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Abstract

A new Croatia-Japan Joint Project “Risk identificatand land-use planning for disaster
mitigation of landslides and floods in Croatia” wiagiated in 2009. Grohovo landslide in
Rijeka was selected as one of the study areasnwill@ research activities of Working
Group on Landslides of Croatia-Japan Project. Neansportable undrained ring shear
apparatus, ICL-1, was designed to support reseactikities. The concept, design and
construction of theTransportable Undrained Ring Shear Apparatus, ICL-1 are
explained and described. Stress and pore pressutelktests were conducted on silica
sand. The results of the tests on silica sand, elsas the experimental procedure, are
described in detail. In order to simulate natuealdslide conditions we conducted two
types of tests: undrained cyclic stress contrdistesd naturally drained monotonic pore
pressure control tests. Typical test results agsgnted to show the efficiency of this ring
shear apparatus and the dynamic shear behaviandf s

Then, ICL-1 was applietbr the Assessment of Triggersin Grohovo Landslide.
We described the study area and landslide Grohov@rbatia and gave overview of
preparatory factors of the landslide by describjegmorphological setting and landslide
itself. Furthermore, a detail overview of the rivdraracteristics is given with the emphasis
on its torrential behavior and flood occurrenceatthre related to mass movement
occurrences in the past. In order to investigat ithpact of rainfall as a trigger in
reactivation of Grohovo landslide in 1996, we parfed rainfall data analysis. Rainfall
analysis is performed for both long and short-teamfall data and estimation of both on
the reactivation of landslide is given. We foundttthe antecedent conditions (60 days
before the reactivation) that control groundwageel and soil moisture had a major role in
landslide reactivation. For the assessment of seigigger we employed new ring shear
apparatus, ICL-1 to simulate dynamic loading. Bpdwecting ring shear test on specimen
from Grohovo landslide, basic soil parameters dtained as well. Based on the analysis
performed and conducted tests, we concluded tmatiladive rainfall is the most probable
trigger of this landslide.

Then ICL-1 was applied for the investigation of Ndegative rate effect in sand -
bentonite mixtures. A significant drop in strength was reported inilsscshowing



transitional shear behavior (between sand and,ctayfast rates of displacement. There is
a considerable number on residual strength measmteand only few addressing this
issue. Although negative rate effect was reportedhese studies, due to the technical
difficulties, it was not possible to measure poresgure during shearing. We conducted a
series of ring shear tests in silica sand and samtionite mixtures in order to investigate
this effect. Both single- stage and multi-stagdstes the mixtures resulted in drop of
residual strength between 0.1 and 1 mm/sec. Thdtsedf multi-stage tests in SB 20 and
SB 30 specimens showed that the residual frictingleaincreases linearly with the
logarithm of the rate of displacement. The sigaifice of these finding on the practical

level is discussed.
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Chapter 1 Introduction

1.1 BACKGROUND

A new Croatia-Japan joint project, “Risk identifiicem and land-use planning for disaster
mitigation of landslides and floods in Croatia” wastiated in 2009. The Grohovo
landslide in Rijeka was selected as one of theystwdas within the research activities of
The Working Group on Landslides. Research actwitieclude real time monitoring of
landslides, laboratory soil testing, as well as ellaay of landslide behaviour and early
warning systems (Mihalic and Arbanas 2011). Dur2@j 1, monitoring equipment was
installed in the Grohovo landslide and two boreboleere drilled in order to install
monitoring equipment and obtain soil samples ftwotatory tests (Arbanas and Mihalic
2012). A new, transportable, undrained ring sheapaeatus, ICL-1, was designed by
Professor Kyoji Sassa for laboratory soil testifpis apparatus was developed through
2011 with numerous modifications and correctionsmduthat period. It was necessary to

establish experimental procedures and to applaplparatus in order to verify its use.

The ring shear apparatus was designed specififi@ilthe purpose of determining
residual strength. The primary purpose of the shegar tests is to study the post-peak
interval of the stress-displacement curve (Bishbplel971) with emphasis on residual
strength. Although initially used for determiningsidual strength developed in cohesive
soils (Hvorslev 1939, Bishop et al. 1971, Skempl885), the apparatus has been widely
used for better understanding of the undrainedrshelaaviour of granular soils as well,
particularly sands, because of its importance qudfaction analysis where undrained
steady-state shear strength is required (Poula$. 4985, Alarcon-Guzman et al. 1988).

These conditions are normally reached only at tasgear displacements.

The measurement of residual strength is poorly rstded in geotechnical
engineering community especially compared to thasueement of peak shear strength
(Bromhead 1992). Measurement of residual strerggitmportant for soil stability problems

where the existence of shear zones is known orestegh as in the case with reactivated
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landslides. The lack of the interest in the in\gegion of residual strength compared to the
peak strength was attributed to practical diffi@dtin testing to large displacements and to
underassessment of the importance of residualgitran slope stability (Bosdet 1980).
Although residual strength is mostly associatedhwitactivated landslides, some
investigations showed that residual conditions rasp be present on part of the slip
surface of first-time natural or excavated slopkifas in stiff clays and clay shales (Mesri
and Shahien 2003).

Although many types have been designed and comestiucone of the devices had
the capability of measuring pore pressure until 2L98tarting from DPRI-3, all the
following apparatus of the series had the capghalitshear stress-controlled tests, which
enables simulation of both monotonic and dynamaxiogs (real seismic waves or sine

wave form) under undrained conditions (Sassa 0&I3, 2004).

The latest apparatus of the DPRI series are usedsanulation test in addition to
their basic use for a soil properties measurenigm. general purpose of the DPRI ring
shear testing program is its use as a simulatieh ¢& the entire natural landslide
phenomenon. However, because of all the capabiliti¢he DPRI series of apparatus, they
were difficult and expensive to produce. The puepokthe latest apparatus, ICL-1, was to
design and develop an inexpensive and transportgipparatus to be used in different

locations.

1.2 OBJECTIVESOF THE STUDY

The overall goal of this study is the developmemd application of a new ring shear

apparatus, ICL-1. The specific objectives are:

1. Development of ICL-1 with all related testing prdaees by conducting basic tests

on materials of known behaviour.

2. Application of ICL-1 on a real landslide by condagt tests to simulate natural
conditions. ICL-1 was used for the testing of spmmis from the Grohovo

landslide.

3. Application of ICL-1 for the investigation of basgpoil behaviour in sand-clay

mixtures.
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1.3 ORGANIZATION OF THE DISSERTATION

This dissertation consists of five chapters. A fbeieplanation of each chapter is outlined

as follows:

Chapter 1 Introduction. This chapter presents the background, the study
objectives, scope of the research, and the orgaonzaf the dissertation.

Chapter 2 Stresss and Pore-Pressure Control-Ring Shear Testing for
Measurement of the Dynamic Shear Behaviour of Sands. This chapter presents the
concept, design, and construction of the portablérained ring shear apparatus, ICL-1.
The overview of the history and the use of ringastegparatus from the drained ring shear
devices by speed-controlled shearing to the unddaiing shear tests with speed and
stress-control shearing, is given. Stress and pagsure control tests were conducted on
silica sand. The results of the tests on silicadsas well as the experimental procedure,
are described in detail. To simulate natural laddstonditions, we conducted two types of
tests: undrained cyclic-stress control tests aridrally drained monotonic pore-pressure
control tests. Typical test results are presentedhbw the efficiency of this ring shear

apparatus and the dynamic shear behaviour of sand.

Chapter 3 Grohovo Landslide- Assessment of Triggers. This chapter describes
the study area and the Grohovo landslide in Cro#tigives overview of the preparatory
factors of the landslide by describing the geomolpgical setting and the landslide itself.
Furthermore, a detailed overview of the river'srahteristics is given with emphasis on its
torrential behaviour and flood occurrences thatralated to mass movement occurrences
in the past. To investigate the impact of rainfdl a trigger in the reactivation of the
Grohovo landslide in 1996, rainfall data analysiaswperformed. Rainfall analysis is
performed for both long- and short-term rainfalkadand an estimation of both on the
reactivation of the landslide is given. The antergdconditions (60 days before the
reactivation) that control groundwater level and swisture had a major role in landslide
reactivation. For the assessment of seismic trigigernew ring shear apparatus, ICL-1,
was used to simulate dynamic loading. By conduciimigng shear test on a specimen from
the Grohovo landslide, basic soil parameters wbtaied as well. Based on the analysis
performed, and conducted tests, it was concludatl camulative rainfall is the most

probable trigger of this landslide.
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Chapter 4 Negative Rate Effect in Sand-Bentonite Mixtures. The ICL-1 ring

shear apparatus was used for the investigatioregative rate effect in cohesive soils. A
significant drop in strength was reported in sa@lowing transitional shear behaviour
(between sand and clay), at fast rates of displanenHowever, because of technical
difficulties, it was not possible to measure porespure during shearing. Therefore, a
series of ring shear tests in silica sand and s&mtlonite mixtures were conducted to
investigate this effect. Both single-stage and nsutétge tests in the mixtures resulted in a
drop of residual strength between 0.1 and 1 mmfSemparison of the multi-stage tests
with gradual change of the rate of displacementwsld the following: in the case of an
increase in the rate of displacement, there igmifstant decrease of shear resistance and
the effective friction angle in SB20 and SB30 spemis. The results showed that the
residual friction angle increases linearly with tbgarithm of the rate of displacement. The
significance of these finding on a practical leigadliscussed.

Chapter 5 Conclusion. This dissertation is concluded based on the dwessearch
results and findings presented and discussed iprth@ous chapters, and future research is
suggested. The assessment of the triggers for tboo landslide showed that the
groundwater level change is the most importananmdslide reactivation. Rainfall analysis
indicated that the groundwater level is mainly ueficed by a cumulative, long rainy
period. However, additional parameters and a philgibased rainfall threshold should be
determined. The negative rate effect was invesityaly conducting a series of ring shear
tests on silica sand and sand-bentonite mixturesuls of both single- and multi-stage
tests in SB20 and SB30 specimens confirmed edihelings; namely, a decrease in

strength with an increase of the rate of displacgme
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Chapter 2 Sress- and Pore-Pressure
Control-Ring Shear Testing for the
M easurement of the Dynamic Shear
Behaviour of Sands

This chapter presents the concept, design andractieth of the portable undrained ring

shear apparatus, ICL-1. The apparatus was designeed inexpensive and transportable,
so it could be used in different locations. Althbugeduced in dimensions, it can keep
undrained conditions up to 1 MPa of pore water sares (up to two times greater than in
previous versions of apparatus) and load normakstup to 1 MPa. Stress- and pore-
pressure control tests were conducted on silicd.SHme results of the tests on silica sand,
as well as the experimental procedure, are destiibdetail. In order to simulate natural

landslide conditions, we conducted two types dfstasndrained cyclic stress control tests
and naturally drained monotonic pore pressure obr#sts. Typical test results are

presented to show the efficiency of this ring shapparatus and the dynamic shear

behavior of sands.

21 INTRODUCTION: HISTORY AND USE OF RING SHEAR
APPARATUS

The drained ring shear apparatus was designedfispigifor the purpose of determining
residual strength and to study the shear strergthilare and after failure. There are two
advantages of the ring shear test: it shears teeirapn continuously in one direction for
an unlimited displacement and the cross sectioa af¢he shear plane is constant during
shearing (Bishop et al. 1971). Due to this, a cetepkhear stress-shear displacement
relationship (from peak to residual) can be meakure

The laboratory shear apparatuses most widely usgtkasure the peak strength for

stability analyses are triaxial, direct shear antpte shear apparatuses. However, because
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they produce a limited shear displacement, theynatesuitable for determination of the
residual shear strength. As a result, the ringrshpparatus was designed and developed

and then widely used in the analysis of slope btabi

Although the ring shear was initially designed ftbe measurement of residual
shear strength that governs the stability of pnesiip failed structures (reactivated
landslides), later, it was used in the investigaitd natural phenomena that include large

displacement, such as long run-out landslides.

2.1.1 Drained Ring Shear Test without Pore-Pressure M easurement

Today, there are several ring shear apparatusdaltaeaout the two most widely used are
the apparatus based upon the Imperial College amavédjian Geotechnical Institute
concept (Bishop et al. 1971) and the Bromheadsirear apparatus (Bromhead 1979). The
main difference between these two types is in tbefiguration of the rings and
accordingly, the location of the shear plane. Bpht-ring device (Bishop type), the shear
zone is at the mid-height, while in the solid-rehgvice (Bromhead type), the shear zone is
at the top of the specimen and is often categatia® a "smear-type" ring shear device
(Meehan et al. 2008). Both types of ring shear egipa have been modified and improved
from their original design (Bromhead type - modifiey Savage and Sayed 1984, Stark
and Eid 1993, Stark and Poeppel 1994, Stark andr€las 1996, Garga and Sedano 2002,
Sedano et al. 2007, Meehan et al. 2007, 2008, Mareh al. 2011, and Bishop type by
Sassa 1984, Hungr and Morgenstern 1984, Tika 1D&8, et al. 1996). The Sadrekarimi
device is similar to the Bromhead type, except thatshear zone is not at the top, but in

the bottom of the specimen (Sadrekarimi and OIifi9p

All previously described devices were not able éofgrm undrained shearing tests
because it was not possible to prevent water florwugh the rotating gap (Table 2.1).
Also, they have speed-controlled shearing. The mime is Sadrekarimi’s device that can

perform both speed and stress-controlled tests.
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2.1.2 Undrained Triaxial Testswith Pore-Pressure M easur ement

The undrained shear behaviour of sands is an immoresign issue, especially in
liuefaction analysis where undrained steady sth&ar strength is required (Poulos et al.
1985, Alarcon-Guzman et al. 1988).

Based on the results of triaxial tests, Castro Rodlos (1977) and Poulos (1981)
proposed the steady state concept and definedlieastate of deformation in which a soil
mass is continuously deforming at constant voluoosstant normal effective stress and
constant shear stress. It is achieved after atigatbreakage and all particle orientation

has reached a steady state condition (Poulos E9&b).

The study of the steady state condition is veryitéthin triaxial test. The steady
state study by triaxial compression tests has hdttantages and limitations. Beside the
fact that it has established procedures, triaxastst can be stress or strain-controlled and
they have drainage control, and both drained andraimed tests can be conducted.
However, due to the limited displacement of theickevtriaxial testing may not reach a
true steady state. The steady state conditions@mally reached only at a larger shear
displacement, well beyond those which can be athin a triaxial test.

There are a few papers that give direct comparigdhe steady state obtained in
triaxial compression tests and ring shear testad@let al. (2000) compared the steady
state obtained in triaxial compression tests withundrained ring shear tests while Garga
and Sedano (2002) compared triaxial consolidatettained compression with constant

volume ring shear tests.

2.1.3 Undrained Ring Shear Testswith Pore-Pressure Measur ement

Based on the experimental results of undrainedcyiclg shear tests on soil samples from
earthquake-induced catastrophic landslides, theeqirof sliding surface liquefaction was
introduced by Sassa (Sassa 1996, Sassa et al.. Bli@gfig surface liquefaction has been
defined as the liquefaction that takes place ontpiw the shear zone. it occurs due to
grain crushing and resulting volume reduction asdthear displacement progress, which is
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particularly important for landslides with high miity and long travel distances (like flow

slides or liquefaction failures of slopes).

Sassa and his colleagues have developed sevemslediging shear apparatus
since 1984 (Sassa et al. 2004). The later five rapys of the series (DPRI-3, 4, 5, 6 and 7)
have the capability of shear stress-controlledstesthich enable simulation of both
monotonic and dynamic loadings (real seismic wawresine wave form) under undrained
conditions. Some of the apparatuses in the selseshave pore-pressure control tests to
simulate the ground water rise in the slope andigplacement-control. Due to all these
capabilities, these undrained dynamic loading shgar apparatus are not used only as a
basic soil test, to measure shear resistance asampter, but also as a landslide simulation
test that can reproduce the stress and pore peesasting on a potential sliding surface and
the resulting sliding surface formation and thetgasure motion which will occur in the
natural slopes during rainfalls, earthquakes ahdrattress changes. Compared to previous
apparatus (DPRI-1 to 7), the new apparatus, IChas much smaller dimensions, but
higher performance in undrain capability (Table)2lican keep undrained conditions up
to 1 MPa of pore water pressure and load norme$stup to 1 MPa. This makes it suitable

for investigation of large-scale and deep-seateddides.

2.2 UNDRAINED PORTABLE RING SHEAR APPARATUS

The prevention of the leakage of water and sobuph the gap between the upper and
lower rings and the measurement of pore water presare the most difficult in the
undrained ring shear apparatus.

As stated by Sadrekarimi and Olson (2009), althotigh undrained ring shear
apparatus is effective and powerful, this devicec@snplex and very expensive to
manufacture. The Undrained Portable Ring Shear /pps, ICL-1 (Figure 2.1), was
designed by Professor Sassa in 2011, as part abjacp of SATREPS (Science and
Technology Research Partnership for Sustainableldpment) and the JICA/JST project
"Risk identification and land-use planning for ditex mitigation of landslides and floods

in Croatia" (IPL-161). The goal was to develop aclmmore inexpensive and transportable

-10 -



Table 2.1 Characteristics of the Portable Undrained RingaB@paratus ICL-1, compared with other ring sheggraratus (modified from Sassa et al.

2004).
Sadrekar
_ Hungr & Sassa Sassa Sassa Sassa Garga & Sassa . Sassa
Bishop  LaGatta mi &
Morgenst (1992) (1996) (2997) (2997) Sendano (2004) (2011)
(1971)  (1970) Olson
ern (1984) DPRI-3 DPRI-4 DPRI-5 DPRI-6 (2002) DPRI-7 ICL-1
(2009)
D ® 10.16 5.08 22.0 21.0 21.0 12.0 25.0 9.2 27.0 20.3 10.0
D, " 15.24 7.11 30.0 31.0 29.0 18.0 35.0 13.3 35.0 26.9 14.0
Hmax 1.9 2.5 2.0 9.0 9.5 11.5 15.0 2.0 11.5 2.6 5.0
Omax" 980 800 200 500 3.000 2.000 2.000 660 500 700 1000
Vinax© - 0.001 100.0 30.0 18.0 10.0 224.0 - 300.0 788 5.4
uT' No No No Yes Yes Yes Yes No Yes No Yes
Umnax” 400-600 400-600 400-600 600 1000

2 Di-Inner diameter (cmy. Do- Outer diameter (cm¥,Hmax -Maximal height of specimen (cnf)gmax Maximal normal stress (kPd),

VmacMaximal shear speed (cm/S)T-Undrained testing umaxMaximal pore pressure (kPa)
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undrained ring shear apparatus for use in diffeoeganizations with standard electricity
available anywhere (single phase electricity of 226 110 V).

Figure 2.1 Transportable ring shear apparatus (ICL-1): righit—1 on a cart, left- larger view.

In order to be easily transportable, its dimensioreze significantly reduced
compared to previous apparatus of the DPRI sdfids1 has the weight of approximately
100 kg, a maximum height of 95 cm, the dimensiode56 cm, and is set on a handcart
(Figure 2.1). The reduction in dimensions of thedaapparatus was possible because of
smaller shear velocity (5.4 cm/s) and a new loadiggtem in which normal stress is
applied by pulling the central axis instead of thgh loading frame to push the vertical

force onto the sample.

2.2.1 General Structure

An annular ring-shaped specimen (S) is confinedrddly between the outer and inner
rings and is sheared at its mid-height. During té&, the specimen is subjected to a

constant normal stress, and loaded through an anhladding platen connected to an oll
-12 -
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piston (Figure 2.2). The lower half of the sheax (BB) rotates in both directions (marked

in Figure 2.2 as the rotating part), while the uppaf (marked as a movable part in Figure
2.2) of the shear box is restrained with two shesaistance cells (S1 and S2 in Figure 2.2)
that measure shear resistance. When failure gctwespecimen is sheared by a relative

rotary motion and the lower part rotates along il rotating table.

The inner diameter of the shear box is 10 cm, thierds 14 cm, and the shear area
is 75.36 cri. The maximum height of the specimen is 5 cm. Bgiragl porous metals to
the lower ring, the lower height of the shear bar be adjusted from 0.7 to 1.3 cm, which

is very useful for a limited amount of specimersyell as for low permeable specimens.

-
x5 oil

drainage

- Stable parts
I:I Movable parts
I:I Rotating Parts

air 2=

—
% oil

Figure 2.2 Mechanical structure of the apparatus (S- SpeciG&a Connection ring; C-
Connection; N- Load cell for normal stress; S1, IS#ad cell for shear resistance; P- Pore-
pressure transducer; GS- Gap sensor; VD- Vertisplacement transducer; SD- Shear

displacement transducer).
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2.2.2 Loading System and Gap Control System

Static and cyclic normal stress is generated byihpiston controlled by a servo-motor
(200 W) (Figure 2.3). Normal stress is applied bitipg the central axis.

The shear stress is given by the second servoatanaitor (400 W) either by shear
stress-control, speed-control, or displacementrobnBhear stress in stress-control mode

can be applied in different ways: as static (mon@oor dynamic (cyclic or seismic).

During the test, the gap value is maintained conigtatomatically by the oil piston
controlled by the third servo- motor (Figure 2.Bhe gap servo-motor uses a feed-back
signal obtained from a gap sensor (GS) with theigi@n of 1/1000 mm. The gap control
system (oil piston and gap sensor) enables theeptew of the leakage of water and

specimen during high-speed shearing.

Normal Stress
Control

Shear Stress
Control

=cfllerr
E_E— oil Gap Control
oP

Figure 2.3 Electronic control system (N- Load cell for norrsédess; S1, S2- Load cell for shear
resistance; GS- Gap sensor; FS- Feedback signaC@®rol signal; PC- Computer; SG- Signal
generator; SM- Servo-motor; OP- Oil Piston; SA-v®@eamplifier).
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2.2.3 Monitoring System

The vertical load is monitored by a normal load @€lin Figure 2.2) with the capacity of
10 kN. The measured vertical load is the sum ofltiaels on the rubber edge (contact
pressure), the friction between the sample andsitties of the upper shear box (SB) and

the weight of the upper part of SB.

The shear load acting on the shear surface is oreditoy a pair of the shear load
cells (S1 and S2 on Figure 2.2), each of 1 kKN dapathe resistance acting on the shear
plane is calculated from the measured value inldhd cells (S1 and S2) retaining the
upper half from the rotation against the loadedaslstress on the shear plane. The real
shear resistance of the soil is the measured valtiee load cell minus the rubber-edge

friction.

The horizontal shear displacement is monitored bgtary transducer (SD) at the
center of the shear area. The vertical displacemantasured by a linear transducer (VD)

that measures the displacement of the loading fl&te

The data concerning normal stresshear stress, pore pressureu, variation of
sample height and shear displacement as well asajap and control signal given by the
servo-motor (for both vertical or shear stress) si@med by a personal computer. A
software application developed by Marui & Co., L@saka, is used for control and data
recording.

2.2.4 Undrained Shear Box and Pore-Pressure M easur ement

The most essential part of the ring shear appaiattise construction of the undrained
shear box. Design of the shear box (SB) is illusttain Figure 2.4 with an enlarged
diagram of the left half of the cross section af ®B and its surroundings, including the

water pressure measurement system.

Pore pressure is monitored by two pore-pressuresdiecers (P), connected to the
valves placed on the gutter in the shear zone. pbwe-pressure transducer has a
diaphragm that is deformed by water pressure wpriokides electrical output. The gutter

(7x7 mm) extends along the entire circumferenci®finner wall of the outer - upper ring
-15 -
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of the SB (Figure 2.4). The gutter is located 2 mbove the shear surface and is filled

with felt cloth sandwiched between two metal fétdwith pore sizes of 100m and 40

um). Although the monitoring point is not at the w¥nof the shear zone, this system is

sensitive to pore-pressure monitoring.

\ P

)
1 Metal fitters {100 pm)

{ Felt cloth filter
“J-Metal filters (40 pym)

|
Rubber edge ‘I Filter r
J Porous metal
water supply g e E

—

Axis
»>

"0" rings
Porous metal

Filter paper

Shear zone

Rubber edge

Figure 2.4 A half-section of the shear box and a close-ugrdia of the edges plus a photo of the

shear box with a metal filter and gutter detailbpe(CR- Connection ring; C- Connection; N- Load

cell for normal stress; P- Pore-pressure transjluce

In the DPRI apparatus, rubber edges are fixed gliike to the lower pair of rings,

but in ICL-1 they are pressed by Teflon rings ataintéess steel rings without glue. When

rubber edges are used or damaged they can be eeplhced with a new pair by

-16 -
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unscrewing the Teflon rings and stainless stegjstifRubber edges used in ICL-1 have 2
mm width and 90° of the rubber-hardness index. Watkage tightness is provided by O-
rings on the upper loading plate and rubber edgesmo confining rings of the lower

rotary pair.

2.3 SPECIMEN CHARACTERISTICS

In this study Silica Sand No8 is used because & material commercially available in
Japan and the results can be easily compared taopsestudies made on ring shear
apparatuses (Okada et al. 2000, 2004, 2005; Sas$a2©03). Silica Sand No. 8 is sand
made by grinding silica sandstone, mainly congjsti quartz and smaller amounts of
feldspar. Silica Sand No 8 is a silty sand (pagtadlanging from fine sand to silt), with a
mean diameter dDso = 0.07 mm, and a specific graviG = 2.59. Figure 2.5 shows the
grain-size distribution of used Silica Sand No 8eTrange of values of dry densities

(minimal 1.29 g/crhand maximal 1.31 g/cthand void ratios are given in Table 2.2.

C 0.002 M 0.06 S

—
o
o

o]
o

[¢2]
o

ieN
o

Weight Passed (%)

20 |

0.001 0.01 0.1 1
Grain diameter (mm)

Figure 2.5 Grain-size distribution of Silica Sand No 8.
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24 PREPARATIONTESTS

Before testing the specimen, preparation testssistimg of water leakage and rubber edge
friction tests should be made. Preparation tegsvade only with water inside the shear
box. To reduce friction and prevent leakage, ruldziyes are sprayed with Teflon spray
and coated with silicon grease. Then, the sheari®@assembled and the gap value is
adjusted by applying an initial contact force d @N, in order to make contact pressure
between the upper pair of rings and the rubber ®dgethe lower part of the SB. The

contact force is maintained constantly during tret through the gap control system. After
gap value is adjusted, a water leakage test isumed to proof that water leakage will not

occur under certain normal stress and shear speeds.

Next, the friction between the rubber edge anduiyger part of ring is measured.
The measured friction corresponds to the appliedawd force of 0.8 kKN. The results of the
rubber edge friction measurement are shown in ther& 2.6. An initial increase in shear
resistance is reached at 0.1 mm of shear displatdesnd represents elastic deformation of
the rubber edge. After this initial peak, the shreaistance has almost the constant value of

approximately 15 kPa for all shear speeds.

25 SPECIMEN PREPARATION

After preparation tests, tests on a saturated smgciwere performed and consisted of the
following steps: CQ saturation of SB; specimen setting; de-aired waieculation;
saturation checking bBp measurement; specimen consolidation and shedmyngy(clic

stress control and pore pressure control).

After the gap was adjusted, SB without specimen filesl with CO,. The CQ
was very slowly introduced into the SB through tbeer drainage line and discharged
from all valves in the SB. This was necessary ibeorto expel the air entrapped in the

gutter, the line to the pore pressure sensor, amalig metal filters of the lower ring.

Dry silica sand was poured by funnel into the SBhgisa free-fall deposition
method. Filter papers were placed on the top arttbinoof the specimen to prevent

particle entering. The specimen height was 37 nomfthe top. Before water circulation
-18 -
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and checking BD, the specimen was initially cordatied under the normal stress of 25-30
kPa in the drained condition, to make contact betwie specimen (i.e. filter paper) and

porous metal of LP.

220 |
R o P A S

Shear Resista
=

o

0] 1000 2000 3000 4000 5000
Displacement (mm)

30
25 -/ —
/
[
f

20
15
10

Shear Resistance (kPa)

0 02 0.4 0.6 0.8 1
Displacement (mmj)

Figure 2.6 Rubber edge frictiora) Shear displacement of 5 m alpdShear displacement 1 mm.

After the contact was obtained, water circulati@auld start to enable full water
saturation of the specimen. De-aired water was lggghrough the lower drainage line,
and discharged from the upper drainage line ufitdiebubbles were expelled. The water

circulation process was kept at a very slow rate.

After the specimen was fully saturated, the degriesaturation was checked by
using Bp value. As proposed by Sassa (198B),is a pore-pressure parameter that is

related to the degree of saturation in the dirbes state, formulated as:

_Au
Ao

98,
o
I

(Eq. 2.1)
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where4u is the increment of pore-water pressure asis a change in total normal stress-
measured in undrained conditions. Specimens Bgtlgreater than 0.95 are considered to
be fully saturated. For specimens prepared for aindd cyclic stress control tests, we
obtainedBp>0.95 (Table 2.2). For pore-pressure controlledstes is not necessary to

obtain a higlBp value since shearing takes place in the natudaijned state.

After checking theéBp value, normal stress is decreased to a value wherexcess
pore pressure is close to zero so the upper vawebe open. Then, normal stress was
applied to the pre-decided value of 400 kPa. Afi@mal stress, a different shear stress
was applied (150, 200, 250 kPa) in a drained cardib simulate the stress state in the

slope.

The initial dry density as well as the initial vaidtio was calculated after initial
normal and shear stress was applied in drainedittmmdbased on vertical displacement
monitoring (Table 2.2).

Table 2.2 Ring shear test conditions.

N Initial
N Initial Dry .
Initial Stress Densit Void
i ensi
Test Type Bo Drainage y Ratio
00, 70, (kPa)
pa (glcnt)
e
1 CSSCT 400, 250 0.97 Undrained 1.30 0.99
2 CSSCT 400, 200 0.97 Undrained 1.29 1.01
3 CSSCT 400, 150 0.95 Undrained 1.29 1.01
4 PPCT’ 400, 250 / Drained 1.31 0.98
5 PPCT’ 400, 200 / Drained 1.30 1.0
6 PPCT’ 400, 150 / Drained 1.30 1.0

4 CSSCT= Cyclic Shear Stress Control tB&PCT= Pore Pressure Control test.
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2.6 TESTING AND RESULTS

After initial stresses on the sliding surface wegproduced, undrained cyclic shear stress
control tests and naturally drained pore-presswmetral tests were performed. Test

conditions are summarized in Table 2.2 and tesiltsedescribed later in section.

To simulate natural landslide conditions two typafstests were conducted:
undrained cyclic stress control tests and naturdiigined pore-pressure control tests.
Undrained cyclic stress control tests were madesitoulate dynamic loading and
earthquake-induced landslides, while pore-pressomérol tests were made to simulate the

rise of the groundwater level during rainfall.

2.6.1 Undrained Cyclic Stress Test

Undrained cyclic loading tests were performed dirséed silica sand specimens. After
initial stresses were created by applying pre-aetidormal and shear stress in a drained
condition, dynamic, cyclic loading was applied im andrained condition. For all
undrained cyclic tests, 100 cycles of sine wavash&ess were loaded at 0.2 Hz. We used
the constant increment of 100 kPa of shear stiBssee tests were conducted, under
different initial shear stresses (250, 200 and BBA) that correspond to different slope

inclinations (32°, 27° and 21°). Monitored data &ezcorded with a sampling of 50 Hz.

The results of undrained cyclic tests are presemtdelgures 2.7-2.9, where each
figure consists of the stress path, time seried, glrear displacement data. Stress path
graphs (Figures 2.7a, 2.8a and 2.9a) showing tla& falure line and the failure line
during motion, and also the apparent friction anglee blue line is the total stress path
(TSP) and the red line is the effective stress &®BP). Values of the shear resistance
shown on Figures 2.7 — 2.9 are the corrected valb&sned by subtracting rubber edge

friction of 15 kPa (Figure 2.6) from the monitorgltear stress value.

Figure 2.7 shows the undrained cyclic test forgpecimen consolidated under an
initial normal stress of 400 kPa and a shear soE880 kPa. In this case, soon after initial
increment of 100 kPa of cyclic loading was appliad, effective stress path reached the

failure line and moved down along the failure lithering motion. Peak shear resistance
-21-
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was reached at 282.3 kPa at shear displacemen®anf. The peak friction angle of
35.0° (Figure 2.7a) was calculated. From the failime during motion, the friction angle
during motion was calculated to be 31.0°. The gest an apparent friction angle of 10.5°.
Shearing stopped after 250 seconds at the disptatdesh 6 meters before 100 cycles were
applied (Figure 2.7 b and c).

Figure 2.8 shows the undrained cyclic test forgpecimen consolidated under an
initial normal stress of 400 kPa and a shear stésX)0 kPa. Similarly to the previous
case, soon after cyclic stress was applied, arcteféestress path reached the failure line
and moved down along the failure line during matiBaak shear resistance was reached at
260.65 kPa and a peak friction angle of 34.7° ftleéion angle during motion (30.5°), as
well as the apparent friction angle of 11.5° weaécalated (Figure 2.8a). Shearing was
stopped when shear displacement reached 3 m (R2g8iteand c).

For the case when the specimen was consolidatest timel initial normal stress of
400 kPa and a shear stress of 150 kPa, similaltsesere obtained. Results of these tests
are shown in Figure 2.9. Peak shear resistancereghed at 223.5 kPa and peak and
apparent and friction angle during motion were waled (35.9°, 10.7° and 30.5°

respectively).

2.6.2 Pore-Pressure Control Test

Pore-pressure control tests were conducted to atmuthe failure and post-failure

behaviour corresponding to rainfall in a naturatlsained condition. Pore pressure is
supplied to the shear box through the upper drainadve and then gradually increased.
Since the upper valve is open, the water is freenéwe and this is considered to be a
naturally drained condition. The pore pressureistiolled by the computer and the water

tank connected to the nearby air tank with a seomtrolled air regulator.

Three pore pressure control tests were performettignstudy, under the same
initial normal stress (400 kPa) and different alitishear stress (150, 200, 250),
corresponding to different slope inclinations (227°, 32°). Then, pore pressure was
increased until failure, while keeping normal (4kBa) and shear stress (150, 200, 250

kPa) constant. The same pore-pressure increasg@ratePa/s) was used in all tests.
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Figure 2.8 Undrained cyclic
loading test 2 for initial shear stress of
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Stress pathb) Time series data for
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Figure 2.9 Undrained cyclic
loading test 3 for initial shear stress of
150 kPa Bp=0.95, p;=1.29 g/cm): a)
Stress pathbp) Time series data for
normal stress, pore-water pressure,
shear resistance, control signal and
shear displacement, and) Shear
displacement series data for normal
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Stress paths of all pore pressure control teststaren in the Figure 2.10 and time

series and shear displacement data separatelyattr test in Figures 2.11-2.13. Shear

resistance was corrected by subtracting the rublge friction of 15 kPa. Figure 2.10

shows that depending on the initial stregsl¢land k), specimens reached the failure line

at different points (E F, and k) and different peak friction angles accordinglilére

occurred when the effective stress path reachefhthee line, and it moved down along

the failure line during motion.

As can be seen, the failure line during motionlis3. The calculated peak as well

as the friction angle during motion obtained in ploge-pressure control tests (Figure 2.10)

are in accordance with the values obtained in c\gtliess control tests (Figures 2.7-2.9).

500

400

300

200

Shear Stress (kPa)

100

® 1, I, 15 —Initial stress
o F, F, F;— sStress at failure

e

o Py

q)m: 31.5 ///i//q‘)/

° s
q)p (I‘I): 38.0 ///// e

0y (12)= 37.0° T

q)p (|3)= 36.0° /,//3/ //Qm

5 /'";
Vad -
F2 ////// -7
//f'h;"_. I, 1
F //// r
‘ol {2 ol
/4 -
S
< // ,
<
#5
é//’/ r Pore Pressure Increase
pa
¢ ‘ | | |
100 200 300 400 500

Normal Stress (kPa)

Figure 2.10 Stress paths of pore pressure control tesis)(l

The results obtained by cyclic stress control aode{pressure control tests are in

accordance with the results obtained for the sgmeeimen by Okada (Okada et al. 2000,
2005) and Sassa (Sassa et al. 2003) using DPRI-BDRRI-6 apparatus.
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2.7 SUMMARY AND CONCLUSION

Although all the ring shear devices from the DP&ies were recognized as effective and
powerful, their main disadvantage was that theyamaplex and expensive to produce
(Sadrekarimi and Olson 2009). The transportable emmhpact high-stress undrained-

loading ring shear apparatus presented in thisrp@fé-1) was developed by Sassa in

2011. The initial plan was to develop a transpdetalevice to be donated to Croatia as a
part of the Science and Technology Research Pafipefor Sustainable Development

(SATREPS)

This chapter has presented the principle of thegdeand the structure of the
transportable ring shear apparatus ICL-1. Sinceobtige goals of this apparatus was to be
transportable and used in Croatia, some of the ficatdons were made in order to be
easily maintained outside of Japan. Most of thesdifications have practical meaning.
However, in the development of a new testing deviomsideration had to be given to
simplicity in the construction and operation of teeting apparatus, specimen preparation
and to time required for testing. As stated by Bgslket al. (1971), the ring shear apparatus
often fails in satisfying some of the criteria ahplicity of construction and operation, and
the duration of tests. With some of the modificasioin ICL-1, some of the criteria
mentioned above are satisfied. Rubber edges aréxedtwith glue to the lower pairs of
rings, like in previous DPRI series, but with theflon and stainless steel rings and screws.
This enables easy replacement of the damaged rolger with the new one. Also, the
gutter can be opened for cleaning and change dlrfikers and felt cloth. Depending on
the material tested, annular metal filters witHed#nt pore sizes could be used. The height
of the lower part of the shear box can be adjubteddding porous metals. This is useful

for test-time reduction in low permeable specimens.

By performing tests (undrained cyclic stress cdrtrst and naturally drained pore-
pressure control test) on fine silica sand, rel@&goerimental procedures are presented in
detail. Typical test results are presented to sti@iefficiency of this ring shear apparatus
as well as its application for earthquake-induceudslides through the undrained cyclic

loading test and the rain- induced landslide thiotng drained pore-pressure control test.
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Although initially designed for sub-aerial landglg] ICL-1 was recently used for
investigation of the hypothesis of an earthquakkted submarine landslide in Suruga
Bay (Sassa et al. 2012).
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Chapter 3 Grohovo Landsdlide-
Assessment of Triggers

3.1 INTRODUCTION

Different phenomena cause landslides. These pherouoan be grouped as preconditions,
preparatory, and triggering factors. Preconditipre-disposing factors) are considered to
be static, inherent factors (e.g. geological contfssor structure, topographic geometry,

etc.). Opposite to static, there are dynamic fagtsuch as preparatory and triggering
factors that change with time. Preparatory factiersrease the stability of a slope over time
without actually initiating movement and the triggg factors are those that initiate

movement (Glade and Crozier 2005, Crozier et @320

Triggering by rainfall or more general hydrologitaggering is commonly known
as one of the principal natural landslide initiatimechanisms. Extensive literature on this
subject exists (Terlien et al. 1998, Reichenbadl.€t998, Glade et al. 2000, Iverson 2000,
Jakob and Weatherly 2003, Jakob et al. 2006, Al26@4, Cardinali et al. 2006, Guzzetti
et al. 2004, 2007, 2008). Different approaches haeen presented to determine the
amount of precipitation needed to trigger landslded to explain the relationship between

rainfall and failures.

Rainfall thresholds (empirical or physically based@ often used and applied in
early warning systems. Different rainfall and clis&ariables (and their combinations) are
used for the definition of thresholds in rainfalduced landslides. Guzzetti listed 25
rainfall and climate variables, but the ones thratrmost commonly used are: D- rainfall
duration, E-cumulative event rainfall, C-criticaimfall, R-daily rainfall, I-rainfall intensity,
A-antecedent rainfall (Guzzetti et al. 2008). Tlaeg characterized by an extreme temporal
variability (Van Asch et al. 1999, Reichenbach kt1®98, Pasuto and Silvano 1998,

Guzzetti et al. 2008) and can be subdivided intotsterm (short intense rainfall or rainfall
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event) and long-term components (antecedent raimfalpre-event conditions). The
temporal occurrence of landslides and movementviaes are controlled by rainfall
patterns with different types of temporal resolntifrom minutes to months). Both
shallow- and deep-seated landslides can be triggeyerainfall. It is widely recognized
that shallow failures (soil slips and debris flowsgh depth <2 m) can be triggered by high
intensity and short rainfall duration, while mogttbe deep-seated landslidess(m) are
affected by long rainfall periods characterizeddyy to moderate average rainfall intensity
(Corominas and Moya 1999, Aleotti 2004, Cardinakle 2006, Guzzetti et al. 2007). The
general pattern could be explained by the definitad hydrological triggering as a
decrease in shear strength due to an increaseréawaier pressure on the failure surface
which results in a slope failure. Pore-water pressocrease may be directly related to
rainfall infiltration and percolation (saturatiorom above) or indirectly, as the result of the
build-up of a perched water table or a groundwtble (saturation from below) (Terlien
1998).

Beside the above mentioned conditions, short- amg-term rainfall conditions
(rainfall event/ antecedent rainfall) that will @ft reactivation or initiation of landslides,
there is another group of conditions that are afgmortant to consider, the most important
being discharge (Reichenbach et al. 1998, JakoM&atherly 2003, Jakob et al. 2006).

The Grohovo landslide in Croatia, the biggest léaddson the Croatian coast, is
selected as one of the study areas within Japabwesdgian research project that was
initiated in 2009. Research activities include +t&ale monitoring of landslides, laboratory
soil testing, modeling of landslide behaviour, ardearly warning system (Mihalic and
Arbanas 2011, Arbanas and Mihalic 2012). For seskihg, the new, transportable ring
shear apparatus, ICL-1 was designed. Two borehel®e drilled in order to install

monitoring equipment and obtain soil samples fbotatory tests.

In this chapter an overview of the preparatory domas of the Grohovo landslide
are discussed by describing the geomorphologimgetnd landslide itself. Furthermore, a
detailed overview of the river's characteristicsgigen with emphasis on its torrential

behaviour and flood occurrences that are relatedass movement occurrences in the past.

Slope failures can be triggered by a single evanth as an earthquake, rainstorm
(intense rainfall) or prolonged rainfall period aagnowmelt (Guzzeti et al. 2007, 2008).

To investigate the impact of rainfall as a triggereactivation of the Grohovo landslide in
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1996, we performed rainfall data analysis. Botlglberm and short-term rainfall data from
Rijeka climatological station were used. The analysf antecedent conditions is

performed on monthly precipitation records for 20r34 months in a period from 1948-
2011. To analyze event rainfall, we used hourlycipiation data from the period of

September to December of 1996, i.e., 3 months poidhe reactivation of the landslide.
Although data of monthly discharge of Rjecina Riegrst from 1948, measurements for a
profile of Grohovo in the period 1995-1997 are nmgs Therefore, a detailed analysis of
discharge on landslide reactivation was not possiblowever, characteristics of the
Rjecina River and the flood control problem arecdiéed as part of the study area

description.

To investigate the other possible trigger, eartkqguassessment was done by
conducting ring shear tests on specimens taken fr@mmGrohovo landslide. Ring shear
apparatus, besides being used as a device for nree@eut of basic soil parameters, can be
used for simulation of the landslide. A cyclic laagltest was conducted on a sample from

Grohovo landslide to simulate seismic loading.

3.2 STUDY AREA

Rjecina watercourse, in the northwestern Adriatict pf Croatia (Figure 3.1a), is a large
torrential watercourse with its river mouth locatiedthe center of the city of Rijeka
(Figure 3.1b). The watercourse extends through digtinctive geomorphological units.
The upstream and central parts of the river valley relatively narrow and formed in
flysch and limestone. Limestone rocks are situatedhe top of the slopes, while flysch
forms the lower parts, including the bottom of treley. The downstream part of the
watercourse flows through a canyon deep in carleortatks (Benac et al. 2005a, 2005b).
The Valley is assumed to be younger in its morphege development than the
surrounding area, resulting in intensive recentamasvements (Benac et al. 2011). The
central part of the valley is the most unstablé pad here, mass movements occur mainly
at the contact of carbonate rocks with the flysmtkrcomplex. There are historic data of a
few rockfalls and landslides on both slopes ofwhley (Ostric et al. 2011, Vivoda et al.
2012).
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Heavy precipitation and earthquakes may be potetriggers of rockfalls and
rockslides. The historic data shows a strong caticei of flood/ rainfall events with mass
movements (rockfalls and landslides) in the Rjediiger Valley. The contribution of
these factors on landslide occurrence is discussn following section.

a)

VALICI
RESERVOIR
GROHOVO

BOSNIA &

HERZEGOVINA
RIJEKA
e kM
0 2550 100
RIJEKA BAY 0 05 1 2
kM

Figure 3.1 Location map of the Rjecina Rivea)(and Grohovo landsliddo}.

3.2.1 Grohovo Landslide

Grohovo landslide is the biggest landslide in thiey and typical of landslides in the area,
it is formed on the contact between flysch and @aabe rock formations (Figure 3.2).
Geological composition and groundwater dynamicghefslope were the most important
landslide causes (Benac et al. 2005a , 2006).

The landslide had several episodes of re-activatiothe past. The most recent
reactivation occurred on December 5, 1996, afteng rainy period that lasted for a few
months. It started by undercutting two of the alifendslides at the bottom of the slope
that caused retrogressive development up to theftdpe slope (Benac et al. 2005a). With
13 different slide bodies identified, Grohovo laldks represents a complex composite

landslide.

The failure surface is assumed at the contact legt\wpe deposits (consisting of a
clayey matrix from the flysch-weathered zone aral diebris material from the limestone

cliffs on the top) and flysch bedrock. Field inugations indicated a complex landslide
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with thirteen separate slide bodies identified.irgated dimensions and the geometry of

this instability are (Benac et al. 2006):
» total lengthlL = 425 m;
* width of the displaced maséf = 200 m;
e depth of the displaced ma$¥; = 6-20 m;

Figure 3.2 Photo of Grohovo landslide.

3.2.2 Characteristics of the Rjecina River and the flood control problem

The Rjecina River is an example of a large toregntiatercourse typical for the coastal
karst zone of Croatia. It is a typical karstic riva@iginating from a strong karstic spring
located at the foot of Gorski Kotar Mountains. Tin@jority of Rjecina river discharge
originates from the strong karst spring of the saam®e - Rjecina spring. The watercourse
is 18.63 km long and has a direct (orographic) loatnt area of app. 76 Kmbut the
catchment area of all sources that nourish theifgeand its tributaries is much larger, app.
400 knf (Horvat and Rubinic 2006). Zvir is another impottaspring of the same

catchment area that drains on a much lower leagl Rjecina spring.

Part of the water balance from the Rjecina sprshgded for the water supply of
Rijeka, while part of the water from the Valici eegoir is used for electric power
production. The annual average flow of the Rjecipang is 7.8 rifs with maximal flow
rates ranging from O to over 100%m (Karleusa et al. 2003, Rubinic and Saric 2005).

These regular annual drought periods usually odowing summer and last from 1 to 4

-38 -



—Grohovo Landslide- Assessment of Triggers

months. Zvir spring located close to Rjecina riwesuth is very important for the water
supply of the area. It is a permanent spring witragerage annual discharge of 5.2an

with minimal and maximal capacities varying frors @ 20 ni/s respectively.

The discharge of the river varies greatly during ylear, from the minimum of 0
m¥s in the profile directly below the spring (durieymmer) to the maximum ever
recorded 439 fifs at the river mouth profile (calculation basedotiservations during the
disastrous flood on September 19, 1898). Aftergtemt floods in late I®century, the
river mouth was displaced and corresponding regulatorks were carried out (Karleusa
et al. 2009). The majority of regulation works wdmne to reduce flood effects, in order to

prevent deepening of the channel and formatioamddlides.

For hydropower purposes, the hydropower plant Rijelas constructed in 1968,
which uses water from the Valici reservoir andasated in the central part of the valley
(Figure 3.1b). Grohovo landslide is located doweestn from the reservoir. The
construction of the dam significantly changed theoff regime in the part of the Rjecina
River near Grohovo landslide. To show the changethe water regime of the Rjecina
River after the reservoir (dam) construction, desge in two profiles (Rjecina profile,
upstream and Grohovo profile, downstream from tam)dbefore (up to 1967) and after
(starting from 1969) the construction of the dam stiown in Figure 3.3. The hydrological
monitoring at the Grohovo profile in the Rjecinatatement has been continuously
performed beginning from 1947 until the present @éh a few short interruptions (1976 -
1979 and 1995-1997). Hydrological data of the sperwod also exists for the profile at

Rjecina spring.

Figure 3.3a shows a decreasing trend of mean dgebafor both profiles,
upstream and downstream from the reservoir, forgéeod 1947-2007. Mean annual
discharge (1ffs) is on the left axis and MAP for Rijeka statignm) on the right axis of
the Figure 3.3a. Mean annual discharges are rapszbdy the green and red lines
(Rjecina and Grohovo profile respectively), whileAN is represented by the blue line.
Although the construction of the reservoir had gigant influence by decreasing the mean
discharge of the Rjecina River on the Grohovo pEpfnaximum discharges reached high
values even after the construction (Figure 3.3b)b{Ric and Saric 2005, Ostric et al.

2011). In Figure 3.3b, the maximum annual discham¥s) on the left axis and the
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number of days with discharges higher than 50 6rriitls measured on Grohovo profile is

on the right axis, shown by bars.

During 1996, when landslide re-activation occurreeleral hydrological stations
were active: Drastin station, Martinovo selo statiand Rjecina spring station, all located
upstream from the Grohovo landslide and the Valaservoir. Despite a significant
amount of recorded rainfall that preceded the tesatton of the landslide, on the critical
days (the 5th and 6th of December, 1996), veryVales of maximum daily flow were
recorded: 2.5 fifs at Rjecina spring, 3.7%s at Drastin, and 0 s at Grohovo profile.

It should be noted that at all the mentioned pesfilin mid-November 1996,
maximal flows for that year were recorded. But evease maximum annual recorded
flows were in the range of the average eventshatMartinovo selo profile, a maximum
annual flow of 79.7 riis was recorded (average annual flow being 6&/%)mand at the

Drastin profile maximum annual flow of 107fs (average of 104 ts).

From the presented data it can be concluded teautface runoff of Rjecina River
did not have an impact on the landslide re-actwvatin the sense that the runoff caused
erosion of the landslide toe and in that way desgdats stability. The landslide was the
result of the force misbalance inside the landdtidey which was caused by the change in
groundwater level that was affected by rainfallr Hos reason, in the following section,

rainfall analysis is provided.

3.3 RAINFALL ANALYSIS

Mean annual precipitation (MAP) depends largelytloe morphological characteristics of

the area. In the mountainous areas MAP is up t® 38@, while closer to the coastal part
of the wider area of Rijeka, it decreases to 17%0. mhe MAP for the station Rijeka is

1538 mm. Significant, very intensive, but shortyterainfall events have the major

influence on water discharge for surface, as weloa groundwater (Rubinic et al. 2009).

Therefore, the surface flows of the study area hawveential characteristics. The wet

season lasts from September to January, with fheehson from May to August (Figure

3.5). The whole area is occasionally subject to/ vetense rainstorms, which can cause
serious damage by flash floods and consequentlg masements.
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Data used in the rainfall analysis are from thelkjclimatological station, located
in the most downstream part of the Rjecina River. the analysis of long-term rainfall
data (or antecedent, "pre-event”) we used dataaftimy precipitation records at Rijeka
station for the period from 1948 t02011. For therskerm data analysis, we had daily
precipitation for the period from 1993 t02006 of tame station as well as the continuous
(i.,e., every 5 min) rainfall record for the 3 mongeriod that preceded landslide
reactivation (Septembef1December 8 1996).
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20 2000
15 1500
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0 T 1 1 1 T T 1 1 T T \I 1 0
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250 0
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® >100 m3/s 5
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@ I
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0 .J . p g. 20
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Figure 3.3 Changes in the water regime before and after thetaection of a dam in 1968.
(Modified from Rubinic and Saric 2005g8) Mean annual discharge s) (b) Maximum annual
discharge (riis).
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3.3.1 Long-term analysis

The most recent larger displacement of Grohovodbe was observed on Decemb& 5
1996. The landslide was triggered by a longer t&ral rainy period that lasted for a few
months. During that period, the regional mean ahptecipitation (MAP) was 1929 mm,
26 % higher than the average MAP for the periogvbenh 1948 and 2011. The long rainy
period resulted in a cumulative rainfall in the ipdrfrom October to December which
exceeded 900 mm, which is app. 74 % higher compar#te average cumulative rainfall
(523 mm) calculated for the same period (Oct-Dadhe period between 1948 and 2011.
Figure 3.4 shows the cumulative rainfall measuretha Rijeka rain gauge in October,
November, and December, 1996. During this peribd,rhonthly rainfall was from 96%
(October) to 66 % (November) higher than the lagrgnt (1948-2011) monthly averages

(red lines and italic numbers in Figure 3.4).
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Figure 3.4 Cumulative rainfall at Rijeka station for OctobRigvember, and December 1996.

Analysis of the available historical record indestthat monthly rainfall at the
Rijeka rain gauge exceeded 200 mm more than 9Gt{ofea total 134) in the period from
September to December for the 65 year period (Z®8:), with a maximum monthly
value of 526.7 mm in October 1998 (Figure 3.5). Higure 3.5 the mean annual
precipitation (MAP), minimum annual precipitatiorMIN) and maximum annual
precipitation (MAX) are shown for the period fron®48 to2011. The dashed, broken
violet line shows monthly precipitation for 199@f(l axis). Bars show relative frequency

of events when monthly rainfall exceeds 200 mmh(rigxis). Relative frequency is
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calculated by dividing number of events exceedi®@ &xm/ month by the observed period

(1948-2011).
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Figure 3.5 Monthly distribution of rainfall at Rijeka station

However, analysis of the cumulative rainfall foetB-month (Oct-Nov), 3-month

(Oct-Dec) and 4-month (Sep-Dec) period (Figure B6A indicates that only once (in
2000, 742 and 986 mm) the cumulative rainfall far 2 (Oct-Nov) and 3-month (Oct-Dec)
period exceeded the cumulative value measured96 {43 and 907 mm respectively on
Figures 3.6ab), and four times (in 1960, 1976, 12@8 in 2000) the cumulative
precipitation for the 4-month period (Sep-Dec) (Fay 3.6¢c) exceeded the rainfall

measured in 1996 (1069 mm). Bars on the Figureaf@rranged from high (left) to low

(right) values of cumulative yearly rainfall. Redrb show cumulative rainfall for the same
2, 3 and 4-months periods in 1996.

We also performed a probability analysis of the glative monthly rainfall for a 2-

month period (Oct-Nov), a 3- month period (Oct-Daod a 4-month period (Sep-Dec).

Based on the obtained results, we determined tlagacter of the rainfall probability

during the observed period in 1996. Several prdipalistribution functions were used

(Galton, Gumbel, Gamma Il, Pearson lll, Log Peardbmand GEV) together with the

Smirnov Kolmogorov test to estimate goodness of fit

Table 3.1 summarizes the results of the analy$iswmg the basic statistical

indicators of the analyzed data series (averagejmman and minimum as well as the
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annual data in 1996) and the values calculatedhiicharacteristic return periods (2-100
yr).
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Figure 3.6 Cumulative rainfall at Rijeka station, for the iper of: @) 2-months (Oct-Nov),
b) 3-months (Oct- Dec) ant) 4-months (Sep-Dec) during 1948-2011.
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According to the results of the analysis, theeobsd cumulative values of 2
months of rainfall (Oct-Nov) matches the rainfalittwa 19 year return period (RP),
cumulative 3- month rainfall (Oct-Dec) is adequite 24 years RP, while cumulative 4-
month rainfall (Sep-Dec) has the character of 1&ryeRP. Cumulative annual rainfall
observed in 1996 has the character of a 12 yeamreeriod Depending on the duration of
the analyzed critical period related to reactivatad the Grohovo landslide, it is obvious
that the observed rainfall is relatively rare, lbatnot be characterized as an absolutely

extreme and exceptionally rare event.

Table 3.1 Results of the analysis of cumulative rainfall fioe selected 2-, 3-, and 4-month periods

and occurrence probability.

Analyzed Period Po (mm)? Pc (mm) -RP (year)°
(months)/

Disribution | AV Min Max 199%6| 2 5 10 20 50 100
2°/ GEV 358 161 742 643 328 460 553 647 774 876
39/ GEV 520 242 986 907 490 661 773 879 10131113

4° ] Gumbel 687 320 13281069 650 850 983 1111 1276 1399

12"/ Pearson IlI 1536 938 23391929 1529 1771 1902 2011 2136 2221

2Observed Precipitatior?,Calculated Precipitation for the 2/5/10/20/50/1Gary Return Periods
(RP), ®2-month period (Oct-Nov)! 3-month period (Oct-Decf,4-month period (Sep-Dec)12-

month period (Jan-Dec).

3.3.2 Short-term heavy rainfall

Short-term heavy rainfall describes rainfall ocowgr during 24 hours with scarce
intensities (Bonacci 1994). One of the charactegsof a short- term rainfall is its huge

spatial inhomogeneity and unsteadiness, which migkestimation and the modeling of a
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runoff process difficult (Rubinic et al. 2009). $hiterm heavy rainfall especially refers to
areas with distinctive orographic gradients, sushirathe investigated Rijeka area. In
addition, the Rijeka area is characterized withfedi intensities that are among the highest
in Croatia. Pluviographic measurements at the Rijekmatological station have been
made since 1957. Rainfall Depth-Duration-Freque(@pF) curves (Figure 3.7) were
defined on the base of those data for a duratioio @and 24 hours (Rubinic et al. 2009).

As part of the conditions that led to activatthg Grohovo landslide in December
1996, we performed an analysis of probability angtarn period of rainfall occurrence
based on the pluviographic data observed at Rigekeying station (from 10 min to a 6h
duration). Rainfall events that were analyzed sthih September 1996 and continued
until reactivation of the landslide on th& 6f December 1996. For illustration, Figure 3.8
shows a selected daily series for the period 3 hsoptior to reactivation (indicated with a

red circle on the figure).
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Figure 3.7 DDF curves defined for Rijeka station (modifiedrfr Rubinic et al. 2009); numbers in
the legend representing Return periods in years, (29, 20, 50 and 100 year return periods,

respectively).

Table 3.2 shows the observed short-term rainfath vwaximum intensities for
different durations (10 min to 6 h). Each recor@ssociated with the exact date and time
the event started as well as the correspondingrreiariods according to DDF curves
shown on figure 3.7. It is clear that short termmficll observed during the 3- month period
prior to the landslide reactivation S(ISeptember 1996 —"6December 1996), had the
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characteristic of frequent events with a returnqeetess than 1 year for the 2 h duration

and an approximately 2-year return period for lgrdyeations.
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Figure 3.8 Daily rainfall observed during time period Septemifi- December 3l at Rijeka

station.

Table 3.2 Results of the analysis of short-term rainfalled@tp to 24h).

Duration P I Event started RP
(min/h) (mm) (mm/h) (dd/mm/yy;hh:min) (yr)
10 min 11.2 67.2 17.10.1996; 18:34 <1
30 min 19.3 38.6 19.11.1996; 3:15 <1

1h 27.1 27.1 19.11.1996; 3:10 <1
2h 39.9 20.0 3.10.1996; 13:15 <1
4h 69.2 17.3 3.10.1996; 11:15 2
6 h 76.2 12.7 3.10.1996; 10.00 2
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According to the results of both daily and hourbtaj the long-term rainfall events
(i.,e. cumulative 2, 3 or 4 months rainfall) wereacdcterized with much longer return
periods (10-20 years), in comparison with the sternh rainfall events (i.e. up 24 h)
which can be described as relatively frequent evefith return periods less than 2 years.

34 RING SHEAR APPARATUSTESTING

ICL-1 Ring Shear Apparatus was used in this stilithg testing procedure consisted of the
following: gap adjustment; specimen setting andirsdibn; saturation checking §p

measurement; specimen consolidation and shearpgslipar speed control and cyclic
stress control). Detailed descriptions of each péarhe testing procedure were given in

previous chapter, Chapter 2.

First, the gap was adjusted by applying a vertiocatl of 1.5 kN. Secondly, the
shear box without specimen was filled with £&hd de-aired water to expel entrapped air.
Third, the specimen saturated by de-aired watenduhe night was slowly placed in the
shear box. Because the specimen was previouslyasady water circulation was not
necessary. The saturation of the specimen was dhecked by measuring th# value
that should be greater than 0.95 for fully satuwtagpecimens. For both specimens,
Bp=0.95 was obtained, which means that a fully sédrapecimen was obtained without

water circulation.

After full saturation was confirmed, the initialrets state of the specimen was
created. Therefore, the specimen was normally diolased under pre-decided normal and
shear stress, depending on the specimen deptle, @fape, and unit weight of the soil. The
estimated depth of the displaced mass varied framt6 a maximum 20 m (Benac et al.
2005a). According to published engineering-geolaigicodels (Benac et al. 2005a, 2005b)
and the location of the sample, a sliding surfasgtid at 10 m, slope angle of°1and unit
weight of 21 kN/ miwas assumed. These parameters were used in theatale of initial
stress (200 kPa for normal stress and 80 kPa &argiress).

After consolidation, shearing was applied by stas#rol mode (a cyclic test) and

a speed-control test in undrained conditions.
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3.4.1 Specimen

Surface samples from the landslides are usuallgntgkom locations with outcrops of

material where sliding surfaces are assumed. Gmlsovface sample (GS1) was taken
from the flysch outcrop shown in Figure 3.9. Looa# of boreholes (B1 and B3) that are
drilled with the purpose of obtaining a sampleriog shear testing are also shown in the
figure with red dots. The location of the surfaaenple (GS1) that was tested in this study
is shown in a black triangle. A clayey sample géth was taken from the outcrop near the
crown of one of the landslide bodies, from the amart of the slope. Basic parameters

for this surface sample were obtained by standdrdrhtory tests (Table 3.3).
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Figure 3.9 Location of surface sample and boreholes.

3.4.2 Resultsof Ring Shear Test

Speed Control Test

After consolidation of the specimen, a speed-cdrigst was conducted under constant
shear speed of 0.02 cm/s in an undrained condifibe. specimen was sheared until a
steady state condition was obtained at 2 m of degphent. Figure 3.10 shows the stress

path that reached the failure line and moved doWamgathe failure line, without an
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observed peak failure line. The straight line rigtithe stress path gave values of the

friction angle during motion, and also at peakd@as®,,=31.9° as well as the apparent

friction angle,®,=20.4°. Cohesion was assumed to be zero.

Table 3.3 Specimen properties.

Prameter Value
Specific gravity Gs (g/cnT) 2.66
Water contenty (%) 26.87
Wet unit weightyt (kN/m°) 20.11
Dry unit weight,yd (kN/m°) 15.86
Porosity,n 0.26
Void ratio,e 0.35
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Figure 3.10 Stress path of undrained speed-control test ametat clayey specimen from
Grohovo landslideB,=0.95:p,=1.51 g/cr).
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Cyclic Stress Control Test

After the specimen was consolidated at 200 kPaohal stress and 80 kPa of shear stress,
cyclic shear stress was loaded with the amplifccathcrement of 10 kPa/ cycle at 0.1 Hz.
Due to the low permeability of the specimen, a glowycle shearing of 2 cycles/ h was

chosen, in order to obtain reliable pore presswegasurement data.

Figure 3.11a shows the time series data and 3lELbttess path of the cyclic stress
test. The sample failed, but without rapid failumotion. Figure 3.11a shows that
displacement of 700 mm occurred after 6,000 secpamd pressure of app. 20 kPa was
generated. Both lines of the control signal for ashetress and the mobilized shear

resistance were the same during the test.

Shear displacement occurred in the following maoglech time the shear stress
given by the control signal reached the value afashresistance, shear displacement
occurred. When shear stress decreased, displacsto@ped and shear resistance moved
down with loaded shear stress lower than the failure. The sample showed dilative
behaviour, which is indicated by black arrows imgu¥e 3.11a, showing negative pore
pressure generation at each displacement step.eQuestly, the peak friction angle
increased as well, from the initial value of 31t6°39.0° and 41.2° (Figure 3.11b). The

sample showed strength-hardening behaviour.
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3.5 SUMMARY AND CONCLUSION

Grohovo landslide is one of the study areas chésemvestigation in Japanese- Croatian
joint research project. It is a reactivated lardisliormed on the contact zone of carbonate
and flysch rock complexes. Flysch is a typical matef the area and due to its material
properties is prone to erosion and other typesnsfabilities. Rainfall has been always
considered a major trigger to these events; howexecomprehensive analysis of rainfall
data was done in the past. Therefore, assessmemb @ossible triggers of this reactivated
landslide: rainfall and earthquake was done. Tcestigate the rainfall conditions that
resulted in the reactivation of landslides in 199@jnfall data from the Rijeka
climatological station was used. Both long-term ahdrt-term rainfall data were analyzed
and their impact on the Grohovo landslide was amred. The assessment of seismic

triggering was done using the ring shear apparatus.

By analyzing the monthly precipitation data for fRgeka station in a 65 yr. period
(1948-2011), it was found that landslide reactativas probably caused by cumulative
rainfall in the rainy period during October and aber. It is clear that in 1996 a very dry
summer period (with precipitation lower than averdgr the 65 yr. period) was followed
by a very wet period (exceeding average values99%6J. However, by analyzing daily
and hourly data of the same period (September-Dieeerh996), no significant single
event was observed in that period. The return gesfdhe observed 2, 3, and 4 cumulative
monthly rainfall in 1996 was 19, 24, and 15 yeaspectively. Short-term data analysis
showed a much higher probability of occurrence, less than a 2-year return period. The
analysis indicated that antecedent conditions avezrmportant for the reactivation of a

landslide or landslide initiation than short-teramnfall intensities alone.

Due to the low permeable properties of flysch makeand to the behaviour of
landslides in the same or in similar clay rich mats, it is reasonable to assume that
cumulative rainfall for a longer period has a mionportant role in landslide formation and
reactivation. This is also in accordance with poasi investigations that generally
emphasized the importance of soil moisture in |addsinitiation of low permeable
terrains (Pasuto and Silvano 1998; Glade et al0208kob and Weatherly, 2003; Aleotti
2004, Guzzetti et al. 2008). Some argue that greatel levels and soil moisture

conditions cannot be considered as triggers, bpregsaratory factors (Reichenbach et al.
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1998, VanAsch 1999, Guzzetti et al. 2008). Howeaatecedent rainfall that influences
both groundwater levels and soil moisture can lexlue determine when landslides are
likely to occur. The main difficulty is that the fit@tion of the period over which rainfall
accumulates and the considered periods vary frotay3 to 4 months (Cardinali et al.
2006). In our study, antecedent conditions of longeriods (60-120 days) showed to be
the most important for landslide reactivation. Saesearchers also found that the number
of antecedent days is related to the depth of thenpial failure surface and larger
windows of antecedent precipitation periods haveb#& considered for the deeper
landslides (Van Asch et al. 1999, Terlien 1998).

However, the role of short term events should netignored, especially in
catchments where runoff reflects the short-termrdipdical behaviour of the basin,
particularly during extreme events (Reichenbachl.€1998). In that way short-term events
can also cause landslides, by erosion of the latelébot that may result in reactivation.
Unfortunately, discharges of the Rjecina River ba Grohovo profile (located upstream
from the landslide) were not available for the p@ril995-1997. Consequently, the
evaluation of the effect of discharge on the reation of landslides in 1996 was not

possible.

Although the analysis of rainfall indicated the ion@ance of antecedent conditions
in reactivation of the Grohovo landslide as is tlase with the initiation of landslides of
similar geological setting in Croatia (Dugonjic aAthanas 2012), because of the lack of
data it is difficult to establish an empirical teheld and instead, a physically based rainfall

threshold should be determined.

The new, transportable ring shear apparatus, |GAkak, applied for testing samples
taken from the Grohovo landslide in Croatia. Thpaaptus was used for obtaining basic
soil parameters by conducting an undrained spesttatidest and as a simulation test for
dynamic loading, by conducting a cyclic stress.tesbm the results of the cyclic stress
test, assessment of a seismic trigger was donerdiag to the results of the cyclic ring
shear test, clayey flysch specimen from the Grohlawislide showed the following
behaviour: an increase of friction angle and shieaistance that was caused by dilation
and generation of negative pore pressure. Thidteesin soil hardening behaviour. From
this it was concluded that Grohovo soll is resistarseismic loading. From these findings,

earthquakes can be ruled out as possible triggeleicase of the Grohovo landslide.
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Chapter 4 Negative Rate Effect in
Sand-Bentonite Mixtures

4.1 INTRODUCTION

The measurement of strength parameters is neceksasfability analysis. Peak shear
strength is used when analysis is made for firsetslides. Peak shear strength is defined
as the highest shear strength measured, and thigg#t is measured by triaxial, direct
shear, and simple shear apparatus. Small displatemeasually necessary for the soil to
reach its peak strength. After peak strength washed, the strength gradually decreased
until reaching a constant minimum value at a latgplacement. According to Skempton
(1985) this is the definition of residual sheaesgth. However, the concept of residual
strength is meaningful only for soils that contpiaty particles and consequently, can form
a shear zone or shear surface with highly orieptaty particles (Mesri and Cepeda-Diaz
1986, Bromhead 1992, Stark and Eid 1994, Wood 1986¢ording to Skempton, the
effect of particle reorientation is felt only inilschaving a clay fraction exceeding 20-25%.
Skempton also differentiates between critical statefully softened state) and residual

strength, which corresponds to the orientationlatyparticles along the shear plane.

Ring shear apparatus was designed for the purgadetermining residual strength
because it allows shearing at almost unlimited ldegment. Unlimited displacement is
necessary because it enables gradual reorientticlay particles parallel to the direction
of the shear. The measurement of residual strasgtignificant in soil stability problems
where the existence of shear zones is known (readetl landslides) or suspected. The
residual behaviour is influenced by: mineralogy dhd shape of the patrticles, applied
stress, the type of shearing (turbulent or slidinige rate of displacement and pore water
chemistry (Lambe and Whitman 1979, Fell et al. 2Q@0doueil 2001).
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The drained residual strength of cohesive soilsbessn studied extensively in the
past (Bishop et al. 1971, Skempton 1964, 1985, ta@®70, Lupini et al. 1981, Lemos
1986, Stark and Eid 1994, Tika et al. 1996, Tiveard Marui 2004, 2005, Meehan et al.
2008, Saito 2008). Early investigations on thedwsi strength of cohesive soils focused
on the measurement of the residual strength ativelya slow rates of displacement to
prevent the generation of excess pore water presiuing shearing. Although rate effect
on the residual strength was investigated everhasd earlier studies (LaGatta 1970,
Bishop et al. 1971), because of the narrow rangmatefs of displacement used, no rate
effect was reported. The review of the previousestigations on the rate effect on the
residual shear strength is given in more detaith@ following section. An extensive
literature review was done to determine proper gre@ages and types of clay material as
well as the methods used.

However, in most of the previous studies the carmeasurement of pore water
pressure in ring shear tests was not possible tfamgj the influence of pore pressure on
rate effect in cohesive soils remained uncleartoS@008) was the first to explain the
mechanism of negative rate effect by conductingainéd ring shear test.

The following data were found in previous studiegpini et al. 1981, Skempton
1985, Lemos 1986, Tika et al. 1996, Saito 2008)ianded as a basis for further research
in this thesis; namely, soils showing a negative effect have a drastic drop in shear
resistance for the rates of displacements highem the critical, attaining fast minimum
values of 30- 50 % of the slow residual. Soilsha transitional shear mode range usually

exhibit this type of behaviour.

The aim of this chapter is to investigate in moe¢ad the reported drop in residual
strength of transitional soil in the range of ravéslisplacement between 0.1 and 1 mm/s.
A series of undrained single-stage and undrainedined, and partially drained multi-stage
ring shear tests were conducted to investigateefifést. The results and their significance

are shown and discussed.

For simplicity, in this chapter we use the termsideial strength” for all specimens
regardless of the clay fraction percentage, althcagymentioned above, this term should
be used only for soils that exhibit the effect ddrtgcle orientation. All rates of

displacement are given in mm/s to be comparabléh whie international landslide
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classification (WP/WLI, 1990). The residual effeetifriction angle is determined as a

residual secant friction angle, assuming cohes@eio.

4.2 REVIEW OF PREVIOUS EXPERIMENTAL WORK ON THE
EFFECT OF RATE OF DISPLACEMENT ON RESIDUAL
STRENGTH

Besides using the ring shear apparatus for thesiigagion of the rate effect, experimental
studies in granular material have also been cawigdby flume tests, and in cohesive
material by a reversal direct shear test. Howevethe following section, an overview of
the rate effect on both granular and cohesive soifglucted on ring shear tests is given,
by summarizing the most important findings fromd'opapers with an update with recent
research on this topic. The details of the specintested and methods used are described
in detail.

4.2.1 Granular Soils

All earlier investigations on the rate effect bygishear tests on granular soils reported no
or slight rate effect (e.g., Hungr and MorgenstE984, Savage and Sayed 1984). The first
tests were carried out on glass and plastic gramgéerial (Savage and Sayed 1984, Sassa
1985). Hungr and Morgenstern (1984) carried oud shear tests on sand specimens with
varying normal stress (up to 200 kPa) and velaxifle 160 and 1000 mm/s). All tests
resulted in unique angles of friction, practicaliyaffected by the rate of displacement of
the test.

Investigating the effect of grain crushing of sandsthe generation of excess pore
pressure, Okada et al. (2004) performed undraindcdhaturally drained speed-control ring
shear tests on silica sand, under different nostralsses (50, 200 and 470 kPa) and at
different rates of displacement (3, 5, and 100 mn#ser silica sand No. 8, an almost
constant value of friction angle was observed dture, regardless of the shear rates of
displacement used. For the silica specimens graishtig was small in Okada et al.

(2004) tests and no excess pore pressure was tghdrmwever, in the tests in the Osaka
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group, coarse sandy soils were present due tortie grushing that occurred during the
long shear displacement (60 m), and there wasmidrthe shear strength with an increase

in the rate of displacement.

Fukuoka et al. (2007) conducted a series of ndyudabined ring shear tests on
mixed sand and mixed beads under different nortnesses and rates of displacement to
study the process of shear zone development. Té&y a normal stress of 22 and 200 kPa
and rates of displacement of 90 and 2000 mm/s.shiear zone was visually observed (a
ring shear apparatus with a transparent shear lagxused) and the variation of grain size
distribution along the specimen cross section wasnied. The following results were
obtained: large grains were concentrated in théraleand upper part of the shear zone,
and small particles deposited downward and upwesth fthe shear zone. A possible
explanation was suggested -larger grains tend teenmdo the moving layer that is in the
shear zone. These results are consistent with giesented by Wafid et al. (2004). He
studied the evolution of the shear zone and fohad &t steady state (shear displacement
of 10 m) the shear zone was separated into twe pgra segregation process. The upper
part consisted mainly of coarse grains, and theobobdf the of the shear zone where fine

particles accumulated.

4.2.2 Cohesive Soils

Many papers have provided detailed reviews of itigaBons on the drained residual
strength of cohesive soils (La Gatta 1970, Lupinale 1981, Skempton 1964, 1985 and
Tika et al. 1996) and the effect of the rate ofpliisement on the residual strength is

mentioned in some of them.

La Gatta (1970) conducted tests on three specirt@rae and clay) by initially
shearing them at 0.001 mm/s until the residuahgtfewas defined. Then he reduced the
rate of displacement to 0.0001 mm/s with no sigaiit change in the shearing resistance.
Next, he increased the rate of displacement to én@i/s and reported the increase of
resistance by only 3.5 %. Skempton (1985) alsorteda negligible rate effect within the
usual range of slow laboratory tests (0.00003-®000n/s). When those results were
compared to field values, this variation appearetivben -3 to +5%. Tiwari et al. (2005a)
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obtained similar values for tests conducted on ispats from two landslides, under a
normal effective consolidation stress of 250 kPeatds of displacement of 0.002 and 0.02
mm/s. The value of the residual shear at the higter of displacement was about 2 and

3% higher than for the lower rate used.

Most of the previous investigations reported tlgnisicant change in the residual
shear behaviour of cohesive soils with an incréasgay fraction. Many researchers tried
to correlate the residual friction angle of soilshwheir index parameters (Skempton 1964,
1985, Voight 1973, Lupini et al. 1981, Mesri ando€ea-Diaz 1986, Stark and Eid 1994,
Tiwari and Marui 2005, Wesley 2003). The resultsveing a decrease of the residual
effective friction angle with an increase in clagdtion, obtained by Lupini et al. (1981)
were summarized by Skempton (1985) and are repeadirc Figure 4.1 along with the
results obtained by Tiwari and Marui (2005). Figdré shows the change from "sand" to a
"clay” type of behaviour and consequently, a desweia the residual effective friction
angle with the increase of the clay fraction. Ciegction (CF) refers to percentage by
weight of particles smaller than 0.002 mm, as deiteed by sedimentation. The
percentage of CF that differentiate the "sand" ‘&iay" behaviour, obtained by Tiwari
and Marui (2005) are lower, 8.5 % and 42.5 %, retppaly, compared to 25 and 50 %
obtained by Lupini et al. (1981).

40 [ 1 1 1
[}
Tur!?ur‘enr i Trans.r't.i‘ori?a:‘ i Sliding
| | -
30 € | 3
a 1 1 1
ks : i} ===Tiwari and Marui, 2005
— I 1 1
o i ! 1 == Skempton, 1985
© 20 ! b i
1 1 1
1 1 1
I 1 I
I 1
[} 1 1
10 N
i : —t——bt—a—a—t
0 ; I 1 1
0 20 40 60 80 10C

Clay Fraction, CF (%)

Figure 4.1 Residual effective friction angle as a functiorclafy fraction-from the drained
ring shear tests on sand-bentonite mixtures (froamaii and Marui (2005) and Skempton (1985)
after Lupini et al. (1981)).
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Most of the authors recognized that the use of £BRraindicator of platy particles
did not give real insight in the composition of IsdMeasurement of the clay content
proportion of total clay minerals indicates soikdhcteristics more comprehensively than
CF (Tiwari and Marui 2005). However, for practicaasons, the use of CF for descriptions

of soil behaviour is still more widely used.

Lupini et al. (1981) carried out a series of ringear tests on sand-bentonite
mixtures, and suggested two basic mechanisms imekielopment of residual strengths
that mostly depend on clay fraction percentage. @hthors called the mechanisms
turbulent (rolling) and sliding shear with a trdisial shearing between these two
conditions. When soils containing both rotund amatypparticles were sheared at large

displacements, the following behaviour was observed

. A turbulent (or rolling) mode was identified in Bowith a high proportion of rotund
particles, when the clay fraction is less than 8092 and soil behaves much like
sand or silt, with higher friction angles (usuafiyeater than 25°). The "residual
strength” of these soils will be same as the alititate strength and they will exhibit
almost classical critical state type behaviour.the turbulent mode of shearing,
preferred particle orientation does not occur, #redchanges in shear zone are only
concerned with change in porosity.

. A sliding mode was identified in soils formed byhagh proportion of platy low
friction particles, when the clay fraction is abd@% and residual strength is
controlled by the sliding friction of the clay miads. In the sliding mode, platy clay
particles orientate in the direction of shearindgnefiefore, a low strength shear
surface is formed and results in low residual gjtierof a predominant clay mineral
(15 ° for kaolinite, 10° for illite and 5° for mambrillonite).

. A transitional mode was identified in soils with dominant particle shape, when the
clay fraction is 25% to 50%. Shearing involves btfbulent and sliding behaviour
of a shear zone with rotund particles that disthet development of a continuous

shear surface.

In both sliding and transitional shearing modejd@sl shear strength depends on the

mineralogy and shape of clay particles (clays dairtg platy minerals are more likely to
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orientate in shearing and show a decrease in shemtance) and pore water chemistry
(Lemos 2003, Tiwari et al. 2005b, Fell et al. 200€roueil 2001).

Lupini was the first to identify the rate effect time drained residual strength in
cohesive soils and following his findings, sevestaldies focused on the influence of fast
rates of displacement on the residual shear stiefigimos1986, 2003 and Tika 1989,
Tika et al. 1996). The subsequent authors showed ¢anfirmed the findings of earlier
studies) that residual strength is relatively irsstéave to the rate of shearing for the slow
rates of shearing. However, at faster rates (v¥ mén/s according to Skempton (1985)
and Tika et al. (1996)), the effect of rate of thgement on residual strength is significant

and plays a role in the pattern of behaviour.

Lemos (1986, 2003) identified and described théepatduring fast shearing of a
shear zone that was previously formed by slow @ashearing (when "slow" or " static"
residual strength is obtained). The following bebaw is typically observed during fast
shearing: an immediate increase in strength (tlotdsha further increase in strength to a
maximum (fast peak) and finally, a decrease ofngfite to a minimum value of fast
residual strength. Three types of rate effects lu residual strength were identified
(Figure 4.2), according to the relation of fastidaal strength to slow residual strength:
positive (POS) (fast residual>slow residual strBhgheutral (NEU) (fast residual=slow
residual strength) and the negative rate effect@N@ast residual<slow residual strength).
Soils with a turbulent shear mode exhibited a rakwir negative rate effect, soils with a
sliding shear mode showed a negative or positifecefvhile the transitional shear mode

showed a negative rate effect (Tika et al. 1996).

Slow shearing Fast shearing Slow shearing
- | |

Fast peak
Fastresidual

Treshold (mlnlmum)
\ A _Slow peak

e

\

Strength
| —

Displacement

Figure 4.2 Three types of rate effects on the residual strerfgummary of the observed

rate- displacement phenomena for residual stre(adiidr Tika et al. 1996).

-64 -



-Chapter 4

Tika et al. (1981) and Lemos (2003) also tried neestigate the causes of the
negative rate effect and they suggested a possiklghanism. Causes of negative rate
effect, such as pore pressure as the most impatentwere investigated by using indirect
(fast shearing with and without consolidation pheas®d direct procedures (measuring of
pore pressure and temperature immediately aftérsfasaring). These authors suggested
the following mechanism of decrease in strengtst $aearing involves dilation of massive
particles which results in increased void ratio andsequently, increased water content of
the shear zone which leads to strength reductidka @t al. 1996, Lemos 2003).

Skempton (1985) concluded that there is a qualgathange in the behaviour of
soils when they are sheared at rates exceedingin@s. He suggested that in soils with a
positive rate effect this is probably due to thstalbance of the original structure and in
soils with a negative rate effect, he assumedrtegative pore pressures are generated, and
as displacement continues, these pressures aneadiggswithin the specimen, thus leading
to a decrease in strength. He also states: "tire\s significant that this material lies in the
“"transitional” zone, but why it should show increas fast rates followed by an abnormal
decrease is not clear. Clearly more research idatebetter to define the limits of this
phenomenon and for all types of soil, to measuree paressures at fast rates of
displacement and to explore the effects in rapstistelhe results and their significance in

engineering design are obviously considerable” if§ken 1985).

Meehan investigated shearing resistance that camdiglized on slickensided
rupture surfaces in clay slopes during earthqullesonducting a series of ring shear tests,
direct shear tests, and triaxial tests (Meehan R0O0& aim of his study was to investigate
static and cyclic shear resistance of slickensglagfaces. A series of fast ring shear tests
were conducted in the Bromhead ring shear devicRamcho Solano Fat clay specimens
(CF >53 %). The purpose of these tests was tmtdetrelop an understanding of the fast
residual shear strength along existing slickensidisdontinuities. He used same multi-
stage testing approach proposed by Skempton (188bjitial drained shearing at a slow
rate (0.0003 mm/s), then rapidly shearing until.&0 mm of shear displacement (0.74
mm/s), and then slowly again to re-establish ttened residual condition (Meehan et al.
2007, 2008). Test results indicated a positive edfect that was in accordance with
previous studies. However, there was a cyclic emeeand decrease during that fast

shearing stage that was likely caused by a shittihthe top platen during shearing. In
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addition to this problem, he also pointed to thebpgm of the pore pressure response,
which in the Bromhead ring shear apparatus, oatdiffierently than it would occur in the
field, or in the Bishop type of apparatus. Thibéxause in the Bromhead type of apparatus,
shearing takes place at or close to the top platethhe generated pore pressure dissipates
relatively quickly. He showed that the Bishop tygdering shear apparatus is better suited

for testing at fast rates of displacement (MeehZ062

Saito (2008) conducted a series of undrained rirgpistests on silica sand and
sand-clay mixtures (sand with 10 and 20 % of kadllite and bentonite), in order to
investigate the mechanism of the negative rateceffée showed that there is an effect of
the rate of displacement on the secant frictionleamg bentonite-sand and illite-sand
mixtures but not in silica sand and kaolin-sandtores. His results of undrained multi-
stage test on silica sand and a 20 % bentoniterspacshowed a significant difference in
effective friction angle between 0.01-0.1 mm/s. Thee effect on the effective secant
friction angle was interpreted as a change in #greke of interlocking that was influenced

by the change in the shear zone by the type ofaraithe particle segregation.

4.3 APPARATUSAND TESTING PROCEDURE

In this study, ICL-1, a transportable and compantrained ring shear apparatus designed
by Sassa in 2010 is used. The details related tméchanism and structures are explained
in detail in the previous chapter. The maximum shate of displacement it can produce is

54 mm/s and the minimum is 0.01 mm/s.

4.3.1 Tested specimens

Three types of specimens were tested, one of plica sand No. 8 (SS 8) and two
mixtures of silica sand and bentonite clay (SB 2B,30). Both silica sand and bentonite
are commercially available and were mixed in ddferproportions; 20 % and 30 % of

bentonite (by weight) was added to silica sand ZB8Bnd SB 30 respectively).

Silica sand No. 8 is a silty sand mainly consistfigjuartz and smaller amounts of

feldspar while commercial bentonite contains maisigectite and smaller amounts of
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crystoballite, illite, and quartz. The bentonit@yclused in this research is Na—bentonite
with 97% of clay fraction, and plastic and liquichits which were measured to be 85.7
and 357.9 (Gratchev et al. 2007). Specimen pragsedte given in Table 4.1 and grain size
distribution is shown in Figure 4.3. Grain sizetdmition was determined according to

Japanese soil testing practices. The Clay fra¢t@¥) determined by sedimentation seems

to be overestimated due to the high percentagit o silica sand No. 8.

Table 4.1 Specimen properties

Bentonite

Speci tent CF P - oL |
ecimen conten
P (<im)  (glend) (%) (%) P
(%)
SS 8 0 5 2.59 - - NP*
SB 20 20 30 2.55 64.3 26.5 37.8
SB 30 30 40 2.45 70 20 50
*NP- Non Plastic
C 0002 M 0.06
1 | e
i |
< 80 |
=1
»
# 60 —-S5S8
; -8-SB20
40 - i
> SB30
=
20
0
0.001 0.01 0.1 1

Grain diameter (mm)

Figure 4.3 Grain size distribution.

In the previous ring shear tests with saturatedispens, dry samples were usually

placed in the shear box and then saturated by veateulation. For low permeability
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specimens, this process of water circulation tdoleast several days (Tiwari et al. 2004

mentioned 72 h).

To reduce the time of sample saturation, the sampke saturated outside of the
shear-box. All the mixtures were first mixed drigeth saturated with de-aired water and
finally mixed until they became slurry. Next, thexere placed in a vacuum and left for at
least two days (Figure 4.4). A similar proceduresweported by Toyota et al. (2009).
Therefore, the already prepared saturated specw@snplaced into the ring shear box
filled with de-aired water. In this way, fully satted samples were successfully prepared

without water circulation, which was confirmed By> 0.95.

Figure 4.4 Silica sand-bentonite specimens in vacuum tank.

Silica sand-bentonite mixtures were chosen foringstbecause both are
commercially available and the same mixtures weséet in ring shear tests by Lupini et
al. (1981), Tiwari and Marui (2005) and Saito (2D08Iso, the aim was to investigate in

more detail soils in a transitional zone that sliognegative rate effect.
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4.3.2 Testing Procedure

The testing procedure consisted of; specimen gdainraonsolidation, and shearing. The
following procedure was employed to saturate thecispens for the ring shear tests. Here
only a short description of each stage is givergabse details of the procedure are
explained in the previous chapter.

Gap adjustment and measurement of rubber edgmifricifter the apparatus is set
up without a sample, the gap value is adjustedgpyyang the vertical load of 0.8 kN. The
shear box without a sample was filled with £&hd de-aired water to expel entrapped air.
Then, the friction of the rubber edge was measurkd.increment of shear resistance due
to rubber edge friction was usually around 25 IdPal that value was subtracted from the

measured test values to obtain the true sheatamesesof the specimen.

Next, a saturated sample was slowly spooned in¢haired water inside the shear
box. Preparation of saturated specimens has besitopsly described. The saturation was
then checked by measuring tBg value which should be greater than 0.95 for fully

saturated specimens. For all specimBgs 0.95 was obtained (Table 4.2).

The sample was then consolidated in drained camdifi under a pre-decided
normal stress of 400 kPa (or 500 kPa in some tesés the back pressure of 100 kPa was
kept constant during the test). For all tests draes initial effective stress of 400 kPa was

used and normal stress was kept constant durihg tes

After consolidation, the shearing was applied bgespcontrol tests. To investigate
and explain the decrease in shear resistance anefféctive secant friction angl@{),

two series of speed-controlled ring shear testewenducted on silica sand and silica

sand-bentonite mixtures:

» Single-Stage Shearing-each individual specimen was sheared at one aunstee of
displacement until a certain displacement in thdraimed condition. Four different
rates of displacement were used: 0.01 mm/s, 0.1spihmhm/s, and 10 mm/s. The first
two rates of displacement are considered slow, lasdtwo fast. By testing a new
specimen at each shear rate, it was possible tm dkie effect of settlement that

occurs during a multi-stage test.

-69 -



-Negative Rate Effect

* Multi-Stage Shearing-one specimen is sheared in several stages wittreht rates
of displacement until 1m of displacement for eatdgs is achieved. To confirm
previous rate effect findings, specimens were subjeto alternating slow and fast
shearing stages, as shown in Figures 4.2 and 4s5, $low shearing was applied and
was stopped after 1 m of displacement. Next, tleeisgen was re-sheared at a fast
rate of displacement. Four types of multi-stageashg were conducted, depending on
the rates of displacement used and the draininglitons during shearing, and the
pause that followed after shearing was stoppedtheofirst three types, three rates of
displacement were used (0.1, 1 and 10 mm/s) imragest that is, until cumulative
displacement of 8 m. Figure 4.5a shows the rateisplacement used in the 8-stage
type of tests. In one type of multi-stage test,gpecimen was sheared until 7 m, in 7
stages, using only two rates of displacement (dd & mm/s), but with a gradual
change between them. Rates of displacement ustulsitype of multi-stage test are

shown in Figure 4.5b.

To avoid possible terminological confusion, differenulti-stage tests were named
by the state of the upper valve during shearing @asing: as open or closed (C-O; C-C
and O-0). The first letter refers to the positidrthee upper valve during shearing and the
second letter refers to the valve position durimg pausing, e.g C-O is the multi-stage test
in which shearing is conducted with a closed upéve and during pausing the valve is
open. When silica sand is sheared with the uppleev@pen, shearing is considered to be
drained. However, in the case of SB 20 and SB 3&ispens, shearing with the open
upper valve is considered to be partially drairestause the pore-pressure generation rate
is greater than the dissipation rate. And to besist@nt, the same was done for the pause
that followed after shearing was stopped: with dpen upper valve, consolidation was
allowed while with the closed upper valve, no cdigsbion was allowed. The following

are the four types of multi-stage tests conducted:

1) Undrained test with consolidation- Multi-stage Test in 8 stages (I-VIII; C-O).

Shearing in undrained conditions was conducted irst&8ges. After 1 m of
displacement shearing was stopped and the uppee wglened for pore pressure to
dissipate. The specimen was allowed to consolidate after the pore pressure was

zero, re-sharing at a different rate of displacengenld start.
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2) Undrained test without consolidation- Multi-stage Test in 8 stages (I-VIII; C-C).

Shearing was conducted in undrained conditionsadtet shearing was stopped, the
upper valve was kept closed and pore pressure coofddissipate. In this way

consolidation of the specimen was not allowed.

3) Drained/ Partially drained test with consolidation- Multi-stage Test in 8 stages (I-

VIII; O-0). The entire time during the test thepap valve was open enabling
drainage during shearing. As mentioned earlierashg was drained in silica sand
specimens and partially drained in the mixtureseA$hearing was stopped, the valve

remained open to allow full dissipation of poregs@re and specimen consolidation.

4) Undraind test with _consolidation- Multi-stage Test in 7 stages (I-1V; C-O) with

gradual change of the rate of displacement. Carditof this test are the same as in
the first case; namely, the undrained shearingliswed by consolidation, except the

change between the slow (0.1 mm/s) and fast (1 Jrsteges is gradual, as shown in
Figure 4.5.b.
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Figure 4.5 Multi-stage tests and rates of displacement appéig 8-stage test (I-VIII) and b) 7-
stage test (I-1V).
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Multi-stage ring shear tests have been used by masgarchers in their
investigation for both stress-dependent (Stark Bidd1994, Tiwari et al. 2004) and rate-
dependent (Skempton 1985, Lemos 1986, Tika et @,18aito 2008) behaviour of the
residual failure envelope. Although multi-stagegrshear tests have been reported as being
useful, because they reduce testing time consitertiese tests are still not widely used,
mostly due to problem of leakage during long sheprand due to the limitation in

measuring peak shear strength.

Individual specimen testing is more commonly uskldoagh each specimen may
not have the same properties (Tiwari et al. 20@4)en when specimens of the same
mixture are used, different saturations can beiodtaBp value) and the consolidation
process may differ, which will result in variatiored pore pressure generation and
measured shear resistance. Due to the above mediti@asons, a series of single and
multi-stage ring shear tests were conducted foh eguecimen. Shear resistance, shear
displacement, vertical displacement, and pore pressvere monitored continuously
during each test. The results of both single-antirstaged tests are shown and explained

in the following section.

44 RESULTS

First, single-stage tests were conducted, in otddrave preliminary results that would
indicate the behaviour of the specimen shearedffgreht rates of displacement. The
minimum displacement of 3 m was reached for thevasd test (0.01 mm/s) and 20 m for
the fastest (10 mm/s). Four different multi-stageasing tests were conducted for each
type of specimen (SS 8, SB 20 and SB 30). The teeaué shown separately for all three
specimens in the following section and the listasts and test conditions are summarized
in Table 4.2.

As mentioned in the introduction to this chaptbe, tesults are interpreted using the
secant phi approach, assuming that there is naoluasicohesion, using the following
formula for calculation of the effective secantides friction angle (Figures 4.8, 4.11 and
4.14):
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¢'. = tan ! (—r) (Eq 4.1)

ar

wherert, is residual shear resistance and effective stress.

Test results of each multi-stage test are showAppendices (A1-Al12). In all
figures in the Appendices, the same representaigle was used; the slow rates of
displacement are shown in the "cold" colors (blod green) and the fast shear rates in
"warm" (violet and red) colors. The results of fonulti-stage tests conducted for SS 8, SB
20 and SB 30 are summarized and shown in the folpway: the ratio of a friction
coefficient to the corresponding residual valRg gs well as to the pore-pressure rati (
are plotted against the cumulative shear displanerffegures 4.7, 4.10, and 4.13). The
ratio of the friction coefficient to the correspamgl residual value is expressed by Eq. 4.2.
and is represented in the red lines in figures4L10 and 4.13. The pore-pressure ratiyy (
which is represented by blue lines, is calculatgdgbnerated excess pore pressude (

divided by total normal stress)((Eg. 4.3).

Ty

R=R/Ro1=(2)/(2) (Eq.42)

Ty = uj.l"rﬂ' ] (Eq 43)

The residual friction coefficienR(o o1) refers to the value obtained at the end of the
first slow stage when residual shear resistance obé@ined. Results shown in this way
allow changes to be seen compared to the resicalak vof the first stage wheR=1

indicated in figures by the grey line.
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Table 4.2 List of tests and test conditions.

TN%SI Specimen Vs o0 Ds Bo Type of test
(mm/s) (kPa) (m)
T1 SS 8 0.01 400
T2 SS 8 0.1 400 6 0.95
Single- stage
T3 SS 8 1 400 10 6
T4 SS 8 10 400 20 0.96
T5 SS 8 0.1&1&10 400 8 0.97 C-O0
T6 SS 8 0.1&1&10 400 8 0.97 ) C-C
Multi-stage
T7 SS 8 0.1&1&10 400 8 0.98 0-0
T8 SS 8 01&1 400 7 0.97 C-0
T9 SB 20 0.01 400 3 0.96
T10 SB 20 0.1 400 6 5
Single- stage
T11 SB 20 1 400 10 7
T12 SB 20 10 400 20 0.98
T13 SB 20 0.1&1&10 400 8 0.97 C-O0
T14 SB 20 0.1&1&10 400 8 0.98 ) C-C
Multi-stage
T15 SB 20 0.1&1&10 400 8 7 0-0
T16 SB 20 0.land1 400 7 0.94 C-0
T17 SB 30 0.01 400
T18 SB 30 0.1 400 6 0.95
Single- stage
T19 SB 30 1 400 10 7
T20 SB 30 10 400 20 0.96
T21 SB 30 0.1&1&10 400 8 0.95 C-O0
T 22 SB 30 0.1&1&10 400 ) Cc-C
Multi-stage
T23 SB 30 0.1&1&10 400 8 0.95 0-0
T24 SB 30 0.land 1 400 7 0.95 C-O

Ve rate of displacemendy’- initial effective stresd)s — shear displacement, C- Closed valve, O-
Open valve (The first letter refers to the positodrthe upper valve during shearing and the second

letter refers to the valve position during paugidgsts 1, 17, and 22 were not conducted.
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4.4.1 Silica Sand (SS8)

As could be expected and according to previoushliipiied data on the rate effects of

granular soils showing turbulent shear behaviduere were no rate effects in the pure

silica sand specimens. The results of both, siagié multi-stage tests showed that the
effective secant friction angle is independenthef tate of displacement used. Test results
are presented and described separately for singlenalti- stage shearing directly below:

Single-Stage Shearing Testson SS 8

All single-stage tests results (T 2, T 3, and Tcdiducted on silica sand specimens are
shown in Figure 4.6. The total normal stress of WB& was kept constant during tests and
each specimen was sheared at a different ratesptadement until 7, 10, or 20 m of
displacement (Figure 4.6a). After failure, poregsiee increased and reached app. 250 kPa
at the end of shearing, while shear resistancesdsed to a minimum value (86 kPa to 70
kPa). The stress paths of these tests are shokigure 4.6 b. with the residual failure line
showing the residual effective friction anglér{) of 29.5°. The same can be seen on
Figure 4.6c, which shows almost the same effectieion angle for all rates of

displacement used.

Multi-Stage Shearing Testson Silica Sand Specimens (SS 8)

In tests with undrained shearing and allowed cadatbn (T 5, T 8), a gain in strength in
each subsequent stage due to consolidation cagebe(Bigure 4.7). The biggest change in
sample height due to consolidation took place dfterfirst stage and resulted in higher

shear resistance in the beginning of tifestage (Appendix Al and A4).

When consolidation was not allowed (T 6), there wasuch gain. The undrained
shear resistance as well as the residual frictimgleahad the lowest values (Figure 4.8,
Appendix A2). A decrease in pore pressure and cpresd increase in resistance after
stage IV occurred because the test was stoppedgdarght. However, as soon as re-
shearing started, strength was recovered, as wqlbee pressure (Appendix A2). Almost

constant values of all parameters were then obderve
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In the case of the drained shearing with allowedsobtidation (T 7), similar
behaviour as in T 6 occurred; the ratio of a fasticoefficient to the corresponding
residual value decreased after the first stageu(gig.7). Also, there was no generation of
any excess pore pressure and vertical displacemergased gradually during shearing
and the consolidation phase. This resulted in ilgbdst shear resistance and effective
friction angle (Figure 4.8). This cannot be seerFigure 4. 7 because relative change

compared to the first stage is given, but in Figr8 and Appendix A3.

However, the changes of the friction coefficieticavere in the range of 10 % and as a
result the residual effective friction angle variatbund 3°, showing rate independent
behaviour (Figure 4.8). This can be clearly visifstam the test of the gradual change of
the rate of displacement (T 8) that is shown iruFegd.7b and Appendix A4.

4.4.2 Silica Sand and 20 % Bentonite Mixture (SB 20)

In the tests conducted on this specimen, a negedteeeffect was observed, which was in
accordance with reports of other authors (Tikd.et206, Saito 2008). As explained in the
discussion, regardless of the displacement usetheirgenerated pore pressure and other
factors, shear resistance was lower in both siaglé multi-stage ring shear tests, thus

confirming that residual strength depends on the sadisplacement.

Single-Stage Shearing Testson SB 20

In order to confirm results of single-stage te§is9(T 12 in Table 4.2), additional tests
were conducted for each rate of shearing (in Fgdr8a-T 12a). As can be seen in Figure
4.9a, shear resistance measured at 1 mm/s waswiest| and for 0.1 mm/s, the highest.
Figure 4.9b shows the effective stress paths o8 aingle-stage undraned tests. In that
graph, two distinctive failure lines could be drawone for tests at slow rates of
displacement (0.01 and 0.1 mm/s) with the=29°, and in the other one for tests at fast
rates of displacement (1 and 10 mm/s) with ¢he=16°. When residual effective friction
angles of all tests are drawn in relation to thegaf displacement (Figure 4.9c) a very

clear tendency of decrease could be seen.
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Multi-Stage Shearing Testson SB 20

Multi-stage tests on SB 20 specimens showed chaingeffective friction angle, shear
resistance and pore pressure, especially duririgsfesaring stages (ll, IV, VI and VIII).
This change was the most significant in the caseests with undrained shearing with
allowed consolidation (T 13 and T 16). This canmme clearly seen in the figures of each
test that are given in the Appendix (A5- A8). Figuyr.10 shows a cumulative displacement

graph in terms of the change of friction coefficiand pore pressure ratio.

In an undrained test without consolidation (T I#gre was negligible change in
specimen height (Appendix A6). High pore pressuas waintained during the test, but as
can be seen in Figure 4.10a, it varied during &atjes, especially during VI and VIII
stage. Due to the height of the pore pressurergkestance was the lowest (Appendix
AB).

In the SB20 specimen, unlike in the pure silicadsgpecimen, a test with the open
upper valve was partially drained (T 15). As cansken from Figure 4.10a, there was
excess pore pressure generated during shearinge\¢owthe generated pore pressure was
much lower than in the case of the undrained nstdtgfe shearing tests (T 13 and T 14).
Keeping the valve open during all tests allowedsotidation to take place and resulted in
the highest specimen height reduction of 3.8 mmp@kaix A7). The higher effective
friction angles are also the result of the highempaction and consolidation that was

enabled by keeping the value open (Figure 4.11).

The multi-stage test with a gradual change of cditdisplacement (T 16), showed
similar results with T 13, due to the similar cdmahs used ( but with a more pronounced
difference of the slow and fast stages, and thdugachange between these stages (Figure
4.10b). The drop in the friction coefficient rat®obvious from the value obtained at the
end of £' slow shearing stag&¢1). The value drops at 50 % of the initial valugidg a
gradual increase of the rate of displacement betwé and 1 mm/s, after 1.2 m of
cumulative displacement. The value is then congtanihg the fast stage at 1 mm/ sec (2
to 3 m of cumulative displacement). Then, the ivictcoefficient ratio slowly increases up
to R=0.7 during the decrease of the rate of displacéfmem 1 to 0.1 mm/s. The increase
continues during the slow stage, froR=0.7 to R=1.1 (untii 5 m of cumulative

displacement). Similar behaviour occurred when adgal increase of the rate of
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displacement was repeated. This resulted in twiindis/e failure lines in the stress path

graphs of T 16 (Appendix A8).
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When effective friction angles of all stages arenpared (Figure 4.11), it is
obvious that there is a decrease in the fasterisigestages compared to the slow shearing

stages.

4.4.3 Silica Sand and a 30 % Bentonite Mixture (SB 30)

Tests on mixtures of silica sand 30% bentonite wdue to the higher CF content and
lower permeability, much slower and more difficttt conduct. The time needed for
consolidation was app. 4 days. Because of largghteeduction in this specimen, there
were problems with the vertical load, because tim@mum specimen height was limited
and was reached in some stages before the endeofetits. Because of the above
mentioned difficulties and the duration of SB 3@a&@men tests, only a few single-stage
undrained shearing tests were conducted and oaofy43multi-stage tests. Although these
tests are listed in Table 4.2, they will be conddadditionally (T 17 and T 22).

In all conducted multi-stage tests, negative paessure occurred in fast stages
which reflected the results obtained. In spitehaf questionable reliability of these results,
the results of these tests are shown and descrllbea. reliability and meaning as well as
possible reasons for this negative pore pressullebeidescribed and explained in the

discussion.

Single-Stage Shearing Testson SB 30

Figure 4.12a shows the shear resistance of te$& T 19, and T 20. As can be seen, at a
slow rate of displacement (0.1 mm/s), higher shesistance was obtained compared to a
test at 10 mm/s with lower resistance. Test T 1%harate of 1 mm/s shows the highest
value of shear resistance, which is according ¢éwipus results questionable and should be
repeated. This can also be seen in the stressgoapih (Figure 4.12b) with obvious
abnormalities in ESP of test T 19. When residutdative friction angles of all tests are
drawn in relation to the rates of displacement Feg4.12c), it can be seen that lower
effective friction angles are obtain compared te t8B 20 specimen as expected
(@r=17.9° for SB 30 compared to the averape=31° for SB 20 at 0.1 mm/s, and
@r’' =7.6° for SB 30 compared to the avera@gé=18° at 10 mm/s).
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Multi-Stage Shearing Testson SB 30

Figure 4.13 shows a cumulative displacement gragisignificant changes in the friction
coefficient and pore pressure ratio of multi-steegts on the SB 30 specimen. In the test of
undrained shearing with consolidation (T 21), albadikation occurred in stages Il and 1V,
and the drop of pore pressure was probably caugdidelbdilation. Also, in stages VII and
VIII there was a significant change in vertical gleaxement, probably caused by leaking,
or undulation of the formed shear zone that catisedoading plate to move up and down
(the cyclic shape indicates this). The variatiornvertical displacement, as well as shear
resistance, can be seen in the figures of T 21ngimeAppendix A9. Even if leakage
occurred, it did not affect the results of stag&4.IFigure 4.13a shows a decrease of the
friction coefficient ratio in stages Il and IV amah increase of friction coefficient ratio in
the slow stages (lll and V).

In Test T 23, the valve was open during the tedtsdrearing was partially drained
as in the SB 20 specimen. Figure 4.13a shows exeepsre pressure in stage | that
suddenly decreases in stage Il and becomes negatssgbly due to dilation or cavitation.
Regardless of pore pressure, Figure 4.13a indigath®p in the friction coefficient ratio
between slow and fast stages. The comparison regattie first stage, wheR=1 shows
much bigger variations compared to the SB 20 spamwinin the case of the SB 20
specimen, the consolidation that followed the fsttge resulted in the maximum height
reduction of the specimen (more than 50 % of aigiitechanges occurred until 2 m of
displacement), while in the case of the SB30 spewjnthis height reduction was more

evenly distributed.

The results of the test with a gradual change enrtite of displacement show a
similar pattern to that in the SB 20 case, andsarelar with Test T 21, because of the
same conditions used (undrained shearing and adasoh), but with a more pronounced
difference of slow and fast stages, and the gradoahge between these stages (Figure
4.13b).

The effective friction angles of the end of eacagst of all multi-stage tests are

shown in Figure 4.14, indicating a decreasing trend
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4.4.4 Shear zone examination

The structures of post-failure test specimens vesmamined only by visual examination
after shearing. Slickensides were not found; ohlgas zones of 4-6 mm were observed
when the specimen was cut (Figure 4.15). Similaaslzones were observed in sand and
15 and 30 % bentonite mixures (16- 26 % CF) by hupt al. (1981). The formation of
well-polished slickensides was reported only falsswith a clay fraction higher than 40%
(Tiwari and Marui 2005, Meehan 2006, Lupini etE81) which was in contrast to what
Saito (2008) observed in the SB 20 specimens. &mestests when shearing was much
longer, this zone was even thicker (Figure 4.18@>»pected knowing that the thickness of
the shear zone increases with an increase in tbar shsplacement (Tika et al. 1996,
Tiwari and Marui 2004).

Figure4.15 Photo of shear zones after shearsgSB 20 at 0.1 mm/s until 5 rb) SB 30 at 1
mm/s until 10 m and) SB 30 multi-stage test with total displacemenBofm.

4.5 DISCUSSIONS

Published data of similar tests conducted on theesaaterial exist. Silica sand is used as
standard material in laboratory tests in Japantla@desults obtained in our study are quite
similar to those. However, there are few comparalerces for silica sand- bentonite
mixtures, and the test conditions and apparatus arsequite different.

Investigating the influence of the rate of displaeat on the shear behaviour
associated with grain crushing, Okada et al. (2af@Hducted speed-controlled tests at
different rates of displacement (3, 5 and 100 mmargjer a total normal stress of about
470 kPa. The authors observed the almost conssdunt vf the residual friction angle (32-
34°) after failure, for all rates of displacemesed. This was in accordance with results
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obtained on the same specimen in this thesis. O&kdh (2004) observed no excess pore

pressure generated, but observed some grain cgushin

The results of the silica sand—bentonite mixturesta some degree comparable to
previous research (Lupini et al. 1981, Tiwari et28l05, Saito 2008). First, these authors’
tests were conducted on slow rates of shearingramed conditions. In spite of some
difficulties in comparing those results, a compamiss given for the slow stages (at 0.1
mm/s) of multi-stage tests because of the similapldcement used (1 m and 1.5 m).
Assuming no excess pore pressure is generatec isldlv drained test, the normal stress
of 352 kPa can be calculated. Lupini et al. (198dtpined a residual value of 30.5° for the
15 % mixture; and 23.3° for the 30 % mixture, respely. Tiwari and Marui (2005)
showed a residual failure envelope at 250 kPa ofmab stress, at which the residual
friction angle for 20 and 30 % mixture could beccddted as 20.8° and 9.5°, respectively.
Tiwari and Marui (2005) used a linear regressiactibn angle value instead of the secant

friction angle used in Lupini et al. (1981). Thsstrue in Saito (2008) and our work as well.

Our multi-stage tests on SB 20 specimens resutt@drésidual friction angle of 28-
32° for the first slow stage and slightly highelwes for the other slow stages, due to
consolidation. For the SB 30 specimens, the rekiticiion angle of the first slow stage,
varied from 15° to 22°. As for the other slow swagell, V, VII), the angle was
approximately 25°. Single-stage test at 0.1 mniiewed a lower value of 18° due to
longer displacement.

We used a similar multi-stage testing proceduréocone used by Saito (2008) and
the results were quite similar. Saito also deteealithe highest drop in shear resistance in
the SB 20 specimen between 0.1 and 1 mm/s. Howeskres obtained in his tests show
larger difference between the fast and slow faiemeelope. He obtained’r ~33° for slow
stages and@’r~14° for fast stage (19° difference). The resultstii®@ same specimen used
in this thesis gave the same value for slow stdgatsa much higher value for fast stages
@'r=26° (7° difference). However, in the multi-stagstteith a gradual change in the rate
of displacement, this difference was more distugtbut still lower than in the Saito test
(11° difference compared to 19° in results obtaibgdSaito). A possible explanation is
that the pore pressure measurement in his tesosmply not reliable. Two facts indicate
this: first, the B value he obtained was 0.92, which implies thatgpecimen cannot be

considered fully saturated; second, from stage 4dxk negative pore pressure, which
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indicates a possible cavitation and making queabtapore pressure measurement from

that point.

Obvious discrepancy in results exist, but it idiclifit to compare results obtained
by using different methods, drainage conditiontes@f displacements as well as shearing
displacement. All these factors will affect thedimesult and are discussed in more detail
in the following sections on cohesion, steady statalition and reliability of pore pressure

measurement.

It is also worth noting that CF determined by seshiation in this study seems to
be overestimated, due to the silty sand used irtumgg. Overestimation in CF is very
probable in soils containing silt due to the preseof clay-sized particles of silt (Mesri
and Cepeda-Diaz 1986). The opposite occurred irtdise of specimens tested by Lupini
et al. (1981) and Tiwari and Marui (2005); the Caswlower than the percentage of
mixtures (13% CF for SB15, 26 % CF for SB 30 in inigt al. (1981), and 8.5 % CF for
SB10, 17 % for SB 20, and 26% for SB 30 in Tiwad &arui (2005)).

In the following sections, other issues importatthe interpretation and meaning
of the results are discussed in detalil.

Cohesion

We used a secant effective friction angle by assgnthe cohesion is zero and thus, a
residual strength envelope passes through thenodthough this is a widely accepted
assumption, there have been arguments on its agc(Favari et al 2005a). In Tiwari et
al.'s (2005a) tests on natural soils, residuaingtie envelopes resulted in low values of
cohesion. When comparing these results of tests saihd-bentonite mixtures, Tiwari et al.
(2005a) explained the difference with Lupini’'s résuby using a different strength

interpretation, i.e., secant or the linear reguasgir .

The residual -steady state problem (the problem of appropriate shear displacement)

Ideally, the residual shear strength is obtaineeémthere is no change in shear stress or
specimen volume/ pore pressure (in the case ohellAindrained tests, respectively) with

increasing shear displacement. However, the prolofieascertaining the true residual has
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long been known and is usually solved by the seledaif the appropriate shear rate (slow
enough to allow dissipation of excess pore pre3suame by achieving adequate

displacement (long enough to ensure excess possipredissipation in the drained test or
by obtaining constant pressure and effective stiesthe undrained test). Achieving

adequate total displacement can be estimated welbl@tting the stress-displacement
behaviour on a semi-logarithmic base (Bishop etl@r1, La Gatta 1970, Stark and Eid
1994).

In previous rate effect studies, this condition was always achieved, especially
during fast shearing (only 200-400 mm for rate1&67 mm/s, Skempton 1985, Lupini
et al. 1981). However, in order to explain the rotlegenerated pore pressure during fast
shearing, the authors conducted a prolonged shyetminonger displacement (4 m and 15
m for shear rates of 2.67 and 5 mm/s). These wstsved low shear resistance that
remained low until the end of displacement (Tikaletl996, Lemos 2003). In the multi-
stage tests conducted by Saito (2008), the specmasrfirst slowly sheared at 0.01 mm/s
until 200 mm of displacement. Since during thet ftage, shear surface or zone should be
formed and residual state obtained, it seems thatdisplacement was not appropriate.
Also, according to previous research, a minimunpldisement of 500 mm is required
before residual strength is reached (Skempton 19&5ni et al. 1981, Tiwari and Marui
2004).

Figure 4.16 shows shear displacement in a semritbgac scale for all single-
stage tests conducted on SB 20 and SB 30 specith&sbvious that residual state in the
SB 20 specimen was obtained only when the lowesdrstate was used (0.01 mm/s) at app.
1 m of displacement. All other shear rates show tiina residual state was reached with a
much longer displacement or not at all.

Our tests did not differ in this sense from thesomentioned before. It is clear that
in multi-stage tests residual strength (as it isicdy defined”- minimum resistance at
constant effective stresses, or pore pressurenatagbtained. Although aware of that fact,
the use of longer displacement in fast stages wn&ed as affecting shear strength (by
increasing the shear zone) more than the case eof'rtbn” residual condition. The
emphasis was the rate effect; therefore, the effeother factors that could influence the

result had to be eliminated.
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Reliability of pore water pressure monitoring

ICL-1 enables the monitoring of pore pressure bsepgmessure transducers, connected to
the valves placed in the gutter located 2 mm altbgeshear zone. In the low permeable
materials such as in the clay mixtures used mithesis, there is a high possibility that the
pore-pressure transducers are not reliable betchageshow the value of the pore pressure
along the shear surface (or within the shear zoklsh, there is the possibly of a time lag
in pore pressure monitoring. Considering both fegtthe results of tests conducted on SB
20 specimens appear reliable, and on the SB 30bmaynsidered not reliable. The right
side of Figure 4.16 shows the results of the sistdge tests on the SB 30 specimens. As
can be seen, the pore pressure varies more ththe 8B 20 specimens. Also, multi-stage
tests on the SB 30 specimens resulted in negatireeressure during fast shearing stages,
which did not occur in the case of the SB 20 speaim

It should also be mentioned that permeability af #pecimen during shearing
changes (usually decreases) due to the structoalges in the shear zone (grain crushing
of sand and/or particle orientation of clay). Thvdl consequently result in a slower
dissipation rate for generated excess pore prefsumethe shear zone (Okada et al. 2004).

Density

The shear behaviour will depend on the change on$ileduring shearing in the case of
drained shearing. In undrained shearing, volumenghahardly takes place and the
variation of density in the shear zone is limited anight be neglected. However, the
problem of influence of density change on sheamabielur should also be considered in
undrained multi-stage tests with allowed dissipatidue to the volume change that takes
place during consolidation. Figure 4.17 show that ¢hange in density in Test T 16 did
not influence the rate-dependent behaviour of Hpecimen. In test T 16, the change
between slow (0.1 mm/s) and fast stages (1 mm/s) gradual and the difference in

residual friction angle was the most distinctivet{leen | and Il stages around 13° and
between Il and IV, 10° respectively)
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Figure 4.17 Residual friction angle and density, T 16.

Changein thefailureline

As was shown in the results of multi-stage testsidual strength in the SS 8 specimen was
independent of the shear rate used, but SB 20 BrDSpecimens showed a negative rate

effect, by decreasing residual strength with tleedase of the rate of displacement.

Figure 4.18 shows stress paths of these two typdmelwmaviour. When effective
stress paths (ESP) of all stages in the multi-stagfeon SS 8 specimen are drawn, they all
trace one failure line with the average residuétaive friction angle of 32.6° (Figure

4.18). Black circles represent the end of eachestag

However, in the SB 20 specimen, there are two destinctive failure lines; the
slow shearing stages with'r=28.6°, and the fast stages wihr=17.6° (Figure 4.18b).
These are the average values of slow stages (Ill@ndnd fast stages (Il and 1V),
respectively. The same was obtained in other SBn2lDSB 30 multi-stage test results with

different variations between the failure lines lofssand fast stages.

Change of strength with gradual change of the rate of displacement

The aim of this study was to investigate in mor¢aidlehe reported drop in the shear
resistance and residual effective friction angleveen 0.1 and 1 mm/s (Skempton 1985,
Tika et al. 1996 and Saito 2008). In previous regpdhe authors all noticed and mentioned

a critical rate beyond which, structural changdse tplace. However, the main goal of
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those studies was an explanation of the mechartiatncauses the drop in resistance, and

consequently the effective friction angle, andthetchange itself.
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Figure4.18 Stress path of multi-stage tests: a) SS 8 spec{m&pand b) SB 20 specimen).
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To investigate this claim, multi-stage tests weyaducted with the gradual change
in the rate of displacement to observe a continughange of soil behaviour with the
increase/ decrease of the rate of displacemenortumiately, although some tests, using
the wider range of rates of displacement, were gotedl (0.1-10 mm/s), due to the large
displacement (more than 30 m), the tests resuhekbakage and were not taken into

account in this interpretation.

Figure 4.19 shows the continuous change of theteféefriction angle between 0.1
and 1 mm/s for all multistage tests with a gradiinge of the rate of displacement (T 8,
T 16 and T 24). The decreasing trend in the effecfriction angle in the case of the
gradual increase of the rate of displacement &riglevisible. The trend is distinctive in the
case of the SB 20 and SB 30 specimens, and ndgligithe case of silica sand Both the
SB 20 and SB 30 specimens showed a similar paftarbpth "increasing" stages (I-1l and
[lI-1V) (Figure 4.19a). The trend is expressed I tequations shown in Figure 4.19.
However, in the "decreasing" stage (II-1ll), onlgesimen SB 20 showed an increasing
trend (Figure 4.19b), but the trend was much mitden in the case of "increasing" stages
(I-1 and 1I-1V) for the same specimen. A gradumcrease/ decrease of the rate of

displacement is indicated by the arrow on the xs-axiFigure 4.19a and b.

Figure 4.19 shows that the residual friction anglenges linearly with the
logarithm of the rate of displacement. A similah@eiour was observed by others (Ruina
1983, Wedage et al. 1998) and is well known in ggses. It should be mentioned that

this findings mostly refers to solid state mechamind fault mechanics.
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4.6 SUMMARY AND CONCLUSION

The residual strength of soil is an important pagtamn-- one that controls behaviour when
the shear plane already exists, as in re-activiatedslides. On an existing shear surface,
the shear strength is considerably changed andcqaestly affects the future behaviour of
that soil (Bromhead 1992). Previous investigatiosorted a negative rate effect in soils
showing transitional shear behaviour. However, lose studies, the pore pressure

measurement was or: was neither possible nor teliab

A series of ring shear tests were conducted on -bantbnite mixtures to
investigate the drop in strength between 0.1 anchri/s. Two series of tests were
conducted for each specimen (SS 8, SB 20 and SBS&fjle-step shearing in undrained
conditions and multi-stage shearing in varying ¢bods (drained/ undrained/ partially
drained, with or without consolidation). In multage tests, shear zones were formed by

slow shearing and then were tested at alternatstyaind slow rates of displacement.

To avoid the influence of shear displacement orstiear strength, it was estimated
that 1 m of displacement for each stage shouldopéeal. Results on the SB 20 specimens
showed a clear drop in shear resistance and iaftbetive secant friction angle. This was
especially clear from the multi-stage test withradgial change of the rate of displacement.
The highest drop in strength occurred between @dllamm/s, which confirmed findings
of earlier studies (Skempton 1985, Tika et al. 198&ito 2008). The issue of adequate
shearing displacement in order to obtain a residtae of soil was discussed previously.
Even if multi-stage displacement of 1 m for eacgetwas not adequate, and the drop in
strength could be questionable, the findings ofrthdti-stage tests were confirmed with
the results of the single-step shear tests. Uneldagingle-stage tests resulted in a lower
shearing resistance even at large shear displa¢eniére results of multi-stage tests on
the SB 30 specimens are considered unreliablealnegative pore pressure that occurred
during fast shearing. However, the results do em@ica decrease in strength with an

increasing rate of displacement.

Comparison of the multi-stage tests with the gradtleange of the rate of
displacement (T 8, T 16, and T 24), showed thevahg: in the case of an increased rate

of displacement, there is a significant decreasshefar resistance and effective friction
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angle in the SB 20 and SB 30 specimens. The reshtwed that the residual friction

angle decreases linearly with the increase ofdgarithm for the rate of displacement.

There are two existing explanations for the changae strength of cohesive soils:
1) the change in strength is caused by the infleerieexcess pore water pressure or by a
change in the shear mode in the shear zone (Le®®&, Tika et al. 1996, Saito 2008).
Possible mechanisms of the change were not exglaimethis thesis because such
explanation was outside of the scope of the thésisvever, it would be necessary to
clearly understand the mechanism of both the pesdnd negative rate effect of cohesive
soils. Saito (2008) tried to explain the mechanisinnegative rate effect by clay
enrichment during fast stages, by the mechanisadicle segregation. To confirm his
work, it is necessary to conduct additional measerds, like the measurement of grain
size distribution of the shear zone after sheaandifferent rates of displacement and at

certain displacements.

Practical implications of these findings are impattbecause the soils that show a
negative rate effect will result in acceleratinguament which usually results in negative
consequences. Traditional limit equilibrium anadygoes not take into account rate effects

in weak soils, but considers the friction anglestatic and constant.
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Chapter 5 Conclusionsand Future
Research

A transportable and compact high-stress undraiaadihg ring shear was designed
by Professor Sassa in 2010 (Sassa et al. 2012pad af a Japanese-Croatian Research
Project. It was developed and modified through 20Although smaller in dimensions
compared with previous versions, it has high capaitican load normal stress and keep to
the undrained condition of pore water pressureauft MPa. InChapter 2 the concept,
design, and construction of ICL-1 was presentea rHsults of the tests on silica sand, as
well as the experimental procedure, are descrilmediatail. Typical test results are
presented to show the efficiency of this ring sheggparatus as well as its application for
earthquake induced landslides through undrainedicci@ading tests and rain-induced

landslide through drained pore-pressure contrés tes

The ring shear apparatus has two purposes: it eamsed for basic soil tests (for
determination of soil parameters) and for the laddssimulation test. In this thesis, ICL-1
was applied for both purposes. Chapter 3 we applied ICL-1 to the case of a real
landslide, the Grohovo landslide. The assessmetwmtriggers was performed; namely,
rainfall and earthquakes. The rainfall analysis wasformed for long and short-term
rainfall data as well as for the probability of theccurrence. The assessment of seismic
triggering was done using the ICL-1. The surfacea@as from Grohovo were used in
seismic loading simulation by conducting a cycl@ading test. The conducted test
indicated soil hardening behaviour that has to meestigated further. Also, tests on
borehole samples from the assumed sliding surfa@ed to be conducted, both as basic
tests; i.e., as a speed-control test to obtain partkmeters and as a simulation test.
According to the results from Chapter 3, a poresguee control test that will simulate
groundwater rise would be desirable. Although tamfall data analysis performed in
Chapter 3 showed that the influence of a cumulatveg rainy period has a much higher
impact on landslide reactivation, the role of shertm events shouldn’t be neglected. If

hydrological triggering is defined as a decreasghiear strength due to an increase in pore-
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water pressure on the potential failure surfacen thore-water pressure increase may be
related to rainfall infiltration and percolatiorataration from above), or may be the result
of the groundwater table rising (saturation fronolg (Terlien 1998, Iverson 2000, 2005).
Therefore, a more detail hydrological analysis $thdae performed to define threshold
values for reactivation of the Grohovo landsliddésdiinternal and boundary pore-water
pressures are among material properties such exsg#tr viscosity, and relative density,

and are main factors that may affect landslideaigsidSchultz et al. 2009).

Ring shear apparatus was also applied for the figeg®n of basic soll
characteristics, specifically i@hapter 4, for the investigation of a negative rate effect o
sand-bentonite mixtures. There is a significanpdroshear strength of SB 20 and SB 30
mixtures between 0.1 and 1 mm/s rate of displaceén¥dre tests on SB 20 specimens
showed to be reliable regarding the measuremerpiood pressure. Both single-stage
undrained tests as well as multi-stage shearing iesvarying conditions (undrained/
partially/ drained; with/ without consolidation) ®mlhied a decrease of strength with an
increasing rate of displacement. This was mostextith multi-stage tests with undrained
shearing by gradual change of the rate of displac¢érnfrom 0.1 to 1 mm/s. From the
results of the same tests, the same trend for SBhA0SB 30 specimens was obtained, in
which the residual friction angle increases linganlith the logarithm of the rate of
displacement. Practical implications are obviouskioth first-time slides and reactivated
ones: if the critical displacement rate is excedddtie soil that shows negative rate effect,
the strength drops below the slow residual andlexates. There is an argument about the
significance of negative rate effect in the ratbdisplacement that are used at fast rates of
displacements. However, landslides exhibit a gieadrsity of movement styles and rates,
ranging from centimeters per year to meters pesrse¢WL/WPI 1990). Velocity is also
the most important parameter determining the dei potential of landslides (Hungr
2007). As professor Skempton pointed out, the rateslisplacement in reactivated
landslides can vary by many orders of magnitudesry(fast for ones induced by
earthquakes) and the knowledge of rate effectsldhoel an important part of residual
strength studies (Skempton 1985).

Although cyclic tests on the Grohovo landslide sbdwsoil-hardening behaviour that
should consequently result in the decelerating Wieha of a reactivated landslide, it is

necessary to conduct additional tests to confirihewdening behaviour Most of the
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instabilities in the coastal part of Croatia octuthe flysch deposits. Due to variability in
mineralogical composition of flysch deposits, theyuld be in the group that shows
transitional shearing behaviour (CF 10-40 %). Labmy work on typical sand or clay
behaviour is extensive; however, for the transdl@one this is not the case.

Therefore, the investigation of rate effect shdwdapplied to natural samples that
show transitional shear behaviour. Also, one ingarparameter that was not addressed
properly in our rate effect study is pore water rolstry. Usually, laboratory tests are
conducted by using distilled water or de-aired watein our case. However, if pore water
chemistry is changed it will affect the measuresidheal strength of soil and consequently,
slope stability (DiMaio 1996, Leroueil 2001, Tiwat al. 2005). From a practical point of
view, this means that the residual strength pararsethould be evaluated with pore water

chemistry close to the pore water chemistry exgstirsitu.
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Appendix: Results of Multi-stage Tests

The Appendix contains figures of all multi-stage tests conducted (listed in Table 4.2). In
Chapter 4 they were explained separately for SS 8, SB 20 and SB 30 specimens. However,
because figures in the text compared results of more multi-stage tests, some of the data
could not be presented. Here, results of al multi-stage tests are compiled for cumulative
displacement, shear displacement of 1 m, stress paths of al stages and rate of displacement

and effective friction angle.
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—Results of Multi-stage Tests

A.1Test T 5-SS 8-Undrained shearing with consolidation (I-V1II; C-O)

A.2 Test T 6-SS 8-Undrained shearing without consolidation (I1-V1I1; C-C)
A.3Test T 7-SS 8-Drained shearing with consolidation (1-VI1II; O-O)

A.4 Test T 8-SS 8-Undrained shearing with consolidation (I-V; C-O)

A.5Test T 13-SB 20-Undrained shearing with consolidation (I-VI11; C-O)

A.6 Test T 14-SB 20-Undrained shearing without consolidation (1-V1Il; C-C)
A.7 Test T 15-SB 20-Partialy drained shearing with consolidation (I-V111; O-O)
A.8 Test T 16-SB 20-Undrained shearing with consolidation (I-1V; C-O)
A.9Test T 21-SB 30-Undrained shearing with consolidation (I-VI11; C-O)
A.10 Test T 23-SB 30-Partiay drained shearing with consolidation (I-V1I1; O-O)
A.11 Test T 24-SB 30-Undrained shearing with consolidation (I-1V; C-O)
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A.l Test T 5-SS8-Undrained shearing with consolidation (I-VI11; C-O)
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Fig. A.1.1 Cumulative shear displacement and a) Effective friction angle (&’) and rate of

displacement (vs), b) Shear resistance (z) , pore pressure (u) and vertical displacement (D,).
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pressure and d) Vertical displacement.
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A.3 Test T 7-SS 8-Drained shearing with consolidation (I-VII1; O-O)
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A.4 Test T 8-SS8-Undrained shearing with consolidation (I-V; C-O)
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A5 Test T 13-SB 20-Undrained shearing with consolidation
(1-VI1I; C-0)
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A.6 Test T 14-SB 20-Undrained shearing without consolidation

(I-VI1I; C-C)
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Fig. A.6.1 Cumulative shear displacement and a) Effective friction angle (&) and rate of
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A.7 Test T 15-SB 20-Partialy drained shearing with consolidation
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Fig. A.7.1 Cumulative shear displacement and a) Effective friction angle (@') and rate of
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A.8 Test T 16-SB 20-Undrained shearing with consolidation (1-1V; C-O)
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A.9 Test T 21-SB 30-Undrained shearing with consolidation
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A.10 Test T 23-SB 30-Partialy drained shearing with consolidation
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Fig. A.10.1 Cumulative shear displacement and a) Effective friction angle (@’) and rate of
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A.11 Test T 24-SB 30-Undrained shearing with consolidation
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Fig. A.11.1 Cumulative shear displacement and a) Effective friction angle (¢') and rate of

displacement (vs), b) Shear resistance (z) , pore pressure (u) and vertical displacement (D,).
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Fig. A.11.2 Shear displacement and a) Effective friction angle (@'), b) Shear resistance, ¢) Pore

pressure and d) Vertical displacement.
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