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ABSTRACT

The shear property at the residual state is a very important strength in engineering, as usually used for
landslide stability analysis. We examined the microscopic structure of the shear surface and spectroscopic
property of adsorbed water. As a result of AFM measurement of shear surface it became clear that shear sur-
face was not a perfect flat, and also by CLSM observation, we found that the contact part of a glass board and
a shear surface of clay was only partial contact. It indicates that the area actually touched was smaller than the
apparent contact area. The “actual contact area” increased as the normal stress increased. While with FTIR
measurement, adsorbed water on shear surface of cohesive soil decreased as the increase in normal stress. In
conclusion, the coefficient of residual state shear resistance (tang,) of clay can be thought to be the coefficient
originated in the increase in the actual contact area caused by the increase in the normal stress.
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INTRODUCTION

The states of the shear have peak state, fully softened state
and residual state. Residual state is the steady state that the
shear strength converges to a steady minimum value after
being suffered a large shear deformation. It is known that the
slip surface of landslide formed slicken side is in residual
state. Shear strength at the residual state is “residual strength”,
The residual strength has been used for landslide stability
slope analyses and it has been recognized that its measurement
is very important in engineering practice. Mitachi et al. (2003)
states clearly that the coefficient of shear resistance at the
residual state (tan g,) is the same as the coefficient of shear re-
sistance of Hvorslev (tang,) which is thought to be the closest
to the true coefficient of shear resistance at present. In other
words, “the residual strength is actual shear strength.” Thus,
we examined shear strength at the residual state. Past studies
on residual strength mainly refer to measuring methods, the
shear properties and granular materials (ex. Skempton, 1964,
1985; Bishop et al., 1971; Uesugi et al., 1986). For essential
fiiscussion of residual strength, the basic way of consider-
Ing the mechanism is very important. This paper studied the
surface properties of shear surface part of the shear property
at the residual states. In particular, we focused on 3 points:
(1) Roughness of Shear Surface, (2) Actual Contact Area, (3)

Spectroscopic Properties of Adsorbed Water. For discussion,
a basic concept regarded the mechanism of residual strength
of clay based on tribology for friction, wear, and lubrication.
On that basis, this paper describes the shear property at the
residual state in relation to a basic concept based on tribology.
The reason why tribology was introduced in this study stems
from the understanding that the shear phenomenon at the
residual state is “friction phenomenon.”

SAMPLE AND EXPERIMENTAL METHODS

Samples

The sample used in the experiment was “NSF-clay” (New
Snow Fine-clay). This clay is popular in geotechnical engi-
neering field in Japan. Table 1 shows physical and mineralogi-
cal properties of NSF-clay. This clay is composed of a lot
of Pyrophyllite and Quartz. Pyrophyllite is clay mineral and
Quartz is mainly composed of sand, so NSF-clay is classified
into cohesive soil. The specimen used for the observation of a
shear surface was a remolded sample. To make this specimen,
the deaerated water was added to powdered NSF-clay and re-
molded by a blender. Then it was put into a cylindrical acryl-
ics cell and deaerated for 30 minutes, and pre-consolidated for
7 days with the consolidation pressure of 150 kPa.
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TasLe 1. Chemical and Physical properties of NSF-clay

2.78 g/em’
41.7
24.5 cmol/kg

Soil particle density: p,
Plasticity index: I
Cation Exchange Capacity: CEC

Experimental Method
(1) Direct shear box test

The shear surface at the residual state made from a long
displacement direct box shear test was used for various ex-
periments (Fig. 1). Conditions of direct box shear test were:
Consolidated constant pressure condition, vertical stress = 100
kPa, 200 kPa and 300 kPa; shear displacement = 200 mm,;
shear speed = 0.5 mm/min.

(2) AFM (Atomic Force Microscope) Measurement

Asperity measurement and surface analysis of shear sur-
face were done by using AFM (Atomic Force Microscope),
namely, Veeco Nano Scope III (Fig. 2-a). The measurement
range was 10 um x 10 pm. The procedure was as follows.
First, soon after the scanning started, 1 skip line was kept,
and each parameter was adjusted so that the concave-convex
waveform and error waveform of a reciprocating motion
became the same. The sample surface was scanned by a tap-
ping method (Fig. 2-b). Then surface analysis was done from

(a) Shear surface at the residual state of NSF-clay

Fic. 1.

(a) AFM (Veeco Nano Scope-I1I) (b) Behavior of probe

Fic. 2.  AFM and measurement mode

Shear box
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the measured asperity image using the attached software, and
the maximum height of the profile (R,,,), arithmetic mean
deviation of the profile (R,), and increase rate of surface area
(RIA) were calculated. Roughness was also quantified by
using R, and RIA. R, indicates the arithmetic mean deviation
of the profile. It is the total area of gray colored in Fig. 3. RIA
indicates the increase rate of surface area/against flat surface
area. As roughness increases, both R, and RIA also increase.

(3) CLSM (Confocal Laser Scan Microscope) Observation
The confocal laser scan microscope was used for observing
a shear interface. CLSM used for this observation was Bio
Rad MRC-1024 (Fig. 4-a). A confocal laser scan microscope
irradiates a sample, detects the light or fluorescence reflected
from the sample, and with these data, computer makes the
image of the sample. The advantage of this microscope is that
it only measures the light from the focal plane that passed
through a small hole called a “pinhole” (Fig. 4-b). By exclud-
ing unnecessary light from the upper and lower sides, compar-
ing with the conventional microscopes, its resolution is im-
proved about 1.4 times, so that clear pictures can be expected.
Furthermore, even if a sample is thick, we can obtain optical
tomograms of the arbitrary depth because a laser can reach
deep. An observation was made on a contact plane of a shear
surface and a glass. The shear surface formed by the direct
box shear test was cut into a size to fit with an observation

Collection position of AFM sample

Shear surface of residual state

Shear

(b) Collection position of AFM sample

The shear surface at the residual state made from a long displacement direct box shear test

Maxirour height of
the profile : Raux

total area of hatched gray

FiG. 3. Index of roughness: R, R,
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(a) CLSM (Bio-Rad MRC-1024)
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speeimen shear surface

detector

(b) Observation system

Fic. 4. CLSM and observation method of shear surface

unit. It was then placed and stuck to a tempered glass which
was attached at the lower part of the unit. From the glass side,
laser was beamed and the contact part of a glass and a shear
surface was observed. The conditions of the observation were,
reflection, pinhole diameter: 1 mm, laser strength: 3%, image
averaging process: 5 times.

| |

il sample
= —_ shear surface

hardened glass
\E

Fi6. 5. Overview of a pressure unit

(a) FTIR (Jasco VIR-9500)

Moreover, a load unit was used to observe the contact sur-
face when adding normal stress. Figure 5 shows the loading
method. The normal stress was added by weights.

(4) FTIR (Fourier Transform Infrared Spectrometer) Analysis

In order to clarify the spectroscopic properties of the
adsorbed water of a shear surface, it was measured by FTIR
(Fourier Transform Infrared Spectrometer). Microscopic-FTIR
used for this measurement was JESCO VIR-9500, IR-30 (Fig.
6-a). The measurement was done by ATR that sticks a prism
to a sample surface. Microscopic-FTIR excels a local analysis
of a sample surface, and also a very small quantity samples.
As to this experiment, the diameter was 250 pm, and measure-
ment depth was 250 nm—2000 nm. Background measurement
was done first. Subsequently, to perform an infrared spectrum
measurement, the shear surface of a sample was touched by
a prism of ATR equipment. At this time, the contact pressure
of the sample surface and the prism was measured by a small
load cell under the sample (Fig. 6-b). Measurement wavenum-
ber domains: 4000 cm '—400 cm™' of mid-infrared domains,
the wavenumber resolution at the time of measurement: 4 cm ™,
and the number of addition: 87 times.

Infrared . IR microscope
prism—__ ~ -
mple ]

EEERERENE shear surface

pressure gauge

(b) Attenuated Total Reflection-method (ATR), measur-

ing water content of shear surface according to the
changes in normal stress

Fi. 6. FTIR and measurement method of adsorbed water by ATR
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EXPERIMENTAL RESULTS AND DISCUSSION

Shear Properties at Residual State

Figure 7 shows residual strength (z,”) versus vertical stress
(0}”) relationship obtained by large displacement box shear
test at dry state and wet state. As shown in the figure, the
residual strength differs at dry state and wet state.

Roughness of Shear Surface according to AFM

A concave-convex image of the shear surface at residual
state of NSF-clay and a cross-sectional form on ABCD are
shown in Figs. 8-a, -b. As shown in these figures, the rough-
ness of the shear surface was confirmed even though the
measurement range was very small as to 10 um % 10 pm.
The maximum height of the profile of NSF-clay was R, =
2085 nm, the arithmetic mean deviation was R, = 284 nm and
increase rate of surface area was RIA = 33.67%. A detailed
analysis result concerning the surface profile on the shear
surface at residual state is described in a past paper (Hisastsune
et al., 2008).

250
Dry ¢, =20.5kPa
200 } 0] ,rd =25.8°
Wet ¢’ ,=4.7kPa
150 d) d = 13.2
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Fic. 7. Comparison of the strength parameter at dry state and wet state
on remolded NSF clay

(a) 3D image, Right
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Actual Contact Area according to CLSM

A contact part of a glass board and shear surface of clay
was observed from the below by CLSM. Experimentally, we
had NSF-clay contact with the glass board. This plane image
of the contact part and the cross-sectional image of A-B line
are shown in Fig. 9. There is a black ellipse at the center of
the image (Fig. 9-a). This part is exactly where the white A—
B line is broken in the cross-sectional image (Fig. 9-b). This
means that the black portion is a space. That is, the black por-
tion of the planar image is a non-contact region of particles,
and in the case of shear surface, water exists here. The planar
image of the contact part of the shear surface and the glass is
shown in Fig. 10. Different light and dark reflection patterns
can be seen on the contact part. If the particles were contacted
completely on the shear surface, the image had to be all white.
However, the image shows different light and dark patterns,
so it is obvious that it was actually contacted only partially.
Thus the existence of “the actual contact area” was confirmed.
Figure 11 shows when normal stress was increased by a pres-
sure unit. As normal stress was increased gradually (o, = 0
kPa, 24.0 kPa, 47.7 kPa, then to 98.4 kPa), the light parts also
increased.

Spectroscopic Properties of Adsorbed Water on Shear Sur-
faces according to FTIR

The infrared spectrum of adsorbed water on shear surface
is shown in Fig. 12-a. It also shows the spectrum of the bulk

(a) Planar image (b) Cross section image

Fic. 9. CLSM images of contact part of NSF-clay with a glass board

Maximum height of the all profile : R,,,, = 2085nm
Arithmetic mean deviation of the profile : Ra = 284nm
Increase rate of surface area : RIA = 33.67%

(b) Cross sectional form on ABCD and roughness parameters

Fic. 8.  AFM concave-convex image of the shear surface at residual state of NSF-clay (o, = 50 kPa, V= 0.5 mm/min)



FiG. 10. The planar image of the contact part of the shear surface and

the glass
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water for comparison. The spectrum of bulk water was mea-
sured bulk water in glass sell. The fine peak group between
3500 cm'-3900 cm™' is absorption of steam and the broad
peak around 3400 cm ' is OH stretching vibration of the
adsorbed water near the shear surface of NSF-clay. From the
figure, we can see that the spectrum of the adsorbed water of
a shear surface and that of bulk water are similar. The infrared
spectrum of NSF-clay, when changing the contact pressure of
ATR prism from 10 kPa to 40 kPa, is shown in Fig. 12-b. It
is recognized that the absorbance of OH stretching vibration
(around 3400 cm ") of adsorbed water was decreasing with the
increase in the contact pressure of ATR prism. It is thought to
show the dehydration from the shear surface.

DISCUSSION

From these analyses, we discuss the shear phenomenon at
the residual state of clay. This paper describes the shear prop-

Normal stress

Low «¢ P» High
(0 ,~0kPa) (0,~21.6kP) (0 ,=42.9kPa) (0 ,~=89.6kPa)
FiG. 11.  The change in the CLSM image of NSF-clay as the increase in the normal stress (170 pm x 170 pm)
3400cm™ 3200cm’!
N—/
1 bulk water
; i ;
£ £
2 i Broad peak =
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Wavenurber (cr'l) Wave nurber (cml)

(a) Adsorbed water of shear surface and bulk water (b) NSF-clay when changing the contact pressure of the ATR
prism

Fi6. 12. The infrared spectrum of adsorbed water on shear surface
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erty at the residual state in relation to a basic concept based on
tribology. The reason why tribology and colloidal chemistry
were introduced in this study stems from the understanding
that the shear phenomenon at the residual state is “friction
phenomenon.”

Friction surface

Friction phenomena due to contact between two surfaces
involve a “contact between solid bodies” problem. A solid
surface such as metal contains various irregularities depending
on scales at the shear surface, which requires us to distinguish
between “apparent contact area” and “real contact area”
by Holm (1958). What is important to friction force is the
summation of actual contact points (minute contact points)
where the contact between protrusions on respective surfaces
takes place (Fig. 13). At the plastic contact of clay materials,
the actual contact area is in proportion to the external load
(Bowden & Tabor, 1964; Greenwood & Williamson, 1966).

The shear surface which looked flat to the naked eye was
actually not completely flat microscopically, and by AFM, it
became clear to have concavity and convexity. Moreover, it
was realized that the area of contact part becomes larger with
the increase in normal stress by CLSM. This result was the
same as that of the friction mechanism in elastic bodies, such
as metal.

Lubrication state at friction surface

Tribology shows that actual contact area depends on state
of lubrication between solid surfaces. As clarified in Fig. 7,
the residual strength refers to the state of lubrication by water
at the shear surface. Conditions between solid surfaces pro-
duce various phenomena depending on (1) properties of the
lubricating film, (2) load, and (3) shear velocity at contact area
and are summarized into three regions as follows by Stribeck
(1902) (Fig. 14-a).

“Boundary lubrication” involves a thin lubricating film
of several molecular layers or less, partly with solid contact
at protrusions. In its friction property, interactions at solid
contacts and between solid-fluid film, in particular surface
chemical reactions and chemical reactivity of the fluid film,
are very important. “Fluid lubrication” is the state of two solid

actual contact area
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Fic. 13. Conceptual diagram of actual contact area
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(b) Relationship of Coefficient of friction and Shear speed at the residual
state of NSF-clay

Fic. 14. Relationship of experimental value and basic concept in lubri-
cation state

surfaces completely separated by the lubricating film. Its fric-
tion property is determined by the viscosity or viscoelasticity
of the lubricating film. “Mixed lubrication” is a mixed state of
fluid lubrication and boundary lubrication (Fig. 15).

Coefficient of friction x as shown in Stribeck curve
depends or otherwise of the shear velocity according to the
circumstance. Coefficient of friction # do not depend on the
shear speed V as shown in Fig. 14-b. And, Mitachi et al. (2003)
reports that the residual strength will depend little on the shear
velocity. These experimental results suggest that the lubrica-
tion state of a shear surface is equivalent to the boundary lu-
brication. Assuming” that the shear surface consisting of clay
materials exists at the boundary lubrication state, mobilization
of strength comes from interaction (static electrical force, in-
termolecular force, and hydrating force) due to surface electri-
cal chemistry of clay minerals. A similar tendency is obtained
in the experiment intended for agar gel (Nitta et al., 2003).

In the case of saturated clay, all pores are filled with water,
so it is believed that water existing in the non-contact part
was observed by CLSM. The infrared spectrum of this water
was very similar to that of bulk water, and it was confirmed
by FTIR measurement that the water was removed with the
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Load Load ¢
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? lubrication
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Boundary lubrication

h—0
(h<20nm)

h = Rq

Mixed lubrication

(20nm< h <70nm)

Fluid lubrication
h > Rq
(70nm<h)

h : thick of lubricating film
Rq : Root mean squerarRoughness

Fic. 15.

increase in normal stress.

CONCLUSIONS

The following conclusions are obtained.

(1) A shear surface at the residual state was not a perfect flat,
but unevenness existed on it according to the AFM obser-
vation.

(2) The different light and dark reflection patterns were ob-
served on the contact plane of a glass board and shear sur-
face of NSF-clay by CLSM. It means that the contact part
was only partial. Thus the existence of “the actual contact
area” was confirmed.

(3) The light parts increased due to the increase in the normal
stress by CLSM. This indicates that the actual contact area
increased as the normal stress increased.

(4) The spectrum of the adsorbed water of a shear surface and
that of bulk water were similar according to the FTIR.

(5) It is recognized that the absorbance of OH stretching
vibration (around 3400 cm™') of adsorbed water was de-
creasing with the increase in the contact pressure of ATR
prism. It is thought to show the dehydration from a shear
surface.
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