
table safety margin into account (SF > 1.3) were marked on a
colored background. The least favorable combination of
boundary conditions can cause as much as 35% reduction
of SF value in relation to the most favorable one.

Reference comparisons were made regarding the most
favorable conditions: horizontal position of the clay roof,
strength parameters determined without the creep stage,
and no load on the slope crown.

When analyzing the roles of individual factors, it is
worth mentioning that the load caused by the construc-
tion gave the most significant reduction in safety. The
reductions in SF values in relation to the slope stability
without additional load ranged from 13 to 23%. At the
same time, the most unfavorable geological situation

was the occurrence of the uplift of the Neogene clays
roof with a slope of 19° (model C).

Changes in the shear strength of the clay caused by
the assumed structural modifications during the soil
creep were considered as another factor that reduced
the stability index (of about 10-16%). The greatest reduc-
tion in SF was recorded in the calculations of the model
(C). The characteristic shape of the hypothetical range of
geodynamic processes related to the clay uplift is shown
in Figure 17.

The assumption of a 14° slope of the clay roof (model
B) resulted in decrease only of about a few percent in
the SF value in relation to the situation with its hori-
zontal position. These results confirm the observations
presented in other articles [19,47] that about 15° slope of
the Neogene clays, profoundly affected by fissuring, is
long-term stable.

The presented analyses allowed to quantify the impact
and significance of individual factors and confirmed the

COMPUTATIONAL
RELATIVE DISPLACEMENTS

i

MIN

I

Built-up slope with implemented strength parameters determined in TRX CU with creep tests

model Cllb-Q1
SF=1.08

Figure 17: The calculation result of worst-case scenario changes in the stability conditions of the analyzed Warsaw slope models.
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validity of optional strength characteristics conditioned by
geological history and structural features.

7 Conclusion

Genetically controlled structural features of soils are impor-
tant factors influencing the reduction of slope stability.
Structural heterogeneities, both large-scale and noticeable
in several centimeter-long samples, were found in the
glacitectonically disturbed Neogene clays from Warsaw.
Structural features determined in traditional, macroscopic
scale can be spatially and significantly characterized by
means of densitometric images and computer microtomo-
graphy (XpCT). Densitometry with an image accuracy of
~1mm and a relatively short exposure time (~30 min) pro-
vide a non-invasive and non-destructive assessment of the
structural condition of the soil cores obtained from bore-
holes. XpCT technique allowed to observe the more detailed
(with accuracy of several dozen micrometers) structural fea-
tures of tested Neogene clay samples: the compact character
of the clay matrix with scattered clusters of silty fraction, as
well as closed linear discontinuities recorded as traces of
microcracks (fissures) in overconsolidated and glacitectoni-
cally disturbed soil. After the triaxial tests (TRX), typically
several shear surfaces with the dominant angle of inclina-
tion of about 6, > 45° in relation to the horizontal level
were identified, where lower values of the angle 6., were
observed in the tests preceded by the creep stage.

It was investigated that changes in the velocity of soil
axial deformation during creep depended not only on the
value of the deviatoric stress but also could be caused by
even small structural differences of the soil structure. In
the studied samples of Neogene clay from Warsaw, the
decelerating creep was noted at a constant stress lower
than 60% of the shear stress deviator. The observed creep
velocity decrease as a function of time is differentiated by
the values of the parameter m > 0 which on a double
logarithmic scale indicates the reduction of the vertical
strain velocity as a function of time. The lowest values of
m are associated with a smaller reduction of the deforma-
tion rate. The creep stage may affect the character of
stress and pore pressure changes with a decrease in their
values after reaching the limit state (at failure). It was
confirmed by a rigid model of strength loss.

Neogene clays from Warsaw are characterized by high
variability of strength characteristics. Literature values of
¢ are ranging from 7 to 19° and ¢ ranging from 18 to 55 kPa.
Therefore in this study, the obtained values ¢’ = 17.5° and
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¢’ = 17.8 kPa determined from standard tests were located
close to the upper values of the internal friction angle and
lower values of cohesion. The determination of the shear
strength of the samples after former creep stage indicated
a further 20% increase in the value of internal friction
angle of clay and the loss of cohesion. These results
were taken into consideration in the optional selection of
parameters for model calculations of slope stability carried
out by comparative FEM modeling. The calculated values
of the SF were in the range from 1.65 to 1.08, which was
dependent on input conditions. The factor that reduced the
SF value the most (by about 23%) was the building load
where the 19° inclination of the clay roof was assumed.
Additionally, changes in the shear strength of clays caused
by structural effects of soil creep were considered as the
second quantitative factor reducing the stability factor
(decrease from 10 to 16%). Referring to the generally large
variability of the strength parameters of the overconsoli-
dated Neogene clays, this factor, depending on the location,
maybe of much greater importance. Optional modeling of
the Neogene clay roof slope indicates on its long-term stable
inclination (below ~14°).
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