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ABSTRACT

EXPERIMENTAL AND NUMERICAL ASSESSMENT OF
PRESSUREMETER TESTING

Isik, Nihat Sinan
Ph.D., Department of Geological Engineering
Supervisor  : Prof. Dr. Vedat Doyuran
Co-Supervisor: Prof. Dr. Resat Ulusay

January 2006, 228 pages

The purposes of this study are to investigate the possible effects of
variables like testing depth, length to diameter ratio of the probe, presence
of disturbed annulus around the borehole etc. on the derived parameters
from the pressuremeter test, and to develop possible alternative methods
for the determination of undrained shear strength of cohesive soils, and
cohesion and internal friction angle of intermediate geomaterials. For this
purpose numerical simulations of pressuremeter test were performed. In
the study, it is also aimed to investigate the effect of rock quality
designation (RQD) or some other rock mass parameters such as geological
strength index (GSI) and rock mass rating (RMR) and intact rock strength
on the deformation modulus determined from the pressuremeter test. To
accomplish this task, Dikmen greywackes, weathered andesites and
mudrocks exposed around Ankara - Sincan region were selected for field

and laboratory studies. Empirical relationships using GSI, RMR, RQD were
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developed for the estimation of deformation modulus of greywackes and
mudrocks cropping out around Ankara. Numerical simulations revealed the
presence of disturbed annulus around the borehole causes underestimation
of deformation modulus and overestimation of undrained shear strength.
Test depth has no effect on the deformation modulus and undrained shear
strength; the effect of length to diameter ratio of the probe on the
deformation modulus is minor where as it causes overestimations of
undrained shear strength. Pore pressure dissipation in low permeability
soils around the pressuremeter was studied using numerical simulations.
These analyses suggest that for permeabilities lower that 107'° m/sec there
is no pore pressure dissipation around the pressuremeter probe. It was
determined that the inverse analysis yielded successful results for the

determination of shear strength parameters of intermediate geomaterials.

Keywords: Pressuremeter, Undrained Shear Strength, Rock Mass,
Numerical Analysis, Inverse Analysis, Geological Strength Index (GSI)
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PRESIYOMETRE DENEYININ DENEYSEL VE SAYISAL INCELENMESI

Isik, Nihat Sinan
Doktora, Jeoloji Mihendisligi B6IUmU
Tez Yoneticisi : Prof. Dr. Vedat Doyuran

Ortak Tez Yoéneticisi: Prof. Dr. Resat Ulusay

Ocak 2006, 228 sayfa

Bu calismanin amaclari, deney derinligi, presiyometre bashginin boy / cap
orani, sondaj deligi etrafinda érselenmig bir bdélgenin varligi gibi faktorlerin,
ve presiyometre deneyinden elde edilen zemin — kaya parametreleri
Uzerindeki etkisinin arastiriimasi; kohezyonlu zeminlerin  drenajsiz
makaslama dayanimi; hem kohezyon hem de strtlinme agisi olan zemin —
kaya malzemelerin makaslama dayanimi parametrelerinin belirlenmesi igin
alternatif yéntemlerin gelistirimesine ¢alismaktir. Bu amagla, presiyometre
deneyinin sayisal analizleri yapilmistir. Bu ¢alismanin diger bir amaci da,
kaya kalite gostergesi (RQD), ya da jeolojik dayanim indeksi (GSI), kaya
kitlesi siniflama puani (RMR) gibi kaya kitlesi parametrelerinin ve saglam
kayacin dayaniminin, presiyometreden elde edilen deformasyon modill
Uzerindeki etkilerinin arastirilmasidir. Bu amacla; Dikmen grovaklari,
ayrismis andezitler, ve Ankara - Sincan bdlgesinde ylzeylenen

camurtaslar secilmistir. Arazi ve laboratuvar calismalari sonucunda,
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grovaklar ve camur taslarinin kaya kitlesi deformasyon modulind tahmin
edebilmek amaciyla, GSI, RMR ve RQD parametrelerini esas alan gorgal
esitlikler, gelistirilmistir. Presiyometre deneyinin sayisal analizleri, sondaj
deliginin c¢eperlerindeki 6rselenmis bdlgenin varliginin, presiyometreden
elde edilen deformasyon modulinid azaltigini, drenajsiz makaslama
dayanimini ise arttirdigini géstermistir. Deney derinliginin deformasyon
modill ve drenajsiz makaslama dayanimi U(zerinde etkili olmadigi
g6rilmastar. Presiyometre baghginin boy / ¢ap orani ise, drenajsiz
makaslama dayaniminin oldugundan buyudk belirlenmesine sebep olmakla
birlikte, deformasyon modull Gzerinde 6nemsiz bir etkiye sahiptir. Dusik
gecirimlilige sahip zeminlerde, presiyometre deneyi sirasinda, asiri bosluk
suyu basincinin drenaj miktarini belirlemek igin sayisal analizler yapilimig
olup bu analizler, gecirimliligi 107'° m/sn den disiik zeminlerde drenajin
gerceklesmedigini gdstermistir. Ters analiz tekniginin, hem kohezyon hem
de slOrtinme agisina sahip zemin ve kayaclarin makaslama dayaniminin

belirlenmesinde basgarili sonuglar verdigi gérulmustdir.

Anahtar kelimeler: Presiyometre, Drenajsiz Makaslama Dayanimi, Kaya

Kitlesi, Sayisal Analiz, Ters Analiz, Jeolojik Dayanim indeksi (GSI)
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CHAPTER 1

INTRODUCTION

The pressuremeter test, first developed by Ménard (1956), is a widely used
in-situ test, which can provide stress and deformation relationship of a
particular ground in-situ. In spite of the apparently considerable potential of

this device, inconsistencies in results are common (Bowles, 1996).

During a pressuremeter test shear modulus and limit pressure (P)) are
directly measured. From the measured limit pressure (P)), undrained shear
strength and friction angle of the soils can be estimated by utilizing
previously established empirical methods. In the literature, there are also
more robust theoretical methods for the estimation of shear strength
parameters of soils from the pressuremeter tests which are based on the
infinitely long cylindrical cavity expansion theory. Therefore, these methods
do not account for the effects of limited length of the probe which may
probably affect the results.

The purpose of this thesis is to investigate the possible effects of some
variables like testing depth, length to diameter ratio of the probe, in-situ
lateral stress, presence of disturbed annulus around the borehole etc. on
the derived parameters from the pressuremeter test, and to develop
possible alternative methods for the determination of undrained shear
strength of cohesive soils, and cohesion and internal friction angle of
intermediate geomaterials. In this study, it is also aimed to investigate the
effect of RQD, (or some other rock mass parameters such as GSI and



RMR) and intact rock strength on the deformation modulus determined from
the pressuremeter test. For this purpose, Dikmen greywackes, weathered
andesites and mudrocks exposed around Ankara - Sincan region were
selected.

The undrained shear strength determined from the pressuremeter test is
generally higher than those from other field or laboratory tests (Bowles,
1996; Houlsby and Carter, 1993). In the literature, differences in strain rate,
mode of failure, partial consolidation, and length to diameter ratio are
attributed to this overestimation. However, partial consolidation, strain rate
and different mode of failure alone could not cause this large difference
(Houlsby and Carter, 1993). In this study, numerical methods are used to
determine the effects of test depth, length to diameter ratio of the
pressuremeter probe, disturbance on the pressuremeter determined
deformation modulus and undrained shear strength and possible correction
factors depending on length to diameter ratio, are established. The
applicability of these correction factors is tested by performing
pressuremeter tests, field vane tests, cone penetration tests and laboratory
tests on normally to slightly overconsolidated clays from the Eymir Lake.

There is no widely accepted direct solution for the determination of the
cohesion and internal friction angle of intermediate geomaterials from the
pressuremeter test. The inverse analysis technique, which is a type of
back-analysis, for the determination of constutive parameters of the ground
by matching the observed pressuremeter curve with the numerically
determined curve (e.g. Cambou et al. 1990, Zentar et al. 2001), may be
used to estimate both cohesion and internal friction angle. In this study, the
applicability of the inverse analysis is checked using the direct shear box
and pressuremeter tests in the weathered andesites.



CHAPTER 2

PREVIOUS STUDIES

This study is focused on the pressuremeter. In this section literature review
related to pressuremeter is presented and the main findings of the previous
studies are discussed. For pressuremeter testing, weak rocks (weathered
Ankara andesites, dikmen greywackes and mudrocks exposing around
Sincan) and saturated clay deposits (Eymir Lake clays) were selected.
Therefore, the previous studies performed on these materials will also be
reviewed under separate subheadings.

2.1 Studies on Determination of Deformation Modulus by Pressuremeter

For a linearly elastic soil, the shear modulus can be theoretically
determined from the slope of the pressure — expansion curve of the
pressuremeter. This method is based on the infinitely long cylindrical cavity
expansion theory. Lame (1852) first formulated the equation for the radial
expansion of a cylindrical cavity in an infinite elastic medium. Ménard
(1961) proposed the use of theory of expansion of infinitely long cylindrical
cavity for the calculation of the shear modulus.



During an in-situ loading test (plate load test, borehole extension test, etc.)
both loading and unloading modulus values can be determined. Loading
modulus includes both plastic (permanent) and elastic deformations, and
unloading modulus includes elastic displacements only. However, the term
“‘modulus of deformation” (or deformation modulus, E) signifies that the
value of E is calculated from the data of the loading portion of the
load/deformation curve using both elastic and permanent deformation
(Goodman, 1989). The pressuremeter modulus is often presumed to be

roughly equivalent to Young’s modulus (Kulhawy and Mayne, 1990).

By using analysis of elastic expansion of cylindrical cavities, the well-known

relationship given below is obtained. In this relationship, "u” is the

Poisson’s ratio, “V” is the sum of the initial volume of the measuring cell and
the mean additional volume injected to the measurement probe.

E =(1+p).2V.(AP/AV) (2.1)

Therefore, using the slope of the linear part of the pressure expansion
curve of the pressuremeter test graph (Figure 2.1) the deformation modulus

of the soil is obtained.

Y

Plastic
behaviour

4_

Pseudo-elastic
behaviour

Corrected pressure, p

Expansion of membrane

Volume, V

Figure 2.1 Typical curve obtained from a Ménard pressuremeter (modified
from Mair and Wood, 1987).



Although the deformation modulus is determined from the theoretical
solution of the infinitely long cavity expansion, the analysis based on theory
of expansion of infinitely long cavity suffers from plane strain assumption,
i.e, the length of the pressuremeter is assumed as infinite. In this analysis,
the deformation occurring around the cavity is assumed to be radial only,

i.e, no vertical deformation is considered.

Deformation and the strength properties of the rock mass are influenced
from the mechanical properties of the rock material and the discontinuities.
Discontinuities usually have negligible tensile and shear strength that are
significantly smaller than that of the surrounding rock material under most
circumstances. Therefore, it is reasonable to assume that the
discontinuities will have a marked weakening effect on the rock masses,
and the degree of weakening will depend on the orientation, frequency, size
and the shear strength of the discontinuities. To obtain the strength and the
deformation parameters of the rock mass, one should be able to test the
adequate amount of rock mass which includes representative amount of
discontinuities. To overcome this difficulty, large sized laboratory samples
should be taken or alternatively a proper in-situ test should be performed.
These two approaches may not be economical for the small projects or at
the pre-design stage. The empirical methods can be used to estimate the
strength and deformability of the rock masses. These methods depend on
rock mass classification systems. For example, one can estimate the shear
strength of the rock mass by using the Hoek — Brown nonlinear failure
criterion (Hoek and Brown, 1997) or modulus of elasticity can be estimated
using Rock Mass Rating (RMR) and Geological Strength Index (GSlI).

Bieniawski (1973) and Serafim and Pereira (1983), developed empirical
relationships for the estimation of deformation modulus from RMR only.
Equations 2.2 and 2.3 present the relationship of Bieniawski (1978) and

Serafim and Pereira (1983), respectively.



E, =2RMR-100 (for RMR > 50) (2.2)

E,, =100 (for RMR < 50) (2.3)

It was indicated by Ulusay (1991) that the methods of Serafim and Pereira
(1983) and Bieniawski (1978) estimated a higher rock mass modulus of
deformability than that of the rock material.

Nicholson and Bieniawski (1990) and Mitri et al. (1994) developed empirical
relationships using both intact rock modulus and RMR. Equation 2.4 and
2.5 are the relationships, suggested by Nicholson and Bieniawski (1990)
and Mitri et al. (1994), respectively.

E,, =E.]0.0028 RMR? + 0.9exp(RMR/22.82)] (2.4)

E, =E.[0.5.(1- (cos(tRMR/100)))] (2.5)

Where E; is the intact rock modulus.

Hoek and Brown (1997) developed the following equation for the estimation
of deformation modulus of the rock masses using GSI and uniaxial
compressive strength (UCS), of the intact rock.

E, = /%_10@3'_@/40 (for UCS < 100 MPa) (2.6)

Barton (2002) utilized the rock mass classification system called “Q system”
(Barton et al., 1974) for the development of an empirical relationship
(Equation 2.7) considering the uniaxial compressive strength of the intact
rock.



UCS
Ev=Q—— 2.7
M 100 (2.7)
Kayabasi et al. (2003), Gbékceogdlu et al. (2003), and Sénmez et al. (2004)
used the data from 60 plate load and 55 dilatometer tests from two dam
sites in Turkey called Deriner and Ermenek dams and developed empirical
relationships for the estimation of deformation modulus of rock masses

(Equations 2.8 - 2.10).

1.1811
E, = 0.135.['5(“r T/\(/)DD/ 100)} (Kayabast et al., 2003) (2.8)
1.5528
E, - 0_001{(5 / UCS)‘SVBRQD/ 100)} (Gokceoglu et al., 2003)  (2.9)
E, =E..(s*)** (S6nmez et al., 2004) (2.10)

Where, E;is the intact rock modulus, WD is the degree of weathering based
on ISRM (1981), “s” and “a” are the Hoek - Brown constants (S6nmez and
Ulusay, 2002).

Zhang and Einstein (2004) proposed equations 2.11 to 2.13 for the
estimation of rock mass modulus using the intact rock modulus and RQD.

E,, = E,0.2.10%"%R®11 (jower bound) (2.11)
E,, = E,10°"%F%191 (mean) (2.12)
E,, = E,1.8.10%"%R®19 (ypper bound) (2.13)



Gokeeogdlu et al. (2004) developed a neuro — fuzzy model for the prediction
of rock mass deformation modulus by using the data mentioned above.

Goodman and Duncan (1971), and Kulhawy (1978) suggested equivalent
continuum models for a rock mass containing three orthogonal discontinuity
sets. Figure 2.2 shows the model that was used by Kulhawy (1978).
Equations 2.14 and 2.15 can be used for the estimation of the rock mass
deformation modulus which is generated by using the model of Kulhawy
(1978).

-1
1 1 .

E = —+ i=1,2,3 2.14
i(mass) [Erock Si-Knij ( ) ( )

-1

E E

mass _ oy —| ]+ rock 2.15
Erock - ( Si'Kni] ( )

Where, E. is the intact rock modulus, S; is the spacing of the i
discontinuity set, Ky is the normal stiffness of the i discontinuity set and

Emass is the rock mass deformation modulus.

For transversely isotropic rock masses (including one major joint set), such
as slate or schist, the rock mass can be assumed as isotropic if the joint set
aligned perpendicular with respect to vertical borehole axis (Wittke, 1990)
as illustrated in Figure 2.3. For a transversely isotropic rock mass with one
major joint set parallel to vertical borehole axis, a solution for elastic
constants (E+, E», G») is available for the borehole expansion tests capable
of measuring displacements in different directions. The details of this
solution is given by Wittke (1990).
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Figure 2.2 Rock mass model containing three orthogonal discontinuity sets
(Kulhawy, 1978).

Joint Set Borehole

Figure 2.3 Joint set aligned perpendicular with respect to vertical borehole

axis.



Greenland (1964) found close agreement between deformation modulus

values determined from the plate load and pre-bored pressuremeter tests.

Baguelin et al. (1973) stated that the initial modulus determined from the
self boring pressuremeter is significantly higher than that determined from
Ménard probe, although Amar et al. (1975) reported similar values of

deformation modulus on a dense sand.

Shields and Bauer (1975) found that the values of deformation modulus
determined from the pressuremeter are similar to those determined from
unconsolidated triaxial tests. However, 1/3 to 1/2 smaller than those

determined from plate load tests.

Windle and Wroth (1977 a) suggested that the values of initial shear
modulus from the self boring pressuremeter test agree well with the results
from the large plate tests in London clay.

Tan and Kaya (1988) indicated that the values of deformation modulus
obtained from dilatometer are similar to those determined from plate load
tests, although there are some different results too, which are probably due
to the volume of the rock tested by dilatometer is not representative of the

rock mass.

Powell (1990) found out that the unloading-reloading modulus values
obtained from self boring pressuremeters, pre-bored pressuremeters and
push-in-pressuremeters were similar.

Wilson and Corke (1990) also indicated that the initial loading values of
shear modulus from high pressure dilatometer and from plate load test

having 865 mm diameter in sandstone rock mass were very similar.

10



Based on field and laboratory studies in breccias having carbonate,
gypsum, limestone or dolomite matrix, Mahmoud et al. (1990) stated that
the laboratory compression tests yielded considerably higher values of
secant deformation modulus, and values of deformation modulus from eight
of the plate load tests were very close to those from the pressuremeter
values. However, 5 of the plate load tests were close to the results of the

unconfined compression tests.

2.2 Determination of Undrained Shear Strength of Saturated Clays

Komornik and Frydman (1969) proposed various correlations between the
pressuremeter, cone penetration test (CPT), standard penetration test
(SPT) and vane shear test. They suggested the following equation for the
estimation of undrained shear strength of saturated clays from

pressuremeter limit pressure.

P —P, =4S, (2.16)

Where, P, is the Ménard limit pressure, Py is the pressure at the start of the
pseudo — elastic phase of pressuremeter test and S, is the undrained shear

strength.

Amar and Jezequel (1972), and Marsland and Randolph (1977) also
suggested the following empirical equations, respectively for the estimation

of undrained shear strength from Ménard limit pressure.

P
S, = (E) +25 (kPa) (2.17)

11



— (PI _Po)
S, =+t (kPa) (2.18)

Gibson and Anderson (1961) developed a method of analysis of
pressuremeter test based on undrained expansion of infinitely long
cylindrical cavity in a linearly elastic-perfectly plastic soil. Therefore, their
analysis is applicable to saturated clays based on the total stress concept.

P, :Su.(1+lnsgj (2.19)

u

Similar analyses were presented by Palmer (1972), Ladanyi (1972), and
Baguelin et al. (1972) for the derivation of stress—strain curves for saturated
clays from pressuremeter test results. These analyses were also based on
the assumption of undrained expansion of infinitely long cylindrical cavity.
This method is known as Palmer’s method. The Palmer’s method utilizes P
versus In(dV/V) curve. The plastic part of the curve should be linear and
slope of this portion should be equal to S, according to theoretical solution
(Figure 2.4).

In literature, there are numerous solutions for the interpretation of the
pressuremeter test (e.g. Jefferies, 1988; Cao et al., 2001). These solutions
are also based on the theory of expansion of infinitely long cavities. Table
2.1 summarizes the examples of the theoretical interpretations of a

pressuremeter test.

Houlsby and Carter (1993) proposed correction factors for undrained shear
strength determined from the conventional interpretation of the
pressuremeter. Their work is based on two-dimensional small strain finite
element analyses. Their correction factor depends on the rigidity index (i.e
G/S,). However, the Houlsby and Carter's (1993) finite element analyses
are based on a mesh consisting of 182 eight — nodded quadrilateral
elements. For length over diameter ratio equal to infinity case (i.e. plain

12



strain) they could not obtain the same undrained shear strength input to the
model with the one obtained from the interpretation of the simulated

pressuremeter curve.

Jefferies (1995; after Houlsby and Carter, 1995), suggested that the
correction factor for the determination of undrained shear strength should
be lower than that suggested by Houlsby and Carter (1993). He stated that
there were some errors with the finite element alayses of Houlsby and
Carter (1993).

Shuttle (1995; after Houlsby and Carter, 1995) indicated that further work
on the effect of finite pressuremeter length on the undrained shear strength,

are needed.

Yeung and Carter (1990) also studied the effect of finite pressuremeter
length on the undrained shear strength by finite element method. They
suggested increasing correction factors with increasing rigidity values, in
contrast Houlsby and Carter (1993) suggested decreasing correction

factors with increasing rigidity values.

Collins and Yu (1996) developed analytical solutions for undrained
expansion of cavities in both normally and overconsolidated clays using
critical state soil models.

Silvestri (1998) showed that the exact solutions of Baguelin et al. (1972),
Ladanyi (1972), and Palmer (1972) could also be derived from the
expansion of a thick hallow cylinder for which the solution was obtained by
Nadai (1950).

13
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Figure 2.4 Graphical representation of the Palmer’s solution.

Table 2.1 Some examples of the theoretical interpretation of a
pressuremeter tests in saturated clays (Modified from Clarke,
1995).

Author Property

Gibson and Anderson
(1961)

Windle and Wroth
(1977, b)
Linear elastic perfectly plastic material with no
Jefferies (1988) volume changes

Houlsby and Withers
(1988)

Denby (1978) Non-linear elastic perfectly plastic material with no

. volume changes
Ferreira and 9

Robertson (1992)

Prévost and Hoeg  Elastic-plastic with strain hardening or softening with

(1975) no volume changes
Collins and Yu (1996) Critical state soil models
Cao et al. (2001) Modified cam clay model

14



Most of these analyses are based on small strain theory, however,
pressuremeter tests can cause strains of up to 50 % at the pocket wall
(Clarke, 1995). Several investigators (e.g. Hughes et al., 1977; Robertson
and Hughes, 1986) investigated the expansion of cavities in compressible
and dilatant material by taking into account the large strains involved. They
found that the solution for incompressible materials (undrained tests for
clays) is similar to those for small and large strain theories.

Although the cylindrical cavity expansion theory should provide a sound
basis for obtaining the undrained shear strength of clays from
pressuremeter tests, the interpreted strengths are often inconsistent with
the data measured in high quality laboratory tests (Aubeny et al., 2000). In
addition to Aubeny et al. (2000) numerous authors also indicated this
phenomenon, for example according to Mair and Wood (1987), the
undrained strength values obtained from the conventional interpretation of
the pressuremeter are significantly higher than those obtained from other
tests.

Lacasse et al. (1990) stated that the undrained shear strength of a clay
depends on the mode of failure, anisotropy, strain rate, stress history and
the degree of disturbance due to probe installation.

Penumadu et al. (1998) studied the effect of rate of the probe expansion in
pressuremeter testing for cohesive soils. These investigators used a special
device (flexible boundary cuboidal shear device) for the simulation of
pressuremeter device. According to Penumadu et al. (1998), a log cycle
increase in strain rate shows an increase in undrained shear strength of 14
%. Therefore, they concluded that strain rate alone cannot be the cause for
significant discrepancy in measured undrained shear strength values by
considering the strain rates often used for triaxial and self boring
pressuremeter testing for clays.

15



Wroth (1984) has interpreted the effective stress paths of different
laboratory and in-situ tests and presented comparisons of undrained shear
strength ratios (S/c',) for these tests as a function of the effective friction

angle and overconsolidation ratio.

2.3 Inverse Analysis of Pressuremeter Test

Cambou et al. (1990) conducted research on the determination of
constitutive parameters from pressuremeter tests. These investigators
developed a simple one - dimensional (by using axial symmetry and plane
strain conditions) finite element software called “PRESSIDENT” to match
experimental results with the numerical simulation results. By using this
curve matching procedure, one can determine the constitutive parameters
of the soil tested. “PRESSIDENT” can use the non-linear elastic model
developed by Duncan and Chang (1970), the elasto-plastic model
developed by Lade and Oner (1984), the elasto-plastic model developed by
Cambou and Lainer (1988). Figure 2.5 shows the curve matching
procedure which was used in the study mentioned above.

Cambou et al. (1990) developed a procedure based on their curve
matching technique to determine shear strength parameters (c, ¢) of soils.
But this procedure requires two different pressuremeter test curves for the
same material from different test depths. This back-analysis procedure is
depicted in Figure 2.6.

Zentar et al. (2001) used a one-dimensional finite element software to
identify the modified Cam — Clay model parameters from a pressuremeter
curve. They have called this curve matching procedure as “inverse

analysis”.

16
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Figure 2.6 Determination of shear strength parameters of the c, ¢ soils
(Cambou et al., 1990).
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There are also some studies on the numerical interpretation of
pressuremeter tests. Examples of such studies are those of Salgado and
Byrne (1990), and Houlsby and Yu (1990).

2.4 Studies on the Materials Selected for the Thesis

Weak rocks (weathered Ankara andesites, dikmen greywackes and
mudrocks exposing around Sincan) and saturated clay deposits (Eymir

Lake clays) were selected for the pressuremeter test studies.

2.4.1 Engineering geological studies on Dikmen greywackes

First engineering geological study on Dikmen greywackes was performed
by Kasapoglu (1980). He determined the intact rock properties such as
uniaxial compressive strength, modulus of elasticity and tensile strength of
this rock unit.

Nurlu (1996) developed a weathering map of the Dikmen greywackes
cropping out in Ankara city center.

Kumtepe (1996) determined the rock mass strength and deformability of the
greywackes exposed at various parts of the Ankara metropolitan area using
empirical methods of Serafim an Perreira (1983) and Nicholson and
Bieniawski (1990).

Gevik (2000) applied the Hoek and Brown empirical failure criterion to the
greywackes exposed at Beytepe Campus of Hacettepe University, and

analyzed the failed slopes in this unit.

None of the previous studies on the Dikmen greywackes included the direct

measurement of rock mass properties.

18



2.4.2 Engineering geological studies on Ankara andesites

Nathaneil (1972) determined some mechanical properties of the intact Ankara
andesites by laboratory tests. Ozdogan (1973) determined dynamic elastic

constants of the Ankara andesites with laboratory resonant frequency techniques.

Ulusay (1975) investigated the mechanical properties of the andesites cropping
out at the northern part of the city of Ankara.

Karpuz (1982) studied the relationships between weathering degrees of Ankara

andesites and its rock mechanical properties.

Karacan (1984) investigated the geomechanical properties of discontinuities of
the Ankara andesites.

Ertlrk (1997) investigated the engineering properties of the residual soils derived
from andesites exposing around the north of Ankara (Solfasol mahallesi) and slope
stability problems associated with this soil.

Arikan (2002) proposed a weathering degree classification system including
the Ankara andesites and dacites, based on a rating system.

As with Dikmen greywackes, there is no previous study in which rock mass
deformability of the andesites is directly measured.

2.4.3 Soil mechanics studies on the Eymir Lake clay

Bakiskan (1978) studied the shear strength of the Eymir Lake clay taken
from a depth of 2.5 m by unconsolidated - undrained, consolidated —
undrained and consolidated — drained triaxial compression tests. This study
suggested that the Eymir Lake clay is a lightly overconsolidated clay with
isotropic undrained shear strength.
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CHAPTER 3

DESCRIPTION OF THE SELECTED LITHOLOGICAL UNITS

The greywackes, weathered andesites, Eocene mudrocks exposed at and
around Ankara metropolitan area and the saturated clays of Eymir Lake
were selected as the materials of this study. Geological and engineering
geological features of these lithological units are briefly given in the

following sections.

3.1 Selected Lithological Units and Sites

The greywackes are widely distributed around Kiglkesat, Blylkesat,
Dikmen, and Beytepe districts of Ankara. Rock mass structure of the
Dikmen greywackes varies between blocky, and highly fractured and
sheared. The highly fractured and sheared greywackes are observed at
Beytepe campus of Hacettepe University where two sites were selected for
the pressuremeter testing. The site is about 20 km away from the city
center (Figure 3.1). A typical site located on blocky greywackes in the
Dikmen district, about 4 km away in the south west direction from the city
center, was selected for the determination of the deformation modulus
(Figure 3.1).

The weathered andesites are typically observed at the north of Ankara.
Three sites, namely Ovacik, Solfasol District and Pursaklar, where exists
highly to completely weathered andesites crop out, are shown in Figure 3.1.

20



For undrained shear strength determinations, soft to medium consistency
clay deposits are needed. Young and saturated clays of Eymir Lake are
considered to be suitable for this purpose. The Eymir Lake clays are
exposed 100 m across the main entrance of the General Directorate of
Turkish Electricity Authority (TEK) and this site is also accessible for drilling
and cone penetration test equipment (Figure 3.1). In addition, mudrocks
from a location near to Sincan, north of Ankara, were also employed in the

study.

3.2 Geology of the Ankara Region

The oldest rock units cropping out around Ankara are the Paleozoic
epimetamorphic schists (Erol, 1961 and 1968). These oldest units are
overlain by the Triassic series composed of basaltic blocks and
greywackes. Conglomerate, sandstone, siltstone and fossiliferous
calcarenites (Lower Jurassic) overlie Triassic rocks and are overlain by the
limestone series of Middle and Upper Jurassic. Cretaceous period is
represented by ophiolitic melange and flysch series, which are widely
distributed around Kirikkale and Yahgihan. The Paleogene series are
widely distributed around the northern part of Ankara, particularly in
Karyagdi Mountains and Orhaniye village. These series are composed of
conglomerate, sandstone, siltstone, marl and limestone units. Miocene is
characterised by lacustrine limestone, marl, claystone, conglomerate,
andesite, basalt, agglomerates and tuffs. These units unconformably overlie
the Oligocene rocks. Andesites, agglomerates and tuffs, which are the
products of Miocene volcanism, crop out around Karsiyaka, Kecidren,
Haskdy, Altindag, Ankara Castle and Mamak. The Pliocene deposits
unconformably overly the volcanics. Especially Upper Pliocene series are
commonly observed in Ankara and have been formed by the deposition of
weathering products of volcanic rocks into the lakes (Erol 1954). The
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Quaternary deposits are represented by alluviums and talus. The
generalized stratigraphic column of Ankara and geological maps of the test
sites are given in Figures 3.2 and 3.3, respectively.
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Figure 3.1 Location map of the selected sites which are shown by flags.
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3.3 Lithological Characteristics of the Test Sites

(a) Beytepe Campus site of Hacettepe University:

Highly fractured and sheared greywackes crop out at the Beytepe Campus
area of Hacettepe University. Two distinct locations with different rock mass
characteristics were selected for field studies. These areas are located near
a workshop and at the University Club called Beyaz Ev. The greywackes
constitute brown to yellow intensively sheared and very weak rock masses.
A close-up view of the greywacke rock mass in the Beytepe campus area is
shown in Figure 3.4.

Two types of greywackes are distinguished at the Beytepe campus. These
are greywackes with clay and carbonate matrix, which are intensively
sheared both in micro - and macro — scale. Figures 3.5 and 3.6 display a
photograph and thin section view of the greywacke with carbonate matrix

taken from near the workshop at the study site, respectively.

The greywackes with carbonate matrix involve strained angular quartz and
feldspar grains, chlorite, biotite flakes, rock fragments (rhyolite) and chert
fragments. There are many fractures with calcite and iron oxide infillings.
Fractures suggest at least two brittle deformation stages. Due to the
absence of new mineralization and brittle deformations, it can be assumed

that the metamorphism was at very low grade (Génctoglu, 2005).

The greywackes contain high amount of clayey matrix and randomly
oriented iron oxide stained fractures. The grains are composed of quartz,
rock fragments and some feldspar (Figure 3.7).
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Figure 3.4 A close up view from the greywacke rock mass at the Beytepe
campus site of Hacettepe University.

Sheared Fractures

Figure 3.5 Photograph of the greywacke with carbonate matrix.
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Figure 3.6 Thin-section photograph of the greywacke with carbonate matrix
(cross nicols).

Figure 3.7 Thin-section photograph of the greywacke with clay matrix (cross

nicols).
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Some of the samples taken from the location near Beyaz Ev include
randomly oriented cracks and show some degree of foliation. Fractures are
stained by iron oxide and some of them are also filled by calcite. Quartz
grains are dominant and to a lesser amount rock fragments, feldspar and
biotite are present. This sample has grain-supported structure with very fine
grained clayey matrix (Figure 3.8).

Figure 3.8 Thin section photograph of greywacke sample taken from the

site near to Beyaz Ev (cross nicols).
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(b) Dikmen site:

This site is located on the Ceyhun Atif Kansu Street (CAKS) in Dikmen
district. Blocky greywackes are common in Dikmen district (Figure 3.9). The
greywackes cropping out around Dikmen are coarser grained than those
observed at Beytepe. This unit also includes macro and micro fractures
(Figure 3.10).

The sample shows medium-to-coarse angular grains and the fractures
intersect and displace each other (Figure 3.11). The grains are mainly
consisting of quartz with volcanic rock fragments (rhyolite), chert fragments
and plagioclase. Matrix is clayey. Metamorphism is brittle with at least three
deformation stages (repeated periods of fracturing) (Génctioglu, 2005).

Figure 3.9 A view from the greywacke rock mass at Dikmen.
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Figure 3.10 Intact core sample of greywacke from Dikmen.

Figure 3.11 The thin section view of the sample taken from Dikmen site
(cross nicols).
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(c) Solfasol district:

Completely weathered yellowish andesites are observed at this site. The
original rock structure has almost been destroyed; thus the rock unit can be
classified as completely weathered (grade V) to residual soil (grade VI)
according to the weathering classification system suggested by ISRM
(1981). Figure 3.12 shows a general view from the highly weathered
andesites and a shallow slope failure within intensely weathered rock mass.
Discontinuities cannot be identified within the rock mass due to the

transformation of the rock into soil - like material due to weathering.

The mineralogical composition of the andesite samples was determined
with the aid of X — Ray Diffraction (XRD) technique using Cu Ka. radiation in
the laboratories of General Directorate of Mineral Research and
Exploration. Based on the XRD diffractograms, minerals present in the
sample are feldspar, smectite, mica, quartz, amorphous silica and
amphibolite in the order of decreasing abundance. Figure 3.13 shows the
XRD diffractogram of the sample taken from Solfasol district. The XRD

result indicates the effect of chemical weathering.
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Figure 3.12 General profile of the highly weathered andesites in Ankara and

a shallow slope failure occurred within the intensely weathered rock mass.
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Figure 3.13 The XRD diffractogram of the andesite sample taken from

Solfasol district.
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(d) Pursaklar and Ovacik districts:

At this site, highly weathered and pink andesites are observed. Although
the original structure of the intact rock can be distinguished, the rock
material has completely lost its strength (Figure 3.14 a). Less weathered
core stones are also seen within the rock mass (Figure 3.14 b). Therefore,
these units can be classified as highly (grade 1V) to completely weathered
(grade V) according to ISRM (1981)’s classification. Due to intensive
weathering, discontinuities cannot be distinguished within the rock mass.
Thin section view of the andesite sample collected from this site is shown in
Figure 3.15.

The andesite sample contains plagioclase minerals, as phenocrysts and
amphiboles within a sericitized microlite matrix. The accessory minerals are
biotite (< 5 %), quartz (< 5 %) and chert (< 5 %). The iron oxide stained
fractures are rarely observed within the matrix; however, all large

plagioclase crystals contain fractures.

The XRD analyses were performed on the bulk samples taken from various
depths and suggested the presence of smectite, feldspar, mica, cristobalite,
quartz and amphibole minerals. Figure 3.16 shows the XRD diffractogram
of one of the samples taken from 2 — 3 meter depth at Pursaklar district.
The XRD results indicate the presence of chemical weathering products.

33



-7
T S
i S

. FELDSPARN" > '8,
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Figure 3.16 XRD diffractogram of one of the andesite samples taken from
Pursaklar district.

(e) Eymir Lake site:

Soft to medium consistency, saturated and young clay deposits are
observed around Eymir Lake. The color of the clay is grayish green. Clay
has generally high plasticity. One location with high water table, which is
easly accessible for borehole operations and cone penetration testing, was
selected as a test site.
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(f) Mudrocks exposing around Sincan:

The Eocene and Upper Neogene mudrocks of this locality can be classified
as weak rock masses. The rock material is weak to strong and brittle. The
amount of carbonate varies within the rock mass. Color changes from

yellowish brown to grayish green depending on the composition of the rock.
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CHAPTER 4

GEOTECHNICAL SITE INVESTIGATIONS

The purpose of the geotechnical investigations is to assess the engineering
characteristics of the rocks and soils at the selected sites. For this purpose,
rock mass characterization surveys, pressuremeter tests, seismic
investigations, Schmidt hammer tests and sampling were performed on
rock units. For soil units, in addition to pressuremeter tests and sampling,
field vane shear and cone penetration tests were also carried out on the
saturated Eymir Lake clays.

4.1 Rock Mass Characterisation

As it was previously explained, it is also aimed to investigate the effect of
Rock quality designation (RQD), (or some other rock mass parameters
such as GSI, RMR) and intact rock strength on the deformation modulus
determined from pressuremeter test. For this purpose, the Dikmen
greywackes, weathered andesites and mudrocks exposed around Sincan
were selected. For the Dikmen greywackes and weathered andesites rock
mass characterization studies were performed along rock-cut surfaces.
Scan-line surveys could not be carried out at mudrocks around Sincan due
to the lack of exposed rock-cut surfaces. For the highly weathered —
sheared Dikmen greywackes methodology given by ISRM (1981) could not
be applicable, because this unit is divided by intensive discontinuities

without distinct orientations. Therefore, instead of describing the properties
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of discontinuities, the general rock mass characterization study on the
exposed greywacke surfaces is preferred by using GSI (Hoek, 1999),
system. In order to apply this system, information on blockiness of the rock
mass and the surface quality of the discontinuities are needed.

Sénmez and Ulusay (1999) developed a quantitative GSI chart to provide a
numerical basis for evaluating the GSI and then these investigators
modified it (Sénmez and Ulusay, 2002). In this system, the discontinuity
conditions are evaluated using the surface condition rating SCR, which is
represented by three variables called properties roughness rating (R),
weathering rating (Ry) and infilling rating (R:). The blockiness of the rock
mass is numerically evaluated using the structure rating SR which is
calculated from volumetric joint count (J,). This quantitative GSI chart does

not include the laminated-sheared structure in contrast to Hoek (1999).

4.1.1 Dikmen greywackes

Physical and mechanical characteristics of the greywackes cropping out
around Ankara region are required for the settlement and bearing capacity
calculations of the foundations of high-rise buildings, design of deep
excavations and for future underground projects. Determination of the
geomechanical properties of the Dikmen greywackes is a very difficult task
due to their heterogeneous nature and difficulties associated with
undisturbed sampling of the rock mass. In order to obtain geomechanical
properties of the greywackes, indirect empirical methods and field tests
such as plate loading and pressuremeter (and dilatometer) test could be
used. Although direct measurement of geomechanical properties is a better
choice, the budget for these field tests is often incompatible with the
economy of the small projects. Determination of the deformation modulus of
Dikmen greywackes by using pressuremeter tests, and comparison of the
modulus of deformability values obtained from field tests with those
determined by empirical methods are performed. For this purpose, a total of
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27 pressuremeter tests were performed in Dikmen greywackes showing
different characteristics. To determine the rock mass characteristics of the

greywackes, rock mass characterization surveys were performed.

(a) Beytepe campus of Hacettepe University:

Two locations with different rock mass characteristics were selected for
field studies of the greywackes in Beytepe Campus of Hacettepe University.
These areas are located near a workshop and University club called Beyaz
Ev. Figure 4.1 presents a panoramic view of the rock mass from an old
foundation cut near borehole locations. Both of the rock masses include
distinct shear zones. No groundwater is observed in the workshop and
Beyaz Ev sites. The rock mass structure can be classified as disintegrated
to laminated — sheared according to GSI system (Hoek, 1999). The rock
mass exposed around Beyaz Ev site is weaker than that of exposed around
the workshop site.

The field observations suggest that R, ranges between 3 (slightly rough) to
1 (slickensided), R, ranges between 1 (highly weathered) to 0
(decomposed) and Rs is between 2 (hard infilling > 5 mm) to 0 (soft infilling
> 5 mm) for the site near workshop. Therefore, the overall surface condition
rating ranges between 6 to 1. This corresponds to poor to very poor surface
condition in the GSI system (Hoek, 1999).

The structure rating of the rock mass is calculated using equation 4.1
(S6nmez and Ulusay, 2002) by using a value of 6 for Dy.

J,=D,— (4.1)

The resulted range of GSI values are displayed in Figures 4.2 (Hoek, 1999)
and 4.3 (Sénmez and Ulusay, 2002) by shaded areas.
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The differences between GSI values determined by Hoek (1999) and
S6nmez and Ulusay (2002) systems can be explained by the fact that
quantitative GSI chart of Sénmez and Ulusay (2002) does not include the
laminated-sheared structure in contrast to Hoek (1999).

The rock mass is also characterized by using the RMR system (Bieniawski,
1989), and the rock mass parameters and RMR values are given in Table
4.1. Based on the RMR value of the greywackes cropping out at the
workshop site, the rock mass is classified as weak rock (grade V).

Table 4.1 The rock mass parameters and RMR values of the greywacke at

the workshop location.

UCS RQD Discontinuity Condition of

spacing  discontinuity cond-. RMRror
(MPa) (%) (mm) surfaces
Minimum 0.8 0 20 Slickensided  Dry 34
Average 12 0 80 Slickensided  Dry 36
Maximum 22.9 0 200 Slickensided  Dry 39

General view of the rock mass cropping out at the site near Beyaz Ev from

an old foundation cut near one of the boreholes is shown in Figure 4.4.

The block dimensions range from one centimeter to 20 centimeters. Based
on the field observations, R, is estimated as 1 (slickensided); R, ranges
between 1 (highly weathered) and 0 (decomposed), and Ry is 0 (soft infilling
> 5 mm). As a result overall surface condition, rating varies between 1 and
2 which corresponds to very poor surface condition in the GSI system
(Hoek, 1999). The resulted range of the GSI values are depicted in Figures
4.2 (Hoek, 1999) and 4.3 (Sénmez and Ulusay, 2002) by shaded areas.
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Table 4.2 displays the various rock mass parameters and RMR (Bieniawski,
1989) values for the Beyaz Ev site. Based on the RMR value of the
greywackes exposing at the Beyaz Ev site, the rock mass is classified as

weak rock (grade V).

Figure 4.4 General view of the rock mass from an old foundation cut near

one of the boreholes at Beytepe Campus (Beyaz Ev).

Table 4.2 Various rock mass parameters and RMR values for the Beyaz

Ev site.
UCS RQD Discontinuity Condition of GW
spacing discontinuity con d RMRtot
(MPa) (%) (mm) Surfaces '
Minimum 430 0 10 Softfault  p 24
infilling
Soft fault
Average 22 0 80 infilling Dry 28
. Soft fault
Maximum 51.00 O 200 infilling Dry 30
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(b) Dikmen Ceyhun Atif Kansu Street (CAKS):

Dikmen is a densely populated district of Ankara and founded entirely on
the greywackes. At the upper part of Dikmen, generally blocky greywackes
are exposed. These are more massive when compared to those exposed
around Beytepe, Ayranci and Oran. In order to determine their
geomechanical properties a location, which is near to Ceyhun Atif Kansu
Street (CAKS), was selected. This site is characterized by blocky
greywackes. Figure 4.5 shows a general view of the rock mass from a
foundation cut near the boreholes 1 and 2.

The rock mass includes occasional shear zones and blocks of various
sizes. Groundwater was not observed in the rock mass. The dimensions of
the blocks range from 5 to 50 cm. The field observations suggest that rock
mass structure can be classified as disintegrated according to GSI system
(Hoek, 1999). The field observations indicated that R, values range
between 1 and 5 (smooth to rough); R, values between 3 and 5
(moderately to slightly weathered) and Rs values 2 to 4 (hard infilling > 5
mm and < 5 mm). Therefore, the overall surface condition rating ranges
between 6 and 14. A typical discontinuity surface from CAKS is shown in
Figure 4.6. The surface condition corresponds to fair to good based on the
GSI system. The resulted range of GSI values are depicted in Figures 4.2
(Hoek, 1999) and 4.3 (S6nmez and Ulusay, 2002) by shaded areas.

Although the attempts for obtaining core samples from the boreholes using
a double tube core barrel is unsuccessful (only small pieces could be
obtained, RQD = 0), it was determined that the RQD has to be measured
from the rock mass surface. Various rock mass parameters and RMR
values at CAKS are tabulated in Table 4.3. The RMR values of the
greywackes exposing at CAKS are classified as weak to good rock (grade Il
- ).
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Figure 4.5 General view of the greywacke rock mass from a foundation cut near the boreholes 1 and 2 at CAKS.



Figure 4.6 Photograph of a typical discontinuity surface from the CAKS.

Table 4.3 Various rock mass parameters and RMR values at the CAKS site

UCS RQD Discontinuity Condition of

spacing discontinuity (g\r’]\g RMRror
(MPa) (%) (mm) surfaces '
Minimum 0.80 27 50 Slickensided  Dry 38
Slightly
Average 19 35 200 rough Dry 53
. Slightly
Maximum 57.10 46 500 rough Dry 61
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4 1.2 Weathered andesites

Residual soils (ISRM, 1981, category VI) and completely weathered rocks (ISRM,
1981, category V) formed by the weathering — decomposition of the andesites are
exposed at Solfasol, Pursaklar and some parts of Kegidren (especially Ovacik).
These soils are classified as group “b” residual soils according to Wesley (1988) and
are saprolitic. The rock mass characterization studies are performed at Solfasol
district and Pursaklar. Because no rock-cut surface is not observed at the Ovacik

region, rock mass characterization could not be carried out in this area.

(a) Solfasol district

At this site completely weathered yellowish andesites are observed.
Because the original rock structure has almost been destroyed, the
discontinuities could not be evidently observed within the rock mass. The

RQD of the rock mass is 0 at this location.

(b) Pursaklar district

In this district, highly weathered pink andesites, and less weathered blocks
are present within the rock mass. Therefore, these units are classified as
highly (grade IV) to completely weathered (grade V) according to ISRM
(1981). Due to intensive weathering, discontinuities cannot be observed
within the rock mass. Approximately the first 5 meters of the rock mass
from the surface had been extensively weathered (top soil — residual soil)
and the degree of weathering decreases with depth. Therefore, during
boring studies continuous flight auger and double tube core barrel were
employed for the first 5 m and through greater depths, respectively. The
total core recovery is % 100. In BH 1, RQD is about 75 % at depths
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between 5 m and 15 m and % 90 between depths of 15 m and 25 m. In BH
3, RQD is about 60 % at depths between 5 m and 7 m depths, % 82
between 7 m and 15 m depths, and 93 % down to 25 m.

(c) Ovacik district:

A continous flight auger was adopted for the first 4 meters, after this depth
a double tube core barrel was utilized for coring. The total core recovery is
determined as % 100. RQD is about 75 % at depths between 4 m and 15
m, and approximately % 90 down to 25 m.

The field observations and core examinations revealed that the weathered
andesites cropping out at the Ovacik and Pursaklar sites can be classified
as blocky, having very poor surface quality (Hoek, 1999). Therefore, GSI
ranges between 25 and 44.

4.1.3 Mudrocks

In order to investigate the geotechnical characteristics of the Eocene and
Upper Neogene mudrocks cropping out around Sincan region, eight
boreholes with a total depth of 150 m were drilled. Each borehole was
opened with continous flight auger and double tube core barrel was used
when the geomaterial was weak and stronger, respectively.

The claystones and marls are classified as weak rock masses because
they have been divided by a number of discontinuities. RQD determinations

were also performed on core samples.

The RQD calculations showed that the minimum and maximum RQD
values were 0 % and 95 %, respectively, with an average of 50 % and
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standard deviation of 25. There are two distinct peaks in the RQD
histogram as shown in Figure 4.7, which indicates two distinct RQD
distributions. In order to determine the average values of these two groups,
a clustering analysis was performed. Based on the K — means clustering
analysis, RQD values of 23 and 67 were obtained as the averages of the
two groups. The discontinuity surfaces are slightly rough to slickensided
with no infillings, and the rock mass is dry. Mudrocks can be classified as
very blocky, with a surface quality of fair to poor, therefore, GSI ranges
between 33 and 50.

12
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()]

0 10 20 30 40 50 60 70 80 90 100
RQD (%)

Figure 4.7 Histogram of the RQD values for the mudrocks.
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4.2 Pressuremeter Tests

The pressuremeter tests were conducted in the Dikmen greywackes, highly
weathered andesites, mudrocks cropping out around Sincan and normally
consolidated Eymir Lake clays. A brief summary on the pressuremeter tests
and the test results obtained from different geomaterials at various

locations are given in the following sections.

4.2.1 Types of pressuremeters

The pressuremeter was first invented as an in-situ testing tool in the mid of
1950s by Louis Ménard (Ménard, 1956) who then went on to develop a
semi-empirical design method for foundations based on pressuremeter test
results. The testing equipment and the related design techniques have

been continuously refined.

The pressuremeter test consists of applying a radial pressure to the soil by
inflating a rubber membrane and measures the ensuring radial deformation
under conditions of axial symmetry and plane strain. The rubber membrane
is inflated by means of hydraulic or gas pressure and the radial
displacement is measured with an indirect measuring system (volumetric
measurements) or with strain gauges placed in the same plane about
halfway along the membrane height. The casing of the borehole depends
on the type of the soil tested and the depth at which test is undertaken. As
a definition, a pressuremeter is a cylindrical probe that has an expandable
flexible membrane designed to apply uniform pressure to the walls of a
borehole (Clarke, 1995).

The pressuremeters are generally designed for use in most soils, having
capacities between about 2.5 and 10 MN/m?. The walls of pressuremeters

are usually composed of a flexible membrane with some form of outer
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protection. When used in coarse grained soils, most devices incorporate
protective steel strips around the membrane known as the “Chinese
Lantern”. The length of the flexible part of a pressuremeter, including any
guard cells, should not be less than 6 diameters. All methods of interpretation of
the pressuremeter test results assume that the expanding cavity is sufficiently
long for the deformation to be considered as cylindrical. The shorter the
expanding length, the more nearly the deformation approximates to an
expanding sphere rather than an expanding cylinder (Mair and Wood, 1987).

4.2.1.1 Ménard type pressuremeters (MPM)

The MPM device is a type of pressuremeter designed for use in a preformed
borehole. There are two main types of MPM device, differing in the means of
applying the pressure to the membrane and in the method of measuring the
response of the borehole to that pressure. The first type (type 1), based on
the development by Ménard, comprises a central measurement cell filled with
water to which pressure is applied by gas pressure controlled at the surface.
An indirect measuring system is employed, whereby the change in radius of
the borehole during expansion of the membrane is obtained by measuring the
change in volume of the water-filled central cell. This central cell is located
between an upper and lower guard cell, both of which are inflated with gas or
water pressure. Ideally, the guard cell pressure ought to be maintained at the
same pressure as the central cell. When inflated with water, this is the case, but
when inflated with gas, the guard cells are often maintained at a slightly lower
pressure than the central cell. The purpose of the guard cells is to prevent the
central cell from expanding in any direction other than radially. In the second
type (type 2), the membrane is expanded under gas or oil pressure and
displacement of the borehole wall is more directly measured by feeler arms or

displacement transducers inside the membrane.
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The Ménard test is a true static soil loading test and must, therefore, yield the two
characteristic parameters of the soil tested i.e. a deformation parameter and a
failure parameter (Gambin, 1995). Furthermore, the pressuremeter test is the
only in-situ test in which the boundary conditions are theoretically fully known,
apart from the remoulding of the borehole walls caused by the drilling
operation and the time elapsing between drilling and testing (Gambin, 1995).

The pressuremeter used in this study is a type-1 Ménard Pressuremeter
(type GC according to Centre D’Etudes Ménard, 1975, ASTM D 4719
(ASTM, 2000); Figure 4.8). The pressure range of the device is up to 40
bars.

The Ménard pressuremeter has a series of probes which correspond to
most usual borehole dimensions (Figure 4.9). Table 4.4 tabulates the probe
dimensions. Three possible cases related to the pressures of gas and water
are illustrated in Figure 4.10.

In order to obtain a valid test, the central cell has to be in contact with the
soil (Case 1) over its full length. It can be concluded that in order to be in
case 1, pressure in the guard cells should be slightly lower than the central
cell.

In many cases, the Ménard Pressuremeter probe can be lowered into the
boreholes pre — drilled with flight augers, roller bits or rock bits. The test
should be carried out after each pass of the drill which itself must be limited
to a length ranging between 3 to 30 m depending on the nature of the
ground (Centre D’Etudes Ménard, 1975). The common test spacings range
from 1 to 3 m (ASTM, 2000). In submerged granular soils (sand, sand and
gravel below water table), the probe must be driven to the required
elevation either by driving as in the “Standard Penetration Test” or by static
pressure such as in the “Dutch Cone Soundings” or again by vibration in
this case, the probe is protected by a casing with longitudinal slits which

allow radial expansion (Centre D’Etudes Ménard, 1975). Very compact
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deposits of sand and gravel require a mixed method of driving and drilling
by using casing (Centre D’Etudes Ménard, 1975).

Figure 4.8 Ménard Pressuremeter (type GC) and its probe used in this
study.

Figure 4.9 Inside of the Ménard pressuremeter probe.

Table 4.4 Probe dimensions (Centre D’Etudes Ménard, 1975).

Probe Borehole Diameter (mm)
Code diameter
Minimum Maximum

(mm)
EX 32 34 38
AX 44 46 52
BX 58 60 66
NX 74 76 80
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Figure 4.10 Three possible cases related to the pressures of gas and water
in pressuremeter probe (Apageo Segelm, 1997).

The pressuremeter tests were performed according to ASTM (2000) and
Centre D’Etudes Ménard (1975). The pressure losses occur due to the
rigidity of the probe walls. The pressure readings obtained during the test
on the readout device include the pressure required to expand the probe
walls, this membrane resistance must be deduced to obtain actual pressure
applied to the soil. Volume losses occur due to expansion of tubing and
compressibility of any part of the testing equipment including the probe and
the liquid. This calibration is made by pressurizing the equipment with the
probe in heavy duty steel casing or pipe. In this study both of these
calibrations were performed according to ASTM (2000).
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4.2.1.2 Self boring pressuremeters

In order to reduce soil disturbance effects encountered in MPM test, self —
boring pressuremeters have been developed both in UK (Wroth and
Hughes, 1973) and France (Baguelin et al., 1972). The self boring
pressuremeter kit probe and control parts are shown in Figure 4.11.

The self-boring pressuremeters are all similar in principle in that they are, in
essence, miniature tunnelling machines which are steadily jacked into the
ground. The soil displaced by the instrument enters the cutting head where it
is broken into small pieces by a rotating cutter, then flushed to the surface
(Mair and Wood, 1987). The device developed in UK is known as the
Cambridge Pressuremeter (Camkometer), and the French instruments are
known as the Pressiometre Autoforeur (PAF) or more recently, Pressiometre
Autoforeur pour Sol Raide (PAFSOR).

The pressure and soil deformation measuring systems of the Camkometer
are based on the MPM type-2 system. After installation, the membrane is
inflated by gas pressure controlled from the surface, and its expansion is
measured by three separate deformation-sensing feelers spaced at 120°
around its mid plane. The gas pressure applied to expand the membrane and
the pore pressure in the soil in contact with the membrane are also measured
by electrical transducers mounted within the pressuremeter.

The PAF (and PAFSOR) devices differ from the Camkometer in three major
respects. While the Camkometer displacement measuring system corresponds
to the type-2 MPM device, the PAF system corresponds to a type-1 device (i.e.
the volume of the expanding membrane is recorded as a change in level of
liquid). The second major difference is that the PAF devices do not have a
rigid wall inside the membrane to support it during installation and prior to

expansion. The membrane is supported by the liquid inside it and may deform
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during installation. The third major difference is in the method of driving the
cutter. The Camkometer cutter is rotated by rods connected to the drilling
machine, whereas the PAFSOR cutter is rotated by a hydraulic motor installed
within the pressuremeter cutting shoe. Although the PAF and PAFSOR have
been used fairly in France, all of the UK experience of SBP testing has been

with the Camkometer.

Figure 4.11 Self boring pressuremeter kit probe and control parts
(Cambridge In-situ, 2005).

4.2.1.3 Cone — pressuremeter

This type of pressuremeter is inserted in to the ground by soil displacement.
The idea is to fix a pressuremeter probe above a penetrometer cone, by
this way the device enables to simultaneously obtain the pressuremeter
data and the cone penetration test data (Figure 4.12). In this type of
pressuremeter, the pressuremeter probe has 44 mm nominal diameter, the
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cone has an area of 15 cm? and the probe has a length over diameter ratio
(L/D) of 10.

Fressuremeter Probe

Penetrometar Cone

Figure 4.12 Cone pressuremeter (modified from Yu et al., 1996).

4.2.1.4 The push — in pressuremeter (PIP)

With the increasing interest in offshore design and the need to obtain good
measurements of the in-situ properties of offshore clays, a pressuremeter is
required. This resulted in the development in the UK (Henderson et al., 1979) of
the PIP. This is normally inserted by pushing either into an undersize pre-cored
hole or into the bottom of a borehole without any pre-coring. Most of the
experience with it to date has been offshore, and this has been relatively limited
in comparison with MPM and SBP testing onshore (Mair and Wood, 1987).
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The principal differences between the three classes of pressuremeters lie in
the stresses applied to the probe at the start of the test. Ménard
pressuremeters start from a horizontal stress level close to zero. The self
boring pressuremeters start the test at approximately the horizontal total stress
level in the ground before insertion. Push in pressuremeters start with a
horizontal total stress which can be expected to be much greater than that
originally existed in the ground (Clayton et al., 1995).

4.2.1.5 The oyometer

The Oyometer is the general term for those instruments developed by the
OYO Corporation, Japan. The three probes - the LLT, Elastometer 100 and
Elastometer 200 - are monocell probes.

The Elastometer 100 and Elastometer 200 were the first commercial probes
with displacement transducers (LVDT). Both elastometers are designed for
testing rock and can operate up to pressures of 10 and 20 MPa,
respectively (Clarke, 1995). The displacement transducers are used
because of the problems of obtaining accurate information of the cavity
expansion with remote volume-measuring systems. This is particularly

important for tests in rock where displacements are likely to be small.

The probes can be either 62 or 72 mm in diameter. The membrane, which
is the same as those used in packers, has L/D ratio of between 7.2 and 8.4.
The membranes used vary in thickness and type depending on the ground
to be tested. The membrane is prevented from expanding into the annulus
between the probe and the pocket above and below the test section by its
thickness, which can be up to 8 mm, and its stiffness. Figure 4.13 shows
the assembled elastometer and testing equipment and the schematic view
of the elastometer 100 probe, respectively.
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Figure 4.13 The assembled Elastometer and testing equipment (Oyo
— Corporation, 2005).

4.2.1.6 Definition of limit pressure

The theoretical limit pressure (Py) is defined as the pressure at which
pressuremeter cavity expands indefinitelly i.e dV/V = 1. However, this
pressure can never be attained in a real pressuremeter test because of the
limited water volume capacity of the devices. Ménard defined a
conventional limit pressure for dV/Vo = 1 (Pm) in which Vj is the cavity
volume for p = 0 (i.e cavity volume just at the start of the test) (Gambin, 1995).

Since the initial volume for a standard AX or BX probe is in the order of 600
cm?® (535 cm?® + volume injected to contact the borehole walls) dV/Vomay be
assumed to occur for a reading of V = 700 cm® (Centre D’Etudes Ménard,
1975).

The estimation of the asymptotical limit pressure, therefore, requires
extrapolation from data at lower values of dV/V. dV/V, = 1 corresponds to
dV/V= 0.5 and ¢; = 0.41, where, ¢ is the cavity strain (Mair and Wood,1987).

This extrapolation can be made by eye on the pressuremeter P vs V plot or by
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using P vs LN(dV/V) plot. The cavity strain (or circumferential strain) is
formulated as below.

€ = (d —do)/do = (r —ro)/ro (4.2)

Where, d is the diameter and r is the radius.

Volumetric strain (dV/V) can be obtained by using cavity strain,
dVNV =1 —(1+&)? (4.3)

as &. approaches infinity, dV/V approaches to 1.

4 2.2 Pressuremeter test results

The pressuremeter tests were carried out both in the weak rocks cropping
out around Ankara (Dikmen greywackes, highly weathered andesites,
mudrocks exposing around Sincan) and soils (Eymir lake clays) using a
type-1 Ménard pressuremeter.

4.2.2.1 Pressuremeter Tests in Dikmen greywackes

A total of 27 pressuremeter (PMT) tests were performed in Dikmen
greywackes showing different characteristics. The boreholes were drilled
with continuous flight augers for the pressuremeter testing. Flight auger is
the best method of drilling in the Dikmen greywackes because it causes
minimum disturbance to the ground. While the rotary coring is not desirable
in Dikmen greywackes, because it disintegrates easily under the action of
the rockbit — core with water and results in the undesirable enlargement of
the hole and extensive disturbance to the ground. The attempts to obtain
core samples were unsuccessful at each location due to the very weak
nature (weak rock material and closely spaced discontinuities) of the
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greywackes. Although few PMT curves can reach to plastic part in
greywacke tests, deformation modulus of the greywackes can be calculated
from the PMT data.

In order to calculate the shear modulus (G) of the material tested, the slope
of the linear portion of the corrected pressuremeter graph is considered. In
the early stage of the elastic portion, loosened zone around the borehole
yields lower values of G. However, when the applied pressure becomes
higher, the loosened zone becomes compacted and the stress is
transferred to the undisturbed portion of the ground, therefore, the effect of
loosened zone becomes nil. Because of this reason, the slope of the
uniform later portions of the elastic stage is utilized in the determination of
the shear modulus of the ground (Figure 4.14). The values of deformation
modulus were calculated from the shear modulus using a Poisson’s ratio of
0.3.

Uniform slopé

//’

Increasing' G |

0 500 1000 1500 2000 2500 3000
Pressure (kPa)

Figure 4.14 Summary of the method of calculation of shear modulus
(@).
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Hacettepe University Beytepe campus area:

(a) Workshop location

At the workshop location, three boreholes with 5.7, 6, and 6.5 m depths
were drilled (Figure 4.15). The borehole locations and seismic survey lines

are shown on a simplified sketch given in Figure 4.16.

From the slope of the linear part of the corrected pressuremeter curve, the
shear modulus of the rock mass is determined by the following equation.

G = Vave(AP/AV) (4.4)

The deformation modulus of the rock mass can be estimated from the
shear modulus using the following equation with an assumed Poisson’s
ratio value of 0.3, which is typical for most of the rock masses.

E = 2G(1+p) (4.5)

Figure 4.17 displays the corrected pressuremeter graph performed at a depth
of 25 m in BH 2. Table 4.5 tabulates the shear modulus, deformation
modulus and Ménard limit pressure of the rock mass at the workshop area
together with the testing depth.

In most of the tests, the volume of the probe could not reach 700 cm® due to
the limited pressure capacity of the pressuremeter. Therefore, most of the
tests could not yield Ménard limit pressure. The normal distribution
parameters of the deformation modulus are 102 MPa and 35.6 MPa for

mean value and standard deviation, respectively.
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Figure 4.15 A view from drilling near the workshop.
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Figure 4.16 Borehole locations and seismic survey lines at the workshop

area.
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Figure 4.17 The corrected pressuremeter graph performed at a depth of 2.5 m
in BH 2.

Table 4.5 Shear modulus, deformation modulus and Ménard limit pressure
of the rock mass determined at the workshop area.

Borehole Test Shear Deformation Ménard limit

No depth modulus, G modulus, E pressure
' (m) (MPa) (MPa) (MPa)

BH 1 2.2 22.5 58.5 1.4

BH 1 3.5 37.0 96.1 -

BH 1 5.2 44.8 116.5 -

BH 1 6.0 65.1 169.3 -

BH 2 2.5 20.1 52.4 >2.2

BH 2 3.65 39.4 102.4 :

BH 2 4.5 27.8 72.3 -

BH 2 5.5 42.3 110.0 i

BH 6 3.5 51.3 104.4 -

BH 6 5.5 54.0 138.4 :

- Indicates the tests at which Ménard limit pressure could not be obtained due to the limited
pressure capacity of the pressuremeter.

> Indicates that plastic stage is obtained during the test. However, Ménard limit pressure
could not be obtained due to the limited pressure capacity of the pressuremeter.
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(b) Beyaz Ev:

Three boreholes 5, 5.5 and 7 m deep were drilled at this location. Through
these boreholes, a total of 9 pressuremeter tests were performed. The
borehole locations and seismic survey-lines are depicted on a simplified
sketch given in Figure 4.18.

The shear modulus, deformation modulus and Ménard limit pressure of the
rock mass determined by the pressuremeter test obtained from Beyaz Ev
area together with testing depths are given in Table 4.6. The normal
distribution parameters of the deformation modulus are 62.4 MPa for mean
value and 30.6 MPa for the standard deviation, respectively. The corrected
pressuremeter graph obtained from the depth of 3.7 m in BH 4 is depicted in
Figure 4.19.
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Figure 4.18 The borehole locations and seismic survey lines at the Beyaz

Ev area.
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Table 4.6 Shear modulus, deformation modulus and Ménard limit pressure

of the rock mass determined at Beyaz Ev area.

Borehole Test Shear modulus, G Deformation ~ Ménard limit
depth modulus, E pressure
no. (m) (MPa) (MPa) (MPa)
BH 3 4.0 18.0 46.8 -
BH 3 5.5 6.2 16.1 1.8
BH 3 6.5 17.1 44.5 -
BH 4 2.4 46.1 119.9 -
BH 4 3.7 36.5 94.9 -
BH 4 5.7 23.7 61.6 -
BH5 2.5 22.1 57.5 2.0
BH 5 3.5 28.4 73.8 -
BH5 4.5 17.9 46.5 -

- indicates the tests at which Ménard limit pressure could not be obtained due to the limited
pressure capacity of the pressuremeter.
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Figure 4.19 The corrected pressuremeter graph obtained from a depth of 3.7
m in BH 4.
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(c) Dikmen Ceyhun Atif Kansu Street (CAKS) location:

At CAKS two boreholes 2.5 and 6.5 m deep next to each other were drilled.
BH 1 was stopped at 2.5 meter from the surface due to the jamming of the
continuous flight auger. A total of eight pressuremeter tests were
performed. The plan view of the borehole locations and seismic survey line
are shown in Figure 4.20. The limit pressure could not be reached in none

of the pressuremeter tests performed at this location.
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Figure 4.20 Borehole locations and seismic survey lines for the CAKS site

on a plan view.
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Table 4.7 shows the shear modulus and deformation modulus of the rock
mass determined by the pressuremeter test at CASK site together with
testing depths.

Table 4.7 Shear modulus and deformation modulus of the rock mass
observed at CASK.

Test depth Shear modulus, G Deformation
Borehole
modulus, E
no.
(m) (MPa) (MPa)
BH 7 1.0 52.3 136.0
BH7 1.6 57.5 149.5
BH7 2.3 63.3 164.6
BH 8 1.0 56.6 147 .1
BH 8 2.5 104.7 272.2
BH 8 4.0 102.2 265.7
BH 8 5.0 73.5 191.1
BH 8 6.0 52.7 137.0

If all values of deformation modulus (total of 27) from the Dikmen
greywackes determined by the pressuremeter testing are used to obtain
normal distribution, the histogram given in Figure 4.21 is obtained. The
normal distribution parameters of the overall values of the deformation
modulus are 112.8 MPa for mean value and 63.3 MPa for standard

deviation.
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Figure 4.21 The histogram of the deformation modulus obtained from all

pressuremeter tests performed at Dikmen greywackes.

4.2.2.2 Pressuremeter tests in the weathered andesites

A total of 9 boreholes were drilled in the weathered andesites. Four of them
were utilized for pressuremeter testing and drilled using continuous flight
auger. The others were drilled for sampling using a double tube core barrel
and/or large diameter continuous flight auger depending on the ground
conditions. The values of deformation modulus (E) were calculated from the
shear modulus using a Poisson’s ratio of 0.3. Summary of the results of the
pressuremeter tests performed in Solfasal, Ovacik and Pursaklar districts
are depicted in Tables 4.8, 4.9 and 4.10, respectively. Some of the tests
could not yield limit pressure due to the capacity restrictions of the
pressuremeter. The mean value of the deformation modulus of the
weathered andesites is 34.8 MPa and standard deviation is 25.8 MPa
(Figure 4.22). A sample PMT graph obtained from a depth of 7.7 m in BH
15 is given in Figure 4.23.
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Table 4.8 Summary of pressuremeter tests performed in Solfasol district.

Test depth Shear modulus, G Deformation Ménard limit
modulus, E pressure

(m) (MPa) (MPa) (MPa)
1.5 6.3 16.3 1.2

3.0 12.6 32.7 1.8

4.5 11.2 29.1 1.4

6.0 15.5 40.3 -

8.0 21.0 54.6 -

15.0 28.1 73.06 -

- Indicates the tests at which Ménard limit pressure could not be obtained due to the
limited pressure capacity of the pressuremeter.

Table 4.9 Summary of pressuremeter tests performed in Ovacik district.

Test depth Shear modulus, G Deformation Ménard limit
modulus, E pressure
(m) (MPa) (MPa) (kPa)
1.0 4.4 11.4 630.3
1.5 4.1 10.7 584.8
3.0 3.6 9.4 597.9
4.5 4.4 11.4 665.9
6.0 7.3 19.0 1148.7
7.5 8.6 22.4 1386.6
10.0 9.1 23.7 1477.5
13.0 7.5 19.5 1267.2
17.0 11.0 28.6 1382.6
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Table 4.10 Summary of pressuremeter tests performed in Pursaklar district.

Borehole Test Shear Deformation Ménard limit
No. depth modulus, G modulus, E pressure

(m) (MPa) (MPa) (kPa)
1.7 1.4 3.6 137.6
3.2 2.0 5.2 359
4.7 7.3 19.0 874

BH 15 6.2 10.8 28.1 1373
7.7 16.3 42.4 -
10 17.4 45.2 _
15 23.3 60.6 -
1.7 7.9 20.5 650
3.2 15.0 39.0 -
4.7 12.2 31.7 -

BH 17 6.2 13.7 35.6 ]
7.7 33.2 86.3 -
10 34.4 89.4 -
15 38.9 101.1 -

- Indicates the tests at which Ménard limit pressure could not be obtained due to the limited
pressure capacity of the pressuremeter.
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Figure 4.22 The histogram of deformation modulus values of the weathered
andesites.
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Figure 4.23 Sample PMT graph obtained from the depth of 7.7 m in BH 15.
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4.2.2.3 Pressuremeter tests in mudrocks

For the purpose of obtaining strength and deformation behavior of the
claystone and marl rock masses, a total of 50 PMT were performed in the
boreholes at various depths. The values of shear modulus, deformation
modulus and Ménard limit pressure are given in Table 4.11. The
deformation modulus (E) values were calculated from the shear modulus

Poisson’s ratio of 0.3.

The mean of the deformation modulus of the mudrocks is 159.4 MPa and
standard deviation is 81.9 MPa (Figure 4.24). A sample PMT graph
obtained from the depth of 2 m in BH 21 is shown in Figure 4.25.
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Figure 4.24 Histogram of the deformation modulus for mudrocks.

74



Table 4.11 Shear modulus, deformation modulus and Ménard limit pressure
from PMT.

Borehole Test Shear Deformation  Ménard limit
no depth  modulus, G  modulus, E pressure
' (m) (MPa) (MPa) (MPa)
1.50 722 187.8 -
2.50 49.2 128.0 i
4.50 46.4 120.6 i
7.00 75.1 195.2 i
BH 18 9.00 41.7 108.4 i
11.00 14.5 37.8 i
13.00 83.0 215.7 :
15.00 72.2 187.8 i
2.00 147 38.3 25
4.00 43.4 112.8 R
6.00 51.7 134.4 R
BH 19 8.00 71.7 186.3 -
10.00 58.5 152.0 -
12.00 98.5 256.0 -
14.00 98.8 256.9 -
2.00 14.3 37.3 0.9
4.00 64.1 166.7 -
6.00 61.7 160.3 -
9.00 40.0 104.0 -
BH 20 13.00 34.3 89.2 .
16.00 43.0 111.8 ;
20.00 53.4 138.8 i
21.00 65.1 169.2 i
22.00 64.1 166.7 :
2.00 65.1 169.2 R
4.00 52.4 136.3 R
BH 21 7.00 63.4 164.8 R
9.00 66.0 171.6 -
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Table 4.11 (continued)

B Testing Shear Deformation  Ménard limit
orehole
no. depth modulus,  modulus, E pressure
(m) G (MPa) (MPa) (MPa)
1.50 7.2 18.6 0.9
3.50 7.5 19.6 1.7
4.75 5.7 14.7 1.1
BH 22 6.25 36.2 94.1 -
7.80 39.6 103.0 -
11.00 71.7 186.3 --
14.00 86.8 225.6 -
6.50 89.6 232.9 -
9.00 130.1 338.3 -
BH23 4100 130.1 338.3 :
13.00 130.1 338.3 -
2.00 54.7 142.2 -
4.00 87.9 228.5 -
BH 24 6.50 101.8 264.8 -
9.00 105.6 274.6 -
12.00 107.7 280.0 -
2.00 9.6 25.0 1.5
4.00 57.2 148.8 -
7.00 48.5 126.0 -
BH 25 9.00 46.8 121.6 -
12.00 67.9 176.5 -
15.00 64.5 167.7 -

- Indicates the tests at which Ménard limit pressure could not be obtained due to
the limited pressure capacity of the pressuremeter.
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Figure 4.25 A sample PMT graph obtained at a depth of 2 m in BH 21.

4.2.2.4 Pressuremeter tests in the Eymir Lake clays

During the field study on the Eymir Lake clay, 3 boreholes were drilled next
to each other. First borehole was drilled using continuous flight auger for
the pressuremeter testing. Through this borehole 7 pressuremeter tests
were performed at depths of 1, 2, 3, 4.2, 5.3, 6.8, 8 m. In the other
borehole, 7 field vane tests at the same depths as the pressuremeter tests
were performed. Undisturbed samples were taken from the last borehole.
The values of deformation modulus were calculated from the shear
modulus by using Poisson’s ratio of 0.5. The values of the shear modulus,
deformation modulus and Ménard limit pressure are given in Table 4.12. A
sample PMT graph obtained at a depth of 2 m is shown in Figure 4.26.
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Table 4.12 Shear modulus, deformation modulus and Ménard limit pressure

of the Eymir Lake clays.

Test Shear modulus, G Deformation  Ménard limit
Depth modulus, E pressure
(m) (kPa) (kPa) (kPa)
1.0 660 1979 136
2.0 1375 4125 330
3.0 2042 6127 393
4.2 817 2452 290
5.3 823 2468 360
6.8 2327 6982 548
8.0 1722 5167 461
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Figure 4.26 A sample PMT graph obtained from the depth of 2 m in Eymir

Lake clays.
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4.3 Seismic Refraction Surveys

The seismic refraction surveys involving both P and S wave measurements
were conducted using a multi-channel seismograph to assess the dynamic
parameters of the rock mass under consideration. The purpose of the tests
is to use the shear wave velocities for a probable correlation with the
modulus of deformation values obtained from the pressuremeter test. The
seismometer includes a computer and a data acquisition system. The
elastic deformability parameters can be directly obtained from the P and S
waves utilizing the principles of theory of elasticity. However, these elastic
parameters correspond to very small strain levels and cannot reflect the
deformations under working load conditions. In spite of this limitation, the P
and S wave velocities are valuable parameters for comparing the rock
mass quality. Figure 4.27 shows the seismometer used in the seismic

refraction surveys.

During the refraction surveys, 12 pressure (P) and 12 shear (S) wave
recording geophones were utilized and the spacing between geophones
was selected as 3 m. In order to create seismic waves required to perform
refraction survey, impact of a sledge hammer was employed and two shot
point locations were selected for each section.

All data from this survey were analyzed with SIP software by Rimrock
Geophysics (1992) based on the USGS developed SIP routines. The
interpretation program (SIPIN) uses the delay-time method (Hagedoorn,
1965) to obtain a first-approximation depth model, which is then modified by
a series of ray-tracing and model adjustment iterations to minimize any
discrepancies between the picked arrival times and corresponding times
obtained from the depth model.
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Figure 4.27 The seismometer used during the seismic refraction surveys.

By using the P and S wave velocities, the values of dynamic deformation
modulus (Emax), shear modulus (Gmax) and dynamic Poisson’s ratio of the

materials were calculated based on the theory of elasticity (Equations 4.6

and 4.7).

G =V (4.6)

Where, Vs is the shear wave velocity, ¢ is the density of the material (unit

weight/gravitational acceleration).

V/Vs = ((2°°).((1-w)/(1-21))*° (4.7)

Where, u is the Poisson’s ratio of the material.
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4.3.1 Seismic refraction surveys in Dikmen greywackes

The seismic refraction surveys were performed in all greywacke locations
(Figures 4.16, 4.18 and 4.20). Figure 4.28 shows the seismic refraction field
layout at Beyaz Ev location in Beytepe campus of Hacettepe University.
The depth model and time distance graphs of the seismic refraction survey
performed in the greywackes at the Workshop area (section A) is depicted
in Figure 4.29 as a selected example.

Summary of results obtained from the seismic refraction surveys performed
in Workshop, Beyaz Ev and CAKS are given in Tables 4.13, 4.14 and 4.15.

Table 4.13 Summary of the results obtained from the seismic refraction

surveys performed at Beytepe campus of Hacettepe University, Workshop

location.
Survey Layer Depth Vo Vs Gmax  Emax Eglg:g:(;
line No. (m) (m/sec) (m/sec) (MPa) (MPa) ratio
A 1 05-3 816 394 396 1067 0.348
2 - 1366 576 846 2355 0.392
B 1 - 1384 720 1322 3475 0.315

V,: Velocity of the pressure wave; Vg: Velocity of the shear wave; Gnax: Maximum shear
modulus, E.x: Maximum modulus of elasticity.

Table 4.14 Summary of the results obtained from the seismic refraction
surveys performed at Beytepe campus of Hacettepe University, Beyaz Ev

location.
Survey Layer Depth Vo Vs Gmax  Emax Eglg:g:(;
line No. (m) (m/sec) (m/sec) (MPa) (MPa) ratio
A 1 - 1698 517 682 1975 0.449
B 1 - 1666 422 454 1331 0.466
C 1 - 1893 787 1579 4408 0.396
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Table 4.15 Summary of the results obtained from the seismic refraction
surveys performed at Dikmen CAKS location.

Survey Layer Depth 'V, Ve Gmax  Emax PDglggchr;]lcs
ine  No. (m) (m/sec) (m/sec) (MPa) (MPa) a0

1 1-2 767 242 149 432 0.445
2 - 2405 1365 4751 11996 0.263

Figure 4.28 Field layout of the refraction survey at Beytepe campus of

Hacettepe University, Beyaz Ev location.
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Figure 4.29 (a) The depth model and (b) time distance graphs of the
seismic refraction survey performed in greywackes at workshop location of
Beytepe Campus (section A).
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4.3.2 Seismic refraction studies in the weathered andesites

The seismic refraction surveys were also performed in the weathered
andesites for rock mass characterization. The results of the surveys are
tabulated in Tables 4.16 through 4.18.

Table 4.16 The summary of the results obtained from the seismic refraction
surveys performed at Solfasol district.

Layer Depth  V; A Gmax  Emax F?glggg::z
No. (m) (m/sec) (m/sec) (MPa) (MPa) ratio
1 7-8 368 108 23 67 0.453
2 - 2431 457 418 1224 0.482

Table 4.17 The summary of the results obtained from the seismic refraction
surveys performed at Ovacik district.

Layer Depth Vp Vs Gimax Emax Egﬁgzg::’cs
No.  (m) (misec) (m/sec) (MPa) (MPa) rario
1 4-5 1125 280 157 460  0.467
2 - 2874 374 280 834  0.49f

Table 4.18 The summary of the results obtained from the seismic refraction
surveys performed at Pursaklar district.

Survey Layer Depth Vp Vs Gmax  Emax Fl?glggg::%
line No. (m) (m/sec) (m/sec) (MPa) (MPa) ratio
A 1 4-6 507 31 1.9 5.8 0.498
2 : 1683 231 107 318 0.490
5 1 2-5 760 58 68 20 0497
2 - 1245 339 229 671 0.460
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4.3.3 Seismic refraction studies in the mudrocks

Within the mudrocks exposed around Sincan the surveys were performed
along four sections which are very close to the borehole locations. Table
4.19 gives the summary of the results obtained from the seismic refraction

surveys.

Table 4.19 The summary of the results obtained from the seismic refraction
surveys performed at mudrocks.

Sqrvey Layer Depth Vo Vs Gmax  Emax Egﬂg:ﬁi

line No. (m) (m/sec) (m/sec) (MPa) (MPa) ratio
1 2-3 257 154 55 135 0.220

A 2 12-16 1645 315 232 688 0.481
3 - 6364 580 787 2355 0.496

1 4-5 251 128 38 102 0.324

° 2 - 2493 189 84 250 0.497
1 2 213 67 11 30 0.445

C 2 5-7 1091 391 358 1021 0.426
3 - 2899 947 2099 6045 0.440

1 2-3 332 92 20 58 0.458

0 2 - 1703 665 1035 2918 0.410
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4.4 Cone Penetration Tests

For the determination of soil profile and undrained shear strength of the
Eymir Lake clay, Cone Penetration Tests (CPT) were performed close to
the boreholes by using electronic piezocone with 10 cm? tip area. The CPT
tests were performed by Zemar Zemin Arastirma Ltd. Sti.

During testing, the penetration rate was kept as 2 cm/sec. The tip
resistance, sleeve friction and pore pressure measurements were taken
using electronic transducers. The tests were performed according to ASTM
(1994 a). Figure 4.30 shows the CPT data logging system and the cone

used in the study.

(@) (b)

Figure 4.30 (a) The CPT data logging system and (b) the cone used in the
study.

The tip resistance, sleeve friction, excess pore pressure measurements and
soil behavior type determined from CPT in Eymir Lake clays are depicted in
Figure 4.31.
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Figure 4.31 The tip resistance, sleeve friction, excess pore pressure measurements and soil behavior type

determined from the CPT tests in the Eymir Lake clays.



45 Field Vane Tests

The field vane tests were performed in the Eymir Lake clays to determine
undrained shear strength which will be compared with those determined
from the pressuremeter tests. The field vane test system used in this study
has two blades. The first blade is for relatively soft clays with undrained
shear strength of between 0 and 80 kPa and its dimensions are 151.5 mm
(height), 75.8 mm (diameter) and 1.5 mm (blade thickness). The second
blade is for stiffer clays with undrained shear strength of between 0 and
160 kPa, and its dimensions are 120 mm, 60 mm, 1.5 mm respectively. The
tip blades are sharpened using 45 cut. In this study, second blade (120 *
60 mm) was utilized (Figure 4.32). The system has a special anti-friction
rod system which always ascertains the real friction between the rods and
soil. The tests were performed according to ASTM (1994b). Instead of the
torque, the undrained shear strength was directly measured from the dial
gauge. The gauge displays the undrained shear strength according to the
equation 4.8 (uniform shear stress distribution at top and bottom of the
cylindrical shear surface assumed). Table 4.20 shows the undrained shear
strengths obtained with field vane tests.

For a vane with H = 2D;

T =3.667D° S, (4.8)

Where, T is the torque, D is the blade diameter (mm) and S, is the
undrained shear strength.
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Figure 4.32 Field vane used in the study.

Table 4.20 The values of undrained shear strength determined from the
field vane tests.

Depth Undrained shear
strength, S,

(m) (kPa)
1 36
2 84
3 83

4.2 81

5.3 131

6.8 127
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4.6 Schmidt Hammer Tests

Because during the drilling operations no intact core samples could be
taken from the Dikmen greywackes, L-type Schmidt hammer with 0.74 Nm
impact energy was utilized for indirect determination of the intact rock
strength in the greywackes. The tests were performed according to ISRM
(1981) and the values of uniaxial compressive strength of the rock was

estimated using Deere and Miller (1966)’s chart.

(a) Beytepe Campus of Hacettepe University, workshop site:

Figure 4.33 presents the histogram of the uniaxial compressive strength
(greywackes at workshop site) indirectly obtained from the Schmidt
hammer rebound values. The normal distribution parameters of the uniaxial
compressive strength values are 12 MPa for mean value and 5.08 MPa for
standard deviation. The minimum, mean and maximum values of the
uniaxial compressive strength determined from the Schmidt hammer tests

are given in Table 4.1 for the workshop location.
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Figure 4.33 Histogram of the uniaxial compressive strength values of the
greywackes at workshop site.

(b) Beytepe Campus of Hacettepe University Beyaz Ev site:

The histogram of the uniaxial compressive strength values of the
greywackes at Beyaz Ev site obtained from the Schmidt hammer rebound
values together with the fitted normal distribution curve is depicted in Figure
4.34. The normal distribution parameters of the uniaxial compressive
strength are 22 MPa for mean value and 13.65 MPa for standard deviation.
The minimum, mean and maximum values of the uniaxial compressive
strength determined from the Schmidt hammer tests are given in Table 4.2
for Beyaz Ev location. The values of uniaxial compressive strength
indirectly obtained from Schmidt hammer tests is surprising, because they
are higher than those obtained from the workshop site. However, the rock
mass seems to be weaker than that of workshop site. This is due to the fact

that the rock mass exposed around Beyaz Ev site includes heavily
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weathered — completely disintegrated soil matrix, and USC for this matrix is
impossible to determine. However, when this matrix is excavated, less
weathered portion will be exposed, and therefore, the USC given in Figure

4.35 is valid for the rock mass of Beyaz Ev site.

Number of observations

B 12 18 24 3 37 43 49
Uniaxial compressive strength (MPa)

Figure 4.34 The histogram of the uniaxial compressive strength of the

greywackes at Beyaz Ev site.

Kumtepe (1996) determined the USC as 36.7 MPa (one test on a core
sample) of the greywackes around Beyaz Ev. This value will probably
belong to an intact rock sample from the less weathered portion and does
not reflect the overall intact rock strength of the greywackes at this site.
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(c) Dikmen Ceyhun Atif Kansu Street (CAKS):

Figure 4.35 shows the histogram of the values of the uniaxial compressive
strength indirectly obtained from the Schmidt hammer rebound values
together with the fitted normal distribution curve. The normal distribution
parameters of the uniaxial compressive strength values are 19 MPa for
mean value and 11.58 MPa for standard deviation. The minimum, mean
and maximum values of the uniaxial compressive strength determined from
the Schmidt hammer tests are given in Table 4.3 for CAKS location. The
values of the uniaxial compressive strength obtained from Schmidt hammer
rebound values is again surprising, because they are nearly equal to those
obtained from Beytepe Beyaz Ev site.
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Figure 4.35 Histogram of the uniaxial compressive strength of the
greywackes at CAKS.
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CHAPTER 5

LABORATORY GEOMECHANICAL TESTS

In addition to the field test, laboratory geomechanical tests were also
performed for the determination of soil and rock properties of the selected
sites.

5.1 Block Punch Strength Index Tests

The Block Punch Strength Index (BPI) test is performed for indirectly
estimation of the uniaxial compressive strength of intact rocks from which
standard core specimens could not be prepared. The BPI test was
specifically designed for rocks which are easily separated into slices such
as slate etc. The test was improved by the studies of Ulusay and
Gobkceogdlu (1997 and 1998), Gbékceoglu (1997), Sulik¢l and Ulusay (2001)
who obtained satisfactory results for the estimation of uniaxial compressive
strength. This method was accepted as a draft suggested ISRM method by
ISRM in 2001 (Ulusay et al., 2001).

In BPI, disk specimens are prepared from the core samples having
thicknesses ranging between 5 — 15 mm with parallel faces. The disk
shaped specimens are placed to a disk shearing channel whose
dimensions are given in Figure 5.1. The tests were carried out following the
procedure described by Ulusay et al. (2001). For a valid test, the specimen
has to be uniformly failed as shown in Figure 5.2.
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Figure 5.1 Disk shearing channel and its dimensions (Ulusay et al.,
2001).

e ——

Figure 5.2 Uniformly failed BPI specimen (Ulusay et al., 2001).
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In order to improve the Schmidt test results and to obtain uniaxial
compressive strength of intact greywacke samples to be used in developing
empirical equations for the deformation modulus of the greywackes, 29 BPI
tests were performed on the greywacke samples extracted from greywacke
blocks which were selected as being most compact and including less
number of discontinuities. The tests were carried out at Hacettepe
University, Geological Engineering Department Rock Mechanics
Laboratory. Unfortunatelly no sample could be extracted from the blocks

taken from Beyaz Ev site.

The values of the corrected BPI is calculated according to the equation 5.1.

BPI, =3499.D7"** {2 F (5.1)

Where, BPI; is the corrected block punch strength index (MPa), D is the
diameter of the specimen (mm), t is the thickness of the specimen (mm),
and F is the failure load (kN).

From the corrected BPI, the uniaxial compressive strength of the rock can

be estimated from the following equation.

UCS =5.1BPI (Ulusay et. al, 2001) (5.2)

However, based on the BPI tests carried on Dikmen greywackes by
Gokceoglu and Zorlu (2004), the following equation was suggested

specifically for the estimation of UCS of this rock unit.

UCS =2.72BPI_+13.7 (5.3)

Table 5.1 presents the block punch index test results of Dikmen
greywackes. The histogram and descriptive statistics of the BPI results are

depicted in Figure 5.3.
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Table 5.1 Block punch index test results of Dikmen greywackes.

ucs ucs
Sample D T F BPI  Ulusayet Gokceoglu &
al. (2001)  Zorlu. (2004)
(mm) (mm) (kN) (MPa) (MPa) (MPa)
545 115 112 955 48.72 39.69
54.5 10 12 11.98 61.11 46.29
545 123 14 11.07 56.46 43.81
X 545 117 7.2 6.02 30.72 30.08
I 545  11.1 175 15.54 79.23 55.96
qE> 545 126 115 885 45.14 37.77
= 545 145 145 953 48.58 39.61
5 545  11.3 13 11.31 57.68 44 .47
£ 545 115 8.2 6.99 35.67 32.73
3 545  13.2 20 14.61 74.49 53.43
3 545  13.6 14 9.89 50.42 40.59
% 545 136 149 1052  53.66 42.32
S 545 132 195 14.24 72.63 52.44
= 54.5 14.3 28.5 19.02 97.00 65.43
545 145 17 11.17 56.96 44.08
54.5 9.1 10 11.10 56.63 43.90
54.5 14 14 9.57 48.80 39.73
545  11.8 3.8 3.15 16.06 2226
> 545  10.6 2 1.87 9.54 18.79
© 545 104 1.6 1.53 7.80 17.86
g 415 122 6 7.00 35.69 32.74
gg 45 112 6 7.71 39.30 34.66
= 415 118 3 3.63 18.53 23.58
= 41.5 11.2 4.5 5.78 29.48 29.42
415 105 4 5.53 28.18 28.73
415 12.8 10 11.05 56.36 43.76
2 54.5 14 9 6.15 31.37 30.43
S 545  13.4 9.5 6.82 34.79 32.25
54.5 13 12 8.92 45.47 37.95
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Figure 5.3 The histogram and descriptive statistics of the BPI results.

The mean value of the UCS of the greywackes extracted from the
workshop site using the relationship proposed by Gdékceodlu and Zorlu
(2004) is 38.4 MPa with a standard deviation of 11.7 MPa. For CAKS site,
mean value of UCS is 36.1 MPa and standard deviation is 6.03 MPa.

The values of UCS determined from the BPI tests are higher than those
estimated from the Schmidth hammer rebound values. This is an expected
result because the core samples extracted from the greywackes have
higher strengths.
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5.2 Uniaxial Compressive Strength Tests

Tests were performed on weathered andesites, mudrocks and greywackes
to determine uniaxial compressive strength and deformation modulus of the
intact rock samples. The tests were carried out at Gazi University
Construction Edu. Department Concrete Laboratory. For the axial
deformation measurements, two electronic displacement transducers with
0.0001 mm sensitivities were utilized. Two different compression machines
with 3000 kN and 800 kN capacities were used for testing appropriate intact
rock samples. All tests were performed according to ISRM (1981).

(a) Greywackes:

Because of the very weak nature of the Dikmen greywackes, only three
UCS test samples could be extracted from the selected blocks. As for the
case of BPI tests, these samples do not reflect the overall quality of the
greywackes. Figure 5.4 shows the axial stress versus axial strain graph of
the greywacke sample taken from Beyaz Ev location at Beytepe Campus of
Hacettepe University. The summary of the uniaxial compression test results
are given in Table 5.2.
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Figure 5.4 The axial stress versus axial strain graph of the greywacke
sample taken from Beyaz Ev location at Beytepe Campus of Hacettepe
University.

Table 5.2 Summary of the uniaxial compressive strength test results, from
greywacke samples.

UCS Eso
Sample (MPa)  (MPa)
Dikmen — CAKS, A 20.8 4934
Dikmen — CAKS, B 13.3 2174
Beytepe Campus Beyaz Ev 15.1 2353

(b) Weathered andesites:

No core samples could be taken from Solfasol district thus the uniaxial
compressive strength tests could not be performed. However, 10 and 18
uniaxial compressive strength tests were performed on samples taken from
Ovacik and Pursaklar districts, respectively. Figure 5.5 depicts the axial
stress versus axial strain graph of the Ovacik sample taken from a depth of

6 m.
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Table 5.3 summarizes the results of the UCS tests performed on Ovacik
samples. Figure 5.6 displays the axial stress versus axial strain plot of the
Pursaklar sample taken from 15 m depth of BH 2.

Figure 5.7 depicts the histogram and descriptive statistics of the UCS
values of the weathered andesites. The results of the UCS tests on the
Pursaklar samples are given in Table 5.4. Figure 5.7 suggests that two
distributions are super-imposed, left peak belongs to the UCS of Pursaklar
site, whereas right distribution belongs to the Ovacik site.
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Figure 5.5 Axial stress versus axial strain graph of the Ovacik sample taken
from a depth of 6 m.
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Table 5.3 Results of the UCS tests performed on the weathered andesites

taken from Ovacik.

Sampling
depth UCS Eso
(m) (kPa) (MPa)
4.0 283 12.4
4.5 248 14.0
5.0 385 17.5
6.0 347 23.5
7.5 344 23.7
10.0 415 28.4
13.0 471 18.5
15.0 428 20.1
16.0 518 25.4
18.0 468 32.7
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Figure 5.6 The axial stress versus axial strain plot of the weathered
andesite from Pursaklar taken from a depth of 15 m in BH 2.
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Figure 5.7 The histogram and descriptive statistics of the UCS values of the

weathered andesites.

Table 5.4 The results of the UCS tests performed on the Pursaklar

samples.

Borehole Sampling depth  UCS Eso

No. (m) (kPa)  (MPa)
5.0 775  31.0
6.0 604  32.3
7.0 665  28.4
8.0 816  54.9

BH 2 9.0 689  43.1
10.0 615  46.8
12.0 890  64.4
15.0 808  69.5
18.0 856  76.3
5.0 513  37.1
6.0 417 426
7.0 839 894
8.0 947 967

BH 4 10.0 818 1247
12.0 1112 109.1
13.0 987  112.1
15.0 836  92.2
18.0 900  135.8
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(c) Mudrocks cropping out around Sincan:

A total of 39 uniaxial compressive strength tests were performed on the
intact mudrock core samples with deformation measurements (Table 5.5).
The histogram of the UCS tests is depicted in Figure 5.8. There are two
distinct peaks in the UCS histogram shown in Figure 5.8. In order to
determine the average values of these two groups a clusturing analysis was
performed. Based on the K — means clustering analysis, the UCS values of
4.97 and 19.47 MPa UCS were obtained as the average values of these

groups.
15— Mean = 6.1
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N=39
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Figure 5.8 Histogram of the UCS values of the mudrock samples.
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Table 5.5 Summary of the UCS test results from mudrocks.

Borehole Depth Sample UsC Eso
No. (m) No. (MPa) (MPa)
P 1 11-15 1 6.30 641.4

1 0.83 78.7
18-20 2 2.96 507.2
1 1.56 213.4
. 20-22 2 1.27 136.9
24 - 96 1 1.97 70.2
2 2.40 171.4
25 - 26 1 7.12 640.2
26 - 27 1 7.90 458.5
1 5.80 522.7
2 5.70 520.9
10-12 3 6.80 688.0
4 6.20 298.1
1 6.76 2223.0
12 -14.5 2 6.76 4192.7
5 3 6.60 7573.5
1 2.91 2029.3
14.5-15.5 2 3.74 354.3
1 4.16 1481.2
2 3.51 846.0
15.5-18 3 8.06 11926.3
4 3.95 407.5
18 - 20 1 2.34 205.5
1 6.2 376.4
9.5-10.5 2 4.5 419.2
1 5.2 257.1
n-125 5, 3.5 1533.4
1 9.9 1465.9
e 125-155 2 6.5 1222.6
1 18.6 799.7
14-15 2 21.4 1717.5
1 5.7 656.8
15-16 2 6.6 893.9
8-125 1 18.4 7301.9
1 3.6 242 1
o g 12.5-16 2 10.1 664.6
1 25 105.1
16 - 30 2 2.7 136.0
3 6.3 495.5

105



5.3 Soil Mechanics Index Tests

In order to classify the soil according to Unified Soil Classification System
(USCS), Atterberg limit determinations and grain size analyses including
both sieve and laser particle sizing were performed for the Eymir Lake clays
and the residual soils cropping out at Solfasol, Ovacik and Pursaklar
districts. The tests were carried out at Gazi University Construction Edu.

Department, Soil Mechanics Laboratory.

In the laser diffraction technique, laser beams are send to the soil grains
which are in suspension. Laser beams are diffracted from soil grains, and
the diffracted beams are passed through a special lens (Fourier lens) and
detected by a detector. There is an inverse relationship between the
diffraction angle of the laser beam and grain size. Therefore, the densities
of diffracted beams, which are diffracted with different angles, reflect the
grain size distribution. By using the Mie theory (ISO, 1999), grain sizes,
which are calculated by assuming sphere shaped grains and the volumetric
amount grains, can be calculated. For this study, a laser diffraction device
(Figure 6.9) which has a 2 mW He-Ne laser source producing laser beam
with 0.633 ym wave length and 18 mm diameter, was used. The
sedimentation techniques, such as hydrometer, use Stoke’s law which
assume settling particles as spheres. However, this assumption is not valid
for clay minerals having flaky shapes. As a result of this assumption,
hydrometer analysis determines the percentages of clay-sized particles
higher than the actual amount. Because of this reason, laser diffraction
method is superior to the sedimentation technique. The summary of the
index test results of the studied cohesive soils is given in Table 5.6.

The calculated values of the clay fraction with the laser diffraction technique

are lower than those determined from hydrometer. For example, clay

106



fraction of the Eymir Lake samples is about 50 - 60 %, whereas the laser

diffraction technique yields about 20 - 25 %.

Table 5.6 The summary of the index test results of studied cohesive soils.

Name Passing Passing Clay
of Depth Soil No 4 No 200 LL Pl fraction
location type sieve sieve
(m) (%) (%) (%) (%) %
Solfasol 0.5 CH 99.7 54.5 50.2 15.2 9.0
0.5 CH 99.7 83.4 83.9 51.6 35.7
Ovacik
2.0 CH 100 93.9 80.6 36.8 26.0
1.0 CH 97.3 57.4 76.3 45.6 15.0
Pursaklar
1.0 MH 96.7 57.9 66.5 32.5 13.0
1.0 CH 100 99.7 87 63 26.0
2.0 CH 100 99.6 67 43 21.0
Eymir 3.0 CH 100 99.5 81 58 25.2
Lake 4.5 CH 100 99.4 86 60 22.0
6.0 CH 100 99.6 71 39 20.4
8.0 CH 100 99.7 95 57 26.0

Figure 5.9 Laser diffraction instrument, employed in the study.
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5.4 Laboratory Vane Shear Tests

The laboratory vane shear test is similar in principle which is used in the
field, but on a smaller scale. The standard laboratory apparatus has a vane
measuring 12.7 by 12.7 mm (Head, 1986). The test was carried out for the
measurement of the undrained shear strength of the Eymir Lake clays in
Gazi University Construction Edu. Department, Soil Mechanics Laboratory.
The laboratory vane shear has a drive motor for the application of the
torque. The equipment has four different springs each having different
stiffness values. The tests were directly performed in the undisturbed
sample tube to minimize disturbance effects. The vane is penetrated into
the soil to obtain a minimum of 50 mm cover. Figure 5.10 shows the
laboratory vane test apparatus and its parts. The maximum angular
deflection of the spring is related to the undrained shear strength of the clay
as given by equation 5.4.

K,
" 429

S (kPa) (5.4)

Where, K is the spring constant, and 6; angular distortion of the spring at

failure.

The tests were performed at five locations within the sample tube as
recommended by Head (1986) and the test results were averaged for the
calculation of the undrained shear strength. The undrained shear strength
values (which will be used for the comparison with the values determined
from pressuremeter) of the samples are given in Table 5.7.
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Figure 5.10 (a) The laboratory vane test apparatus, (b) and its parts.

Table 5.7 The undrained shear strength values of the samples.

Sampling depth  Undrained shear
strength, S,

(m) (kPa)
1.0 25.3
2.0 69.5
3.0 71.0
4.2 65.1

6.2 111.0
8.2 1471
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5.5 Consolidation Tests

For the determination of the compressibility, overconsolidation ratio and
permeability of the Eymir Lake clays, consolidation tests were performed on
three samples using the oedometer apparatus in Gazi University
Construction Edu. Department, Soil Mechanics Laboratory. The tests and
associated calculations were performed according to ASTM D 2435 (ASTM,
2001). Pre-consolidation pressure (p,) of the samples were calculated using
the method recommended by ASTM D 2435 (ASTM, 2001) and the
overconsolidation ratio of the samples were calculated by dividing the p, to
the present value of the effective stress. Figure 5.11 shows void ratio (e)
versus logarithm of pressure plot, and settlement versus square root of time
of the Eymir Lake sample taken from a depth of 8.2 m.

For the calculation of the permeability of the samples, both the coefficient of
consolidation (c,) and coefficient of the volume compressibility (m,) are

needed. Permeability of the soil is calculated using the following equation:

k=c,m,.y, (5-9)

Where, vy is the unit weight of water.

The values of coefficient of consolidation (c,) of the soil for each loading
increment were calculated by square-root-time method. Since ¢, and m, are
both dependent on the load increment, the values of calculated permeability
will also be dependent on the load increment. During consolidation, void
ratio of the soil decreases so that the permeability decreases. Since
permeability is dependent on the load increment, the average value of the
permeability values were calculated by averaging the permeability values of
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the load increments. However, the permeability values of the first and last
load increments were discarded, because the permeability determined
during the first load increment will be affected from the disturbance during
field sampling and sample preparation. The last increment’s permeability
value will be too low compared to the field situation. For all tests, the
calculated values of saturation ratios (S;) are 100 %, in other words the
samples are fully saturated. Table 5.8 summarizes the consolidation test

results.

As it is clear from Table 5.10, the permeability of the Eymir Lake clay is
very low. Craig (1992) suggests that the permeability values of the
unfissured clays and clay silt mixtures (clay fraction > 20 % - by
hydrometer) are greater than 107 m/sec. As it was previously mentioned,
the clay sized fraction of the Eymir Lake clays is about 50 - 60 % (by
hydrometer), therefore, the very low permeability values of the Eymir Lake
clays are in agreement with their grain size distribution.
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Figure 5.11 (a) Void ratio versus log pressure plot, and (b) settlement
versus square root of time of the Eymir Lake sample taken from a depth of
8.2 m.
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Table 5.8 Summary of the consolidation test results.

Sampling ) ) Over- Average
depth C?”;pre(sé'fn .S(;"’e”zgg) consolidation ~ Permeability
Inaex Inaex ]
3.0 0.547 0.101 4 4x10™"
6.2 0.175 0.052 2 2x107"
8.2 0.392 0.101 1.5 5x107"

5.6 Triaxial Tests

Unconsolidated undrained (UU) and consolidated undrained (CU) triaxial
tests were performed on the samples of Eymir Lake clay for the
determination of their undrained shear strength. The tests were carried out
at Gazi University Construction Edu. Department, Soil Mechanics
Laboratory.

(a) Unconsolidated undrained (UU) tests:

For the determination of the undrained shear strength, one specimen is
extracted from each undisturbed sample tubes. Although the confining
pressure (o3) does not have an effect on the undrained shear strength in
unconsolidated undrained conditions, oz were chosen as appropriate to the
in-situ values. The tests were performed according to the ASTM D 2850
(ASTM, 1999). Saturation ratio of the specimens were determined from the
values of water content, void ratio and specific gravity values, and for all

samples saturation ratio is 100 %. The rate of loading was selected to
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obtain 1 % strain per minute. Table 5.9 lists the undrained shear strength
values of the Eymir Lake clay samples determined from UU tests.

Table 5.9 Undrained shear strength values of the Eymir Lake clay samples
determined from UU tests.

Sampling depth  Undrained shear

strength

(m) (kPa)
1.0 28
2.0 73
3.0 63
4.2 80
6.2 131
8.2 148

(b) Consolidated undrained (CU) tests:

Consolidated undrained tests were performed for the estimation of the
undrained shear strength and the increase of undrained shear strength with
consolidation pressure. During the tests, the procedure recommended by
ASTM D 4767 (ASTM, 1995) was followed. From each undisturbed sample
tube taken from the field, two CU tests were performed. In order to
minimize the effect of sampling disturbance the first test was carried out
under an isotropic consolidation pressure that is 50 % higher than the in-
situ effective stress. By performing at least two CU tests, apparent failure
envelope of the soil can be determined for the estimation of the in-situ
undrained shear strength. In order to accelerate the time required for
consolidation, the vertical filter paper strips were wrapped around soll
samples (Figure 5.12).
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Figure 5.12 The soil sample with vertical filter paper strip wrapped around
prior to test.

In order to ascertain fully saturated condition, each sample was saturated
against back pressure, the degree of the saturation was controlled with “B”
parameter and the consolidation stage was started after the achievement of
at least a B value of 0.95 as recommended by ASTM D 4767 (ASTM,
1995). The results of the CU tests are given in Table 5.10.

Table 5.10 Undrained shear strength values of the Eymir Lake clay
samples determined from the CU tests.

Sampling Undrained shear

depth strength
(m) (kPa)
1.0 31
2.0 83
3.0 68
4.2 76
6.2 160

8.2 165
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5.7 Direct Shear Box Tests

Unconsolidated undrained direct shear box tests were performed on two
undisturbed samples taken from the weathered andesites, the results of
which will be used for the comparison of the shear strength values deduced
from the inverse analysis of the pressuremeter tests. The tests were carried
out at Gazi University Construction Edu. Department, Soil Mechanics
Laboratory. Consolidated drained direct shear box tests were performed on
Eymir Lake clays, for the determination of effective shear strength
parameters. Effective friction angle will be utilized in Chapter 6.2, in the
comparison of undrained shear strength ratios of various tests using the
methodology proposed by Wroth (1984). The tests were performed
according to ASTM D 3080 (ASTM, 1998).

(a) Direct shear box tests on the weathered andesites:

In order to determine the undrained shear strength parameters of the
weathered andesites, two direct shear box tests were performed on the
undisturbed samples taken from a depth of 1 m at Solfasol district and from
a depth of 3.2 m at Pursaklar district. The Mohr — Coulomb failure
envelopes of these samples are given in Figure 5.13.
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Figure 5.13 Mohr — Coulomb failure envelopes of the samples taken from
(a) a depth of 1 m at Solfasol district, (b) a depth of 3.2 m at Pursaklar
district.
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(b) Direct shear box tests on Eymir Lake clays:

For the determination of the effective shear strength parameters of the
Eymir Lake clay, one consolidated - drained shear box test was performed
on the sample taken from a depth of 6.2 m. Figure 5.14 shows the shear
stress versus horizontal displacement, and vertical displacement versus
horizontal displacement graphs obtained from direct shear box tests
performed on the Eymir Lake clay. The test results suggest that the

effective shear strength parameters of the clay were ¢' = 6 kPa and ¢' =

21.9°.
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Figure 5.14 (a) The shear stress versus horizontal displacement and (b)
vertical displacement versus horizontal displacement graphs obtained from
direct shear box tests performed on Eymir Lake clay.
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CHAPTER 6

EVALUATION OF THE PRESSUREMETER TEST RESULTS

Since pressuremeter test is a static test, it directly measures stress
deformation relation of a particular ground. From the measured stress
deformation relation, basic deformability and strength properties of the
ground can be determined using the solutions of infinitely long cylindrical
cavity in elastic or elastic perfectly plastic medium. In this section, the effect
of pressuremeter geometry, testing depth and the discontinuities present in
the ground on the measured geomechanical properties are presented.

6.1 Determination of Deformation Modulus

In order to evaluate the initial, time independent movement of foundations,
slopes, tunnels etc., a knowledge of the so-called elastic behavior of ground
is necessary. The deformability of a purely elastic material under uniaxial
loading conditions is described by Young’'s modulus (E) and Poisson’s ratio
(v). Although the soils and rocks are not elastic materials, Young’s modulus
and Poisson’s ratio are used to define the deformation behavior of soils and
rocks. However, since the geomaterials are not elastic materials, many
types of modulus can be defined from the stress strain curves. Figure 6.1
depicts a typical deviatoric stress versus axial strain graph and the modulus

definitions.
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Figure 6.1 A typical deviatoric stress versus axial strain graph and the

modulus definitions.

From the stress strain curve, modulus can be defined as initial tangent
modulus (Ej), the tangent modulus (E;) at a specific stress level, secant
modulus (Es), secant at the half of the maximum deviatoric stress (Eso) and
unloading-reloading modulus (E;). When the material is unloaded from a
point some of the accumulated strains (total strains) will be recovered
(elastic strains), and some will remain (plastic strains). Therefore, the
unloading-reloading modulus defines the magnitude of elastic strains, also
called as modulus of elasticity. The full description of rock — soil
deformability should indicate not only the elastic coefficients, but also the
permanent deformation associated with any applied stress level. The
substitution of the modulus of deformability (or deformation modulus) in
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place of modulus of elasticity indicates that the deformability property
embraces both recoverable and non-recoverable deformation. In general,
whenever the modulus value is directly calculated from the slope of rising
portion of a virgin loading curve, the determined property should be
reported as a modulus of deformation rather than as a modulus of elasticity
(Goodman, 1989). Therefore, the modulus value calculated from the
loading portion (pseudo-elastic phase) of the pressuremeter graph

corresponds to deformation modulus.

As it was previously explained in Chapter 2, from the slope of the linear part
of the pressure expansion curve of the pressuremeter test graph, the shear
modulus of the soil is obtained by using the theoretical solution of infinitely
long cavity expansion. This shear modulus can be converted to deformation
modulus with a suitable Poisson’s ratio. Ménard has choosen a Poisson’s
ratio of 0.33 for the calculation of the deformation modulus, therefore, the
calculated modulus is called as Ménard modulus (Baguelin et al., 1978).
However, ASTM D4719 (2000) allows the use of a proper Poisson’s ratio

for the soil or rock tested.

The pressuremeter modulus corresponds to an average modulus for the
pressure range “po ~ pr’ (i.e. where the pseudo-elastic phase is located),
while this is acceptable for some calculations (for example, estimating the
settlement of small foundations under service loads), this modulus cannot
be applied blindly to any problem. In particular, it is clear that in the case of
displacements associated with small soil deformations (typically less than 1
%), the pressuremeter modulus cannot be considered to be an indicative of

the behavior of the soil.

One of the problems related to borehole deformability tests (i.e.
pressuremeter, dilatometer) is that they affect a relatively small volume of
rock, and therefore, contain an incomplete sample of the fracture system
(Goodman, 1989).
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The pressuremeter test only shears the soil or rock. In other words there is
theoretically no compression of the soil or rock (Mair and Wood, 1987).
However, the stress path followed during the pressuremeter test differs
from the laboratory compression tests and the plate load (or foundation
loading) tests. Figure 6.2 shows the stress paths followed during the
pressuremeter tests, laboratory compression tests and plate loading tests
up to the failure.

Shields and Bauer (1975) compared the values of deformation modulus
determined from laboratory tests, plate loading tests, and pre-bored
pressuremeter in a sensitive clay deposit. They found that the values of
deformation modulus determined from the pressuremeter are similar to
those values determined from unconsolidated triaxial tests, however, 1/3 to

1/2 smaller than those determined from the plate load tests.

Greenland (1964) compared the values of deformation modulus determined
from plate loading tests and from pre-bored pressuremeter tests in a stiff
clay deposit, and he found close agreement between both deformation

modulus values.

Windle and Wroth (1977a) determined that the initial shear modulus values
from the self boring pressuremeter test agree well with the results from the
large plate tests in London clay.
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Pressuremeter test P Laboratory compression test P Plate load test p

Figure 6.2 Stress paths followed during pressuremeter tests, laboratory
compression tests and plate loading tests up to the failure.
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Baguelin et al. (1973) performed self boring and Ménard pressuremeter
tests in a soft clay for the purpose of comparing the initial modulus value of
the self boring probe with the deformation modulus determined from the
Ménard probe. They found that the initial modulus determined from the self
boring pressuremeter is higher than that determined from the Ménard
probe. On the other hand, Amar et al. (1975) reported similar values of
deformation modulus on a dense sand. This phenomenon is due to the

borehole disturbance.

Robertson and Ferreira (1993) suggested that it is impossible to measure
the true maximum shear modulus from the unloading curve, because of the

lack of sensitivity of the measuring systems over the small strain range.

Powell (1990) showed that the unloading-reloading modulus values
obtained from CSBP, PBP and PIP tests were similar.

Clarke (1993) indicated that the undrained modulus of elasticity determined
from back calculation of the observations of settlements of structures are
close to the undrained modulus determined from unloading reloading shear
modulus. The triaxial stiffness is lower than the undrained modulus of
elasticity determined from back-calculation of the observations of

settlements of structures.

There are very few alternative in-situ tests feasible in weak rocks
(particularly at considerable depths), and pressuremeter testing is a
valuable means of obtaining data from which suitable design values of
modulus can be assessed (Mair and Wood, 1987). Consideration should be
given to the strain level in the pressuremeter test from which a modulus is
derived (Mair and Wood, 1987).

Many foundation design problems in weak rocks are dominated by
deformation consideration rather than the ultimate capacity, and therefore,

the determination of a suitable elastic modulus for design is usually of most
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importance. Almost all of the experience of obtaining the deformation
modulus has been carried out with the Ménard pressuremeter tests, and
this is generally the most suitable type of pressuremeter test for weak rocks
(Mair and Wood, 1987).

Wilson and Corke (1990) compared the value of initial loading shear
modulus from high pressure dilatometer with the initial loading shear
modulus from the plate load test with 865 mm diameter in a sandstone rock
mass. They found very similar values of modulus from both tests.

Tan and Kaya (1988) compared the values of deformation modulus from
dilatometer and plate load tests. Their results indicate that the values of
deformation modulus determined from dilatometer is similar to those
determined from plate load tests although there are some different results
too which are probably due to the volume of the rock tested by dilatometer
is not representative of the rock mass.

Mahmoud et al. (1990) performed 28 pre-bored pressuremeter tests, seven
1000 mm diameter plate load tests, six 300 — 500 mm plate load tests and
laboratory compression tests on breccias having carbonate, gypsum,
limestone or dolomite matrix. Based on their results, the laboratory
compression tests yielded considerably higher values of secant deformation
modulus, and the results from eight of the plate load tests were very close
to the pressuremeter values. However, the results from 5 of the plate load
tests were close to those from the unconfined compression tests.

The pressuremeter test provides a direct measurement of the horizontal
modulus of soils. It is commonly assumed that the deformation modulus
directly determined from the pressuremeter equals to Young’s modulus
(Kulhawy and Mayne, 1990).

If the disturbance effects during installation can be ignored, the initial
modulus is more likely to be represantative for most foundation loading

problems in jointed or fissured weak rocks (Mair and Wood, 1987).
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6.1.1 Numerical simulation of the pressuremeter tests for determination of

deformation modulus

The pressuremeter test was simulated by numerical methods for the
purpose of (i) validation of the numerical codes (Flac, Plaxis, Udec), (ii)
determination of the effect of pressuremeter geometry, (iii) testing depth on
the determined values of deformation modulus, and (iv) determination of

the effect of discontinuities on the values of deformation modulus.

6.1.1.1 One-dimensional simulation of the pressuremeter test

Since the equation for the radial expansion of a cylindrical cavity in an
infinite elastic medium (Lame, 1852; Ménard, 1961) is used for the
determination of the deformation modulus from the pressurmeter curve, the
numerical codes used in this study are validated using one-dimensional (i.e.
using the same geomery with the theoretical solution) pressuremeter test

simulations in linearly elastic materials.

(a) Flac 2D (Fast lagrangian analysis of continua):

Flac is a two-dimensional explicit (time marching method) finite difference
code for engineering mechanics computations, which is based on a
“Lagrangian” calculation scheme that is well suited for modeling large
distortion and material collapse (Flac, 2002). Flac has been tested and
verified in a variety of problem settings (Flac, 2002). Dynamic equations of
motion are used to find a static solution of the problem. By this way, the
stability of the numerical scheme is guaranteed even when the physical

system is unstable. The equations of motion are first invoked to derive

124



velocities and displacements from stresses and forces. Then strain rates
are derived from the velocities and new stresses (with constitutive relations)

from the strain rates (Flac, 2002).

(b) Plaxis:

PLAXIS v. 7.2 (1998) is a finite element program for plane strain and
axisymmetric modelling of soil and rock behaviour. Plaxis has a fully
automatic mesh generation, allowing for a virtually infinite number of 6-node
and 15-node elements, based on graphical input of soil layers. The models
can contain both drained and undrained layers. For undrained layers,
excess pore pressures are calculated and elasto-plastic consolidation
analysis may be carried out. Large deformations may be analyzed by
means of an updated mesh (Lagrangian) calculation. Using this option, the
finite element mesh is continuously updated during the calculation. For
some situations, a conventional small strain analysis may show a significant
change of geometry. In these situations, it is advisable to perform a more
accurate Updated Lagrangian calculation (Plaxis, 1998).

(c) UDEC (Universal discrete element code):

UDEC (UDEC, 2000) is a discrete element code which is generally used to
model the behavior of discontinuous structures such as rock masses,
masonry structures under static and dynamic loading conditions. In this
method, discontinuous structure is modeled with discrete blocks which are
interacting with each other via joint (discontinuity) properties. UDEC can
also model deformability of each block by dividing the block with a finite
difference mesh. UDEC uses Lagrangian approach which is appropriate for

large deformation calculations and has the option of performing plane strain
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and plane stress simulations (UDEC, 2000). The axisymmetrical
calculations cannot be performed with UDEC.

Figure 6.3 shows the simplified mesh (grid) for the purpose of presentation
and the associated boundary conditions of the one-dimensional model.
Actual grid is composed of 40 rectangular finite difference elements.
Axisymmetrical and large strain option of the Flac 2D is used. Upper and
lower boundary conditions are selected as to simulate expansion of
infinitely long cavity, in other words the displacements are only horizontal.
Pressure at the right side of the model is incrementally increased and the
corresponding displacements of the cavity are calculated.

The values of shear modulus are calculated from the slope of the pressure
versus cavity strain graph using the theory of expansion of infinitely long

cavities in elastic medium.

The pressure versus cavity strain graphs of one-dimensional pressuremeter
simulation in a linearly elastic material for a shear modulus value of 3846.2
kPa is shown in Figure 6.4.

As it is clear from Figure 6.4, the in-situ stress does not have any effect on
the determined shear modulus from the pressure versus cavity strain
graphs. This is an expected behavior according to the theoretical solution.
This one-dimensional simulation was repeated for a range of shear
modulus values and the calculated shear modulus values, by using the
theory of expansion of infinitely long cavities in elastic medium, were
compared with the actual input values. It was determined that the
calculated shear modulus values only 0.4 % higher at maximum than the
actual input value (i.e. Gea/Girue = 1.004). As it is expected, the calculated
values of shear modulus are very close to the actual values. This very small
difference is probably due to the grid sizes and numbers. Figure 6.5 shows
the one-dimensional pressuremeter simulations using a shear modulus of
3846.2 kPa and two different bulk modulus of 8333.3 and 15000 kPa.
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Figure 6.3 Simplified mesh and boundary conditions of the one-dimensional

model (y-dimension of the grid is exaggerated for presentation purposes).

0.050 -
0.043 +
0.040 ~
0.035 -
0.030 ~
0.02% 1
0.020 +
0.015 ~

0.010 -+ .
o N 4 0 kPa initial stress

i /’/ ® 50 kPa initial stress
0.000 o . . . .

0 100 200 300 400 501
Pressure (kPa)

Cavity strain

Figure 6.4 Pressure versus cavity strain graphs of one-dimensional
pressuremeter simulation in a linearly elastic material for a shear modulus
of 3846.2 kPa.
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Figure 6.5 suggests that the values of bulk modulus do not have any effect
on the calculated pressure versus cavity strain plots. In other words, only
the shear modulus controls the slope of the pressure versus cavity strain
plots. This result is also expected from the solution of the theory of
expansion of infinitely long cavities in elastic medium. Similar one-
dimensional simulations were also performed by using Plaxis, and same

results with the Flac were obtained.

Since UDEC does not have an axisymmetric option, one-dimensional
pressuremeter simulation was performed using plain strain condition with
the aid of finite difference grid given in Figure 6.6. Only quarter of the model
was used for the simulation due to the symmetry. The model presented in
Figure 6.6 is numerically same to that shown in Figure 6.3. The values of
shear modulus calculated from the UDEC model in Figure 6.6 are very
close to the input values (error is about 2 %). The slightly higher order of
error in the calculated shear modulus is probably due to the fact that UDEC
approximates the circular section by piecewise linear lines. In other words,
the cross section of the pressuremeter is circular; however, UDEC can only

approximates this circular cross-section.

Because UDEC is much more suitable for the analyses of discontinous
systems, the model presented in Figure 6.6 is also used for the estimation
of the frequency of discontinuities on the determined values of shear
modulus. These one-dimensional simulations show the accuracy and the

validity of the numerical codes used for the study.
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6.1.1.2 Two-dimensional simulation of the pressuremeter test

Two-dimensional numerical simulations of the pressuremeter test in a
linearly elastic medium were performed for the determination of testing
depth and L/D ratio of the pressuremeter probe on the measured shear or

deformation modulus.

For the numerical simulation, finite difference grid was constructed,
boundary conditions were applied, in-situ stresses were generated and
borehole excavation process was simulated. As a final stage,
pressuremeter loading was applied, and corresponding radial
displacements and stresses were determined in a stepwise manner. Figure
6.7 shows the mesh (grid) for a pressuremeter simulation at a depth of 3 m.

Figure 6.8 shows the boundary conditions at the membrane soil contact.

The grid points at the end of the outer membrane are fixed to any
movement to simulate the presence of the steel rings. BX type probe, which
is the most widely used one, has a length of 42 cm. The suggested
borehole diameters are between 60 and 66 mm, therefore, L/D ratio of the
probe ranges between 6.4 and 7 just before it touches the soil. Most of the
pressuremeter probes including the self boring pressuremeter has an L/D
ratio around 6. In order to understand the effect of pressuremeter geometry
on the calculated shear modulus, the pressuremeter simulations were
performed with varying L/D ratios such as 5.3, 6.4, 8, 11; simulation depths;
and shear modulus. Cavity strain value is calculated from the radial
displacement at the middle of the pressuremeter. Based on the analyses
results, the values of calculated shear modulus are very close to the real
value used in the simulation. Pressuremeter simulations with a constant
value of L/D ratio, performed for depths of 1, 3, 5, 7, 10 and 15 m yielded
same values of shear modulus. The L/D ratio versus Gcac/Gine relationship,
determined from two-dimensional linearly elastic pressuremeter simulations

are given in Table 6.1.
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Table 6.1 The L/D ratio versus Geac/Gire relationship, determined from two-

dimensional linearly elastic pressuremeter simulations.

I—/ D Gcalc/ Gtrue

11 1.0085
8 1.0115
6.4 1.0155
5.3 1.0225
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One-dimensional pressuremeter simulations yielded a value of Gcac/Gire
equals to 1.004. However, as the L/D ratio decreases the calculated value
of shear modulus slightly increases due to the fact that as the L/D
decreases the geometry of the pressuremeter deviates from the idealized
infinitely long cavity. But as the difference is minor, it can be concluded that
the geometry of the pressuremeter probe has minor effects on the
calculated shear modulus. This finding is compatible with those found by
Houlsby and Carter (1993). These investigators also stated that the
pressuremeter geometry has no effect on the calculated shear modulus. As
a result, it can be suggested that the L/D ratio and testing depth do not
have an effect on the calculated shear modulus.

Borehole extension tests load the soil or rock in horizontal direction.
Therefore, the deformability and strength parameters obtained from
borehole extension test will correspond to horizontal direction. However,
since the probes have limited length, there will be some vertical
deformations as well as the horizontal deformations particularly at the ends
of the probe. In order to understand the effect of anisotropy on the
measured value of deformation modulus, two-dimensional finite difference
analyses were performed using the transversely isotropic elastic model
embodied in Flac. In these analyses, the vertical shear modulus is selected
as two times higher than the horizontal shear modulus. The analyses
revealed that the pressuremeter mainly senses the horizontal shear
modulus, however, there is slight overestimation (about 4 %) of the

horizontal shear modulus due to vertical component.
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6.1.1.3 Effect of disturbance on shear modulus

Various researchers such as Combarieu and Canépa (2001) indicated that
the disturbance during drilling operations causes the shear modulus (or
deformation modulus) deduced from the pressurmeter test to become lower
than the actual in-situ. Traditionally, the hand augering is known to be the
most reliable boring technique for the purpose of the pressuremeter testing
(i.e. least disturbing technique). However, the use of hand augering is
impossible for most of the soils. Combarieu and Canépa (2001) studied the
effects of boring techniques (hand auger, continous flight auger in dry
conditions, rotary percussion drilling or desaggregating tool) on deformation
modulus considering various soils. Their results indicate that the more
destructive methods, such as rotary percussion drilling, disaggregating tool
causes calculated modulus to decrease even up to 1/5 of the modulus
determined by testing hand augered borehole. The values of modulus
obtained from boreholes opened by hand auger and continuous flight auger

under dry conditions are very similar to each others.

In order to investigate the effect of the thickness of the disturbed zone on
the calculated shear modulus, one-dimensional and linearly elastic
simulations of the pressuremeter test were performed by varying the
thickness of the disturbed zone and using the model presented in Figure
6.3. One-dimensional model is appropriate for this analysis as mentioned in
Chapter 6.1.1.2. Because shear modulus calculated from the
pressuremeter is insensitive to the pressuremeter geometry and testing
depth. For the analyses, the value of the shear modulus of the disturbed
soil is arbitrarily chosen as the half of the undisturbed soil’s shear modulus.
Although, in reality, the disturbed zone should not be represented by a
single constant value of shear modulus, its average value is assumed to be
constant for the analyses. Figure 6.9 indicates the relationship of the ratio
of the thickness of the disturbed zone (Tg) to the probe diameter (Dy) with
the ratio of the calculated shear modulus to the undisturbed shear modulus.
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Figure 6.9 The relationship of the ratio of the thickness of the disturbed
zone (Tgy) to the probe diameter (Dp) with the ratio of the calculated shear
modulus to the undisturbed shear modulus.

It is evident from Figure 6.9 that the thickness of the disturbed zone has a
very important effect on the measured modulus. For example, if the
thickness of the disturbed zone equals to the diameter of the probe, then
the pressuremeter can only sense 23 % of the undisturbed zone’s shear
modulus and rest of the shear modulus includes 77 % of the shear modulus
of the disturbed zone.

With all in-situ tests there will be some disturbances of the rock, particularly
where blasting must be used to prepare the site, and the test must be
designed to evaluate the extent of this disturbance. Furthermore,
excavation of the foundation may also involve some disturbance to rock
and it is important to make an assessment of the degree of disturbance at
the test site compared to that in the actual foundation (Wyllie, 1992).
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It should also be noted that the test carried out in galleries, such as plate
load test, also suffers from disturbance during the creation of the cavity.
The thickness and the level of the disturbance depends on the method of
blasting (Palmstrém and Singh, 2001).

6.1.1.4 Determination of the volume of the material tested by a

pressuremeter test

In the application of the dilatometers, pressuremeters and plate load tests
in rock masses, it is often regarded as the deformation modulus obtained
from such tests represents that of the rock mass. However, it is found that
the rock mass volume investigated during borehole extension tests
(pressuremeter, dilatometer etc.) frequently may not be regarded as
representative for the purposes of the homogeneous rock mass model
(Wittke, 1990). Where the discontinuity spacing is small compared to length
of the borehole extension test, and the discontinuities are formed in a
homogeneous manner, the modulus of deformation determined from the
pressuremeter is representative of the rock mass (Wittke, 1990). Dixon
(1970) stated that the higher values of deformation modulus determined by
pressuremeter are similar to those determined from the laboratory uniaxial
compression tests. However, lower pressuremeter test results were
considered more indicative of the average in-situ properties in weak
sandstones and siltstones.

Mair and Wood (1987) indicated that when the length of the pressuremeter
is small compared to the spacing of structural discontinuities in the rock
mass, the modulus measured may not be representative of the rock mass.

In order to determine the average volume of the material tested during a
typical pressuremeter test and to compare this volume with a typical plate

load test (with a 30 cm diameter), two-dimensional axisymmetric numerical
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simulations were performed for pressuremeter and plate load tests using a
homogenous linearly elastic material by Flac 2D. Although the presence of
discontinuities will affect the distribution of stresses by considering
homogenous linearly elastic rock mass assumption, it is possible to
compare pressuremeter test with plate load test. The stress distributions
around the pressuremeter is depicted in Figure 6.10. 10 % and 5 % percent
of the stress contours are shown in this figure. Figure 6.11 shows the stress
distributions around the plate load test with 10 % and 5 % percent of the

stress contours.

Since the 10 % of the applied stress is assumed to be important, 10 %
stress contours were selected and digitized, and the integral of the contours
are calculated for the determination of the approximate volume of the 10 %
stress contours. Volume of the rock mass tested by 30 cm diameter plate is
323600 cm® and the volume of rock mass tested by a standard
pressuremeter is 18200 cm?®. In order to compare these, the volumes, are
converted to an equivalent cylindrical samples having 2 diameter to length
ratio. Dimensions of the equivalent sample to the plate load test are 59.1 *
118.1 cm whereas dimensions of the equivalent sample to the
pressuremeter test are 22.6 * 45.3 cm. The volumes of the material tested
by plate load and pressuremeter tests are compared in Figure 6.12.

As it is clear from the above mentioned analyses, the volume of the rock
mass tested by a pressuremeter is very small compared to the volume of
the rock mass tested by a 30 cm plate. Therefore, care must be taken
during the determination of the modulus of the rock mass. In other words,
the volumes tested should include adequate number of discontinuities to
represent the rock mass under consideration.

137



K
K

Wl

0.10c

e IS O SymmElry

W e i e A Wi ek i i > -

[ by

2m

Figure 6.10 Stress distributions around the pressuremeter.

0.10c

2m

3m N

| ( > Axis of symmetry

Figure 6.11 Stress distributions around the plate during plate load
test.

138



Figure 6.12 Comparison of volumes of the material tested by (a) plate load
and (b) pressuremeter tests.

6.1.1.5 Discrete element modeling of pressuremeter test

As discussed in Chapter 2, the equivalent continuum models for a rock
mass containing three orthogonal discontinuity sets were developed by
several researches such as Goodman and Duncan (1971) and Kulhawy
(1978) for the estimation of the deformation modulus of rock mass normal
to loading direction. However, the applicability of such models to the
borehole extension tests is limited because of the difference in loading

conditions.

In this part of the study, two-dimensional distinct element code UDEC was
utilized for the assessment of the effect of discontinuity properties on the
rock mass deformation modulus determined from the borehole extension
tests. Figure 6.13 shows the discontinuity model used in UDEC. In this
model, two discontinuity sets orthogonal to each other were used with
stiffness values 1/10 of that of the intact rock since discontinuities are much
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weaker than the intact rock. The deformation modulus of the rock mass was
calculated as 0.53 of the intact rock. Since this model is a plane strain
model, the discontinuities run vertically through in plane direction, therefore,
they never intersect the borehole. This is clearly not representative of the
field conditions. However, the model presented in Figure 6.13 is useful to
show how the discontinuities effect the deformation modulus of the rock

mass.

The model in Figure 6.13 and equivalent continuum models for a rock mass
containing two orthogonal discontinuity sets are gross simplifications of the
real situation. Discontinuities also may yield locally in shear in contrast the
above models are elastic. For these reasons, an elasto-plastic three-
dimensional discrete element simulation of the borehole extension tests are
needed to clarify the effects of discontinuity strengths, stiffness, orientation
and spacing on the rock mass deformation modulus deduced from the
borehole extension tests.

© meter
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- 0.100

0100 0300 0500 0700  0.900 meter

Figure 6.13 The discontinuity model used in UDEC.
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6.1.2 Determination of deformation modulus from pressuremeter tests

In this study, pre-bored pressuremeter tests were performed in various
geomaterials whose properties are discussed in Chapters 3 through 5.
From all of the pressuremeter tests, the values of deformation modulus,
and unloading — reloading modulus were obtained. When the ground
conditions are appropriate, the values of deformation modulus of the intact
rock or soil were also determined from the laboratory compression tests.
This section presents a comparison of the deformation modulus obtained
from the pressuremeter tests with laboratory tests. The effect of

discontinuities on the deformation modulus is also discussed.

6.1.2.1 Eymir Lake clays

The pressuremeter tests, cone penetration tests and field vane tests were
performed in the Eymir Lake clays. In addition to the field tests, laboratory
unconsolidated — undrained (UU), consolidated — undrained (CU) triaxial
tests together with oedometer consolidation tests and one consolidated
drained direct shear test were performed in the Eymir Lake clay. The
values of the secant modulus at 50 % yield stress, tangent modulus values
obtained at 50 % of yield stress and initial tangent modulus obtained from
UU tests were compared with the values of deformation modulus obtained
from the pressuremeter tests. The results of the CU tests were not used in
this comparison, because the samples were consolidated at higher stresses
than that present in-situ. From the pressuremeter tests both the values of
maximum shear modulus (calculated from the minimum slope of the
pseudo — elastic phase) and average shear modulus (calculated from the
average slope of the pseudo — elastic phase) were determined. The values
of shear modulus were converted to the deformation modulus using a
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Poisson’s ratio of 0.5 which is appropriate for fully saturated clays under
undrained loading conditions (Craig, 1992). The variation of the deformation
modulus obtained from the pressuremeter tests and from the UU triaxial
tests is shown in Figure 6.14.

Figure 6.14 indicates that the values of deformation modulus obtained from
the pressuremeter tests and UU triaxial tests (secant modulus values at 50
% yield stress) are similar to each other except for those at a depth of 3 m.
It can be concluded from the slope of the pseudo-elastic phase that pre-
bored pressuremeter test yields average deformation modulus as long as
the disturbance during drilling operations is kept minimum. Also it is
important to note that the values of the initial tangent modulus determined
from UU tests are greater than the values of maximum deformation
modulus (calculated from the minimum slope of the pseudo — elastic
phase). This is probably due to the fact that initial stress — deformation part
of the pressuremeter curve corresponds to the contact of probe with the
borehole, and the initial tangent modulus could not be obtained from

Ménard pressuremeter due to this phenomenon.

At the end of the tests, a small unload-reload loop was performed and the
values of unloading — reloading modulus were obtained. The Ménard type
pressuremeters (with indirect measurement equipments) are not as suitable
as single celled pressuremeters with direct deformation measurement
equipments. Because an extreme care should be given for the adjustment
of guard cell pressures, their pressure have to be slightly lower than the
pressure in measurement cells in order to obtain a true volumetric
measurement (ASTM, 2000). These unloading — reloading modulus values
are 2.7 to 3.6 times greater than the corresponding average values of

deformation modulus.
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Figure 6.14 The variation of the deformation modulus with depth obtained
from pressuremeter tests and from UU triaxial tests.
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6.1.2.2 Weathered andesites

Pressuremeter tests were performed in the weathered andesites cropping
out in Solfasol, Ovacik and Pursaklar districts together with the uniaxial
compression tests on core samples. As explained in Chapter 5, the uniaxial
compression tests could not be performed on the samples taken from
Solfasol district because of core length inadequacy. However, in the Ovacik
and Pursaklar districts the total core recovery is 100 % and the associated
RQD values are very high. The results of the unconfined compression tests
were utilized for the determination of the secant modulus at 50 % yield
stress, tangent modulus values obtained at 50 % of yield stress and initial
tangent modulus values. These values are very close to each other due to
the fact that the initial part of the axial stress versus axial strain graph is
almost linear (Figures 5.5 and 5.6). For this reason, only the secant
modulus values at 50 % yield stress are compared to the deformation
modulus values obtained from the pressuremeter tests (Figure 6.15). Figure
6.15 suggests that although the deformation modulus determined from the
pressuremeter is slightly lower than those from uniaxial compression tests,
the values are close to each other. This may be due to the fact that the
pressuremeter tests were performed in a rock mass condition which is

close to intact rock.

At first, this close relationship may seem to be unrealistic, because the
confinement (i.e. 63) is zero in the case of an unconfined compression test.
However, in the case of a pressuremeter test there is an in-situ stress state.
Granular soils are well known to have stress dependency. In other words,
as the confinement is increased the deformation modulus also increases. If
a similar behavior is observed in the weathered andesites, then the
modulus values obtained from the pressuremeter tests are expected to be
higher than that obtained from the uniaxial compression tests.
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Figure 6.15 The relationship between the values of deformation modulus
obtained from the pressuremeter tests (PMT) and uniaxial compression
(UCST) tests.
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However, the triaxial tests performed on various intact core samples with a
wide range of confining stresses show that there is no difference between
the values of deformation modulus obtained under different confining
stresses (Bieniawski, 1972; Elliott, 1982; Waversik and Fairhust, 1970).
This is probably due to the fact that the consolidation or volumetric
hardening is impossible for rocks. However, for granular soils the soll
exhibits increasing modulus with increasing confining stresses by the
application of confining stress, volume decreases (void ratio decreases) in
granular soil. The weathered andesites exposing around Ovacik and
Pursaklar districts resemble low porosity rocks, not granular soils (i.e. the
grains are still cemented to each other with no evident voids between
grains). Kulhawy (1975) stated that the effects of nonlinearity and stress
dependency of rock modulus are minor with hard crystalline or
homogeneous rock of low porosity, but are significant in porous, clastic or
closely jointed rock. Also it is common to measure the intact rock modulus

from unconfined compression tests in rock engineering.

A small unloading - reloading loop was performed at the end of the tests for
the determination of the values of unloading-reloading modulus, and the
ratio of unloading-reloading modulus to deformation modulus value ranging

between 1.6 and 3.8 was obtained.
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6.1.2.3 Dikmen greywackes

Because the greywacke is highly fractured and sheared, it is not meaningful
to compare the laboratory test results with those from the pressuremeter
tests. Since greywacke is highly fractured, it can be considered that the
values of deformation modulus obtained from the pressuremeter represent
the deformation modulus of the in-situ rock mass by considering the length
of the pressuremeter probe and the volume of the tested material (see
Chapter 6.1.1.3).

A small unloading-reloading loop was performed at the end of the tests, for
the determination of the unloading-reloading modulus values. The ratio of
unloading-reloading modulus to deformation modulus ranged between 2.4
and 5.2, with higher values corresponding to greywackes exposing in
Beytepe campus of Hacettepe University.

In order to control the validity of the assigned GSI values for the Beyaz Ev
site, two slope failures described in detail by Cevik (2000) were utilized.
These failures occurred in the neighborhood of Beyaz Ev site within highly
weathered greywackes. The mean GSI value estimated from the chart by
Hoek (1999) is 11, and UCS value ranges between 4.3 and 51 MPa with a
mean of 22 MPa. The m; value is reported as 7.8 (Kumtepe, 1996). Since
the slope failures occurred in the relatively weak greywacke rock mass,
lower values of UCS (< 8 MPa) were used to obtain Hoek — Brown failure
envelope (Figure 6.16). This normal stress versus shear strength
relationship was used to asses the stability of slope failures by the limit
equilibrium method with Morgenstern and Price (1965) methodology. The
Hoek — Brown failure parameters are obtained using the methods based on
Hoek (1999) and Sénmez and Ulusay (2002). In the analyses a value of 23
kN/m?® unit weight which was determined by the laboratory tests was used.
The limit equilibrium analyses were performed using a computer program
called Slide v 5.0 (Slide, 2003).
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Figure 6.16 Hoek — Brown failure envelope for the greywackes exposed
around Beyaz Ev site.

Table 6.2 The Hoek and Brown failure parameters used in the analyses.

Mp S a
Hoek, (1999) 0.325 0.000051 0.580
S6nmez and Ulusay (2002) 0.325 0.000051 0.540

Results of the analyses for slopes 1 and 2 are summarized in Table 6.3.
The failure surfaces of slopes 1 and 2 are depicted in Figures 6.17 and
6.18. Results of the limit equilibrium analyses revealed that both slopes are
unstable for mean GSI value and lower values of UCS.

Table 6.3 The results of the analyses for slopes 1 and 2

UCS Slope 1 Slope 2
(MPa) Hoek Sénmez and Hoek S6énmez and
(1999) Ulusay (2002) (1999) Ulusay (2002)
4.3 0.837 0.961 0.771 0.894
6.0 0.924 1.034 0.857 0.999
8.0 1.002 1.148 0.925 1.090
14.0 1.175 1.352 1.088 1.285
20.0 1.303 1.520 1.203 1.431
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Figure 6.17 The failure surface of slope 1 at Beyaz Ev.

Figure 6.18 The failure surface of slope 2 at Beyaz Ev.
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Stability of slope 1 was also assessed by the finite element method. In
order to use FEM for the stability assessment, equivalent Mohr — Coulomb
failure parameters and modulus of deformability are the necessary inputs.
Determination of equivalent Mohr — Coulomb parameters was
accomplished by fitting a linear failure envelope to the Hoek — Brown failure
envelope (Hoek, 1999) using a value of UCS equal to 8 MPa within the
working stress range. The maximum vertical effective stress along the
sliding surface determined as approximately 500 kPa. Figure 6.19 shows
the Hoek — Brown failure curve and the corresponding Mohr — Coulomb
failure envelope within the 0 to 500 kPa normal stress range. The
deformation modulus of the rock mass (E, = 62.4 MPa) determined from
the pressuremeter tests performed in this vicinity, was employed in the

finite element analysis.

Finite element analyses of slopes 1 and 2 were performed using Plaxis v
7.2 with elastic — perfectly plastic constitutive relationship using the Mohr —
Coulomb failure criterion. Figure 6.20 shows the finite element mesh and
boundary conditions for slope 1. The finite element mesh of slope 1
consists of 746 triangular elements with 16 nodes. Same boundary
conditions were also utilized for slope 2. The incremental shear strain
contours for slope 1 is depicted in Figure 6.21.

From Figure 6.21 it is seen that the slope is unstable under gravitational
loading conditions. For the finite element analysis of slope 2, finite element
mesh consisting of 698 triangular elements with 16 nodes was used.
Incremental shear strain contours for slope 2 is shown in Figure 6.22.
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Figure 6.19 The Hoek — Brown failure envelope and the corresponding
Mohr — Coulomb failure line within the 0 to 500 kPa normal stress range.
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Figure 6.20 The finite element mesh and boundary conditions for slope 1.
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Figure 6.21 The incremental shear strain contours for slope 1.
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Figure 6.22 The incremental shear strain contours for slope 2.

—190

80

70

60

50

130

20

70 80 90

Distance

|
80 90
Distance (m)

152

(m)

|
100

100

110

110

120

120

130

130

140

140

150

80

50

160

Height (m)

Height (m)



Based on the rock mass parameters assigned to the greywackes around
the Beyaz Ev site, both failed slopes were found as close the limiting
equilibrium condition. As a result, it can be concluded that the input
parameters of both slopes (i.e. GSI, UCS) are representative of the rock

mass exposing around Beyaz Ev site.

The maximum, mean and the minimum values of RMR and GSI are
compared with the minimum, mean and maximum values of deformation
modulus for each site by assuming that the minimum, mean and maximum
values of RMR, GSI and UCS correspond to the minimum, mean and
maximum values of the deformation modulus from the pressuremeter tests.
Figures 6.23, 6.24 and 6.25 present the relationship of qualitative GSI
(Hoek, 1999), quantitative GSI (S6nmez and Ulusay, 2002) and RMR
(Bieniawski, 1989) with the rock mass deformation modulus values,
respectively. Figure 6.26 shows the UCS (determined from Schmidt
hammer tests) with the rock mass deformation modulus values together
with the best fitted regression line.

The attempts made to combine the UCS and GSI values for obtaining a
better estimation of the rock mass deformation values were unsuccessful,
probably due to the uncertainties arising from the UCS values obtained
from Schmidth hammer tests.

By examining Figures 6.23 through 6.26, it can be concluded that the GSl is
a better index of rock mass classification than the RMR for Dikmen
greywackes. Equations from Figures 6.23 through 6.25 (Equations 6.1 to
6.3) can be used to estimate the deformation modulus values of Dikmen

greywackes.

153



50 - E = 5.7246.GS| + 5.6692
R? = 0.9737
0 T T T T
0 10 20 30 40

Figure 6.23 Variation of the deformation modulus with GSI estimated from

Hoek (1999).
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Figure 6.24 Variation of the deformation modulus with GSI estimated from

Sénmez and Ulusay (2002).
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Figure 6.25 Variation of the deformation modulus with RMR estimated from
Bieniawski (1989).
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Figure 6.26 Variation of UCS with the rock mass deformation modulus.
E =5.7GSl, +5.7 (R* = 0.974) (6.1)
Where, GSly is the GSI value determined according to Hoek (1999).

E =5.1GSlg, +14.5 (R® = 0.963) (6.2)

Where, GSlgy is the GSI value determined according to Sénmez and
Ulusay (2002).
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E = 6.05RMR —106.6 (R? = 0.848) (6.3)

Because the highly fractured and sheared Dikmen greywackes resemble a
rock mass composed of numerous small blocks, some degree of stress
dependency may be expected (i.e. dependency of modulus to the confining
stresses) as for the case of all blocky rock masses. Although the Hoek and
Brown empirical non-linear failure criterion presents the effect of confining
stress to shear strength of the rock mass, there is no knowledge of the
stress dependency of the rock mass deformation modulus of blocky to
heavily fractured rock masses in the literature. For example, Palmstrém and
Singh (2001) indicated that in-situ deformation modulus of the rock mass is
not constant but depends on the stress conditions, being generally higher in
areas subjected to high stresses than in rock masses under low stresses.
As previously discussed, the stress path of the plate load tests (also
foundation loading) includes more compression and less shear than those
from the pressuremeter test. Therefore, for a geomaterial with confining
stress dependent modulus, volumetric hardening will likely to occur during
plate load test. This may result in the increased deformation modulus. For
this reason, additional research is needed for the determination of the
confining stress dependency of the deformation modulus of heavily
fractured rock masses and for the comparison of plate load tests with other

in-situ tests.

Because direct determination of the deformation modulus of rock masses
are expensive and difficult to perform, it is commonly determined by
empirical equations. As summarized in Chapter 2, there exist several
empirical equations for the purpose. The deformation modulus is estimated
using the methods given in Table 6.4. Equations of these empirical
methods are given in Chapter 2.1.

Some of the empirical equations listed in Table 6.4 need the intact rock
deformation modulus values. Since directly measured UCS values from
three core samples and those estimated from BPI tests do not reflect the
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overall intact rock conditions of the greywackes, the use of the above
mentioned empirical equations yields unacceptably high values of rock
mass deformation modulus. In order to overcome this problem, intact rock’s
deformation modulus of the greywackes should be estimated from the
uniaxial compressive strength determined by Schmidt hammer tests. In
order to obtain an acceptable predictor of intact rock modulus value, the
results of the uniaxial compression tests performed on greywacke core
samples were employed. A value of E/USC as 197.64 was determined from
uniaxial compression tests. Similarly for Berea, Navajo and Tensleep
sandstones, Hackensack siltstone and Monticello dam greywacke values of
E/USC were determined as 261, 183, 264, 214 and 253, respectively
(Goodman, 1989). Since these values are close to the one determined from
the compression tests on intact greywacke samples a ratio of E/USC,
which equals to 197.64, was used for the estimation of E; from the uniaxial
compressive strength values based on Schmidth hammer tests. The input
parameters used in the empirical equations, for the greywackes are given in
Table 6.5. The rock mass deformation modulus values determined by
empirical equations for greywackes are summarized in Table 6.6.

Table 6.4 Emprical methods used for the estimation of the deformation

modulus.
Method Parameters
considered
Serafim and Pereira (1983) RMR
Nicholson and Bieniawski Ei, RMR
(1990)
Mitri et al. (1994) E;, RMR
Hoek and Brown (1997) UCS, GSI
Kayabasi et al. (2003) Ei, RQD, WD
Gokeeoglu et al. (2003) E;, UCS, RQD, WD
Sénmez et al. (2004) Ei, s, a
Zhang and Einstein (2004) E;, RQD
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Table 6.5 The input parameters used in the empirical equations, for the greywackes.

. UCS E GSI -S6nmez
Site (MPa) (GPla) RQD WD GSI-Hoek (1999) and Ulusay RMR S a
(2002)
0.8 0.16 0 3 5 7 34 0.00003 0.625
Workshop 12 2.36 0 3 17 17.5 36 0.00011  0.560
22.9 4.51 0 3 29 28 39 0.00024 0.525
4.3 0.85 0 4 5 5 24 0.00003 0.625
Beyaz Ev 22 4.33 0 4 11 11 28  0.00006 0.590
51 10.05 0 4 17 17 30 0.00011 0.560
0.8 0.16 27 2 23 20 38 0.00019 0.535
Dikmen 19 3.74 35 2 34 36.5 53 0.00073 0.500
57.1 11.25 46 2 45 53 61 0.00178 0.500

WD: Degree of weathering; s and a: Hoek — Brown failure envelope constants.
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Table 6.6 The rock mass deformation modulus values (MPa) for the greywackes determined by various empirical

equations.

Seréa(fim Nichglson Mitrli Hc(;ek Kayablagl Gékgetl)glu Sénmlez Zhang and Einstein (2004)
o Sy (%0 3 @00 G R0 O e S5
3981 11 41 67 4 664 11 0 2 3 52
4467 189 679 518 102 664 307 6 29 52 102
5309 417 1492 1429 219 664 784 11 56 100 169
2239 36 115 156 22 426 61 2 10 19 16
2818 228 786 497 148 426 431 11 53 96 62
3162 590 2071 1069 401 426 1305 25 124 222 120
5012 14 50 189 9 1806 25 1 6 11 136
11885 639 2048 1735 403 1985 883 41 206 371 185
18836 2642 7530 5667 1623 2242 3170 198 992 1786 272

PMT: Values of deformation modulus from pressuremeter test




It is clear from Table 6.6 that Serrafim and Perraira’s (1983) equation yields
unacceptably high rock mass deformation values. The measured
deformation modulus values are somewhere in between the minimum and
average estimations of deformation modulus values estimated from the
equations by Nicholson and Bieniawski (1990) and Sénmez et al. (2004).
The minimums of the deformation modulus estimated from Mitri et al.
(1994), and Hoek and Brown (1997)’s equations are close to the measured
values. Although the GSI values are different, Gdkgeoglu et al. (2003)
estimate same values of deformation modulus for Hacettepe Beytepe
Beyaz Ev and Workshop sites. This is due to the fact that both sites have
RQD’s equal to zero, constant degree of weathering and greywacke has
constant value of E/UCS. Also the estimations based on the equations of
Gokeeogdlu et al. (2003) are higher than the actual values. According to
Table 6.6, the better estimations of the measured deformation modulus
values are obtained by the equations of Kayabasi et al. (2003). The values
of deformation modulus measured by pressuremeter lies between the lower
and upper bound estimations from the Zhang and Einstein (2004)’s

equation.

The difference between the measured and the predicted deformation

modulus values can be explained as follows:

i) Intact rock modulus is estimated from the UCS values determined from
the Schmidt hammer rebound values. Uncertainties associated with the
Schmidt hammer significantly affect the performance of the empirical
equations which already have uncertainties associated with the data and
statistical models.

ii) The greywacke rock mass used for pressuremeter testing is extremely
fractured. Fractures are present even in the micro scale. Although apparent
higher GSI values were assigned to blocky greywackes exposing in the
CAKS site, actual rock mass is weaker than it seems.
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iii) Databases used for the development of empirical relationships generally
involved stronger rock masses than the greywackes cropping out in Ankara.
More commonly results from the plate load tests performed in galleries with
higher in-situ stress state are used for the development of empirical
relationships. If the rock mass under consideration has a stress dependent
stress — strain behavior, the values of deformation modulus expected to be
higher.

6.1.2.4 Pressuremeter tests in the mudrocks

A total of 50 pressuremeter tests were performed in the Eocene and
Neogene mudrocks cropping out around Sincan region for the
determination of deformation modulus. The values of RQD, uniaxial
compressive strength and deformation modulus of the intact rock material
corresponding to the test section were obtained when available. For highly
fractured test sections, the intact rock parameters were determined from

the closest representative sample, if present.

Although 50 pressuremeter tests were performed, only 10 data of rock
mass deformation modulus, RQD, UCS and E; values could be obtained
because for each of the pressuremeter test, UCS and deformation modulus
of the intact rock are not available. By using this database, since RQD is a
measure of the degree of fracturing, variation of the ratio of rock mass
modulus to intact rock modulus (E./E;) with RQD was obtained (Figure
6.27). Zhang and Einstein (2004) have developed equations for the
estimation of the variation of the ratio of E/E;, with RQD. Their results were
also indicated in Figure 6.27.

Although RQD is not the sole indicator of the effects of the discontinuities
on the deformation modulus (i.e. the stiffness, orientation, persistence,

even the shearing strength of discontinuities are needed for full description
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of the discontinuities), the equation given in Figure 6.27 may be used for
the estimation of rock mass deformation modulus of the mudrocks
described above or possibly in similar rocks.
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Figure 6.27 Variation of the ratio of rock mass modulus to intact rock
modulus (En/E;), with RQD for the mudrocks in Sincan.

6.1.3 Relationship between seismic velocities and shear modulus

Shear wave velocity is related to the value of shear modulus under very low
strain levels. In order to figure out the relationship between the shear wave
velocity, primary wave velocity and shear modulus, regression analyses
were performed (Figure 6.28 and 6.29). The average values of shear
modulus and corresponding shear and primary wave velocities were
determined for greywackes, weathered andesites and mudrocks exposing
around Sincan. Figures 6.28 and 6.29 suggest that there is a very poor
relationship between shear wave and primary wave velocities and the
deformation modulus. This is probably due to the fact that shear and
primary wave velocities generally correspond to the stiffer part of the rock
mass (seismic waves propagate within the stronger path of the rock mass).
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Figure 6.28 Relationship between shear wave velocity and shear modulus.
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6.2 Determination of Undrained Shear Strength

The undrained shear strength is half of the maximum deviatoric stress or
shear stress during an undrained test. The undrained shear strength is not
a unique property of the soil instead it depends on the changes in effective
stresses that the soil undergoes. Figure 6.30 shows the total and effective
stress paths of an undrained triaxial test in normally consolidated clay.

A
a/p,

Apparent failure envelope .~ Ushear Aumeansrress

» p/p,

<1

(0C) (l\1lC)

Figure 6.30 Total and effective stress paths of an undrained triaxial test in
clay (ESP: effective stress path; TSP: total stress path; OC:
overconsolidated; NC: normally consolidated).

The difference between the total and effective stress paths is the excess
pore pressure, which is due to an increase in mean total stresses (AuUmean)
and shear stresses (Ausnear). Obviously, the total excess pore pressure is
not a soil property but it depends on the change in total mean and effective
stresses. But the Aughear is @ property of the soil, it depends on the dilative
or contractive behavior of the soil during shear (i.e. relative density,

overconsolidation ratio).
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The shape of the effective stress path of normally consolidated clays is
similar to the one displayed in Figure 6.30. However, as the over-
consolidation ratio of the clay increases the shape of the effective stress
path changes.

In early days of the pressuremeter testing, undrained shear strength of
saturated clays was determined by empirical relationships and solutions
were based on bearing capacity theory. However, the bearing capacity
solutions assume that the limit pressure is independent of the stiffness of
the ground, therefore, they are not suitable for pressuremeter test. Figure
6.31 shows the simulated pressuremeter curves in a linearly elastic
perfectly plastic soil with same undrained shear strength but different
rigidity (Ir = G/S,) values. As it is evident from this figure, increasing shear
modulus causes increasing limit pressure although the undrained shear
strength is the same. Similarly, early solutions for the determination of the
undrained shear strength from cone penetration test were based on bearing
capacity theory, however, they were found to be unsatisfactory (Lunne et
al., 1997).
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Figure 6.31 Simulated pressuremeter curves in a linearly elastic perfectly
plastic soil, having the same undrained shear strength and different rigidity

values.
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First theoretical solution for the determination of the undrained shear
strength from pressuremeter test was presented by Gibson and Anderson
(1961). In this solution, the soil is assumed to behave linearly elastic-
perfectly plastic. This solution is based on the infinitely long cylindrical

cavity expansion in total stresses.

P,—o, = Su(1+lnsgj (6.4)

Where, Py is the theoretical limit pressure.

The newer analysis developed by Palmer (1972), Ladanyi (1972) and
Baguelin et al. (1972) almost at the same time and independently from
each other, does not require an assumption to be made about the stress
strain behavior of the soil. These analyses were also based on the
assumption of undrained expansion of infinitely long cylindrical cavity.
According to Palmer (1972), Ladanyi (1972) and Baguelin et al. (1972), the
slope of the pressure versus LN(dV/V) gives the shear stress, i.e.
undrained shear strength. This approach is also valid for large deformations
(Baguelin et al., 1978).

The solutions of Gibson and Anderson (1961), Palmer (1972), Ladanyi
(1972) and Baguelin et al. (1972) are used for the determination of the
undrained shear strength of clays. By using the theoretical limit pressure
obtained from pressuremeter test and average shear modulus value
(average means the value which represents the overall nonlinear stress -
strain behavior of the soil prior to yielding), undrained shear strength can be
calculated from the equation proposed by Gibson and Anderson (1961).
The slope of the pressure versus LN(dV/V) yields the undrained shear
strength according to Palmer (1972), Ladanyi (1972) and Baguelin et al.
(1972), so that a plot of pressure versus LN(dV/V) can be used for the
determination of undrained shear strength. A third technique for the
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determination of the undrained shear strength is to use the slope of the
pressure versus LN(dV/V) for each loading step. This procedure allows
shear stress versus cavity strain graph to be obtained. However, shear
stress vs. cavity strain graphs obtained by this method generally involves
irregularities and a post peak plateau probably due to small measurement
errors in the field. According to Mair and Wood (1987), this technique is

unreliable.

Although exact theoretical solutions are available for the determination of
undrained shear strength from pressuremeter test, various researchers
stated that the pressuremeter test overestimates the undrained shear
strength of clays about 30 — 50 % (Baguelin et al., 1972; Windle and Wroth,
1977 b; Ghionna et al., 1983; Yeung and Carter, 1990; Houlsby and Carter
1993; Bowles, 1996). Overestimations of about 100 %, of prebored
pressuremeter test with comparison to field vane test was reported by Roy
et al. (1975).

Initially, high values of undrained shear strengths, obtained from
pressuremeter test were attributed to the lower disturbance associated with
the pressuremeter. However, this cannot explain the differences between
the pressuremeter and field vane test results. More recently, this

overestimation is attributed to a number of factors:

i) High strain rate (Wroth, 1984);
ii) partial drainage during test (Wroth, 1984; Pyrah et al., 1988);

iii) presence of disturbed annulus around the borehole, (Baguelin et al.,
1978, Prevost, 1979, Prapharan et al., 1990);

iv) uncylindrical expansion (L/D ratio) (Yeung and Carter, 1990; Houlsby
and Carter, 1993);

v) different deformation patterns and stress paths during failure than
other tests (Wroth, 1984).
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Since the laboratory (triaxial compression, direct simple shear) and in-situ
tests (field vane test, pressuremeter test) used for the determination of the
undrained shear strength have different total stress paths and shearing
modes, the resultant effective stress path of the particular test will be
different from each other resulting in different values of undrained shear
strength.

Wroth (1984) interpreted the effective stress paths of different laboratory
and in-situ tests and presented comparisons of undrained shear strength
ratios (Sy/c')) for these tests as a function of the effective friction angle and
overconsolidation ratio. Wroth (1984) used the principles of the critical state
soil mechanics and Matsuoka and Nakai's (1977) failure criterion which
uses all principal stresses in the criterion for relating the results of plain

strain tests with triaxial compression tests.

To determine the undrained shear strength at point S on Figure 6.30, the
mean effective stress at failure (ps) has to be known which is related to gs
by the effective strength envelope for isotropically consolidated undrained
triaxial loading conditions. Wroth (1984) used the framework of critical state
soil mechanics to relate the in-situ mean effective stress (pg), with the mean
effective stress at failure (ps), therefore, it is possible to relate undrained
shear strength ratio of clays (Sut/c'vo) with effective strength failure
envelope (M), critical state parameters (r, A) and overconsolidation ratio (R)
as given in equation 6.5 (where r = 2, and A = 0.8 according to available
literature (Wroth, 1984).

See | M(RY"
(S

A similar equation was also proposed by Wroth (1984) for Ko consolidated -
undrained triaxial compression tests (equation 6.6) using critical state soil
mechanics framework. The result of equation 6.5 is in very good agreement
with the laboratory tests (for example Andresen et al., 1979).
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Where, a is equal to:

a= w (6.7)
2(3-2sin¢,,)

In order to determine undrained shear strength ratios (S./c',) for direct

simple shear tests, the effective stress path (Figure 6.32) is approximated

by an ellipse. By using the equation of the ellipse, Wroth (1984) obtained

the equation for the maximum undrained shear strength ratio (i.e. at point

T) which is given by equation 6.8. The elliptical shape of the effective stress

path is due to the principal stress rotation during the test.
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Figure 6.32 The effective stress path of a normally consolidated clay during

direct simple shear test.

The field vane test is the most widely used test for the determination of the
undrained shear strength of saturated clays. Mair and Wood (1987) stated
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that the mode of failure around the vane is similar to direct simple shear
test. As the vane rotates the torque, i.e. shear stress around the cylindrical
surface of the blade increases, this could only be possible with the increase
in the effective tangential stress (c¢') and subsequent decrease in the
effective radial stress (oc,'). By considering this behavior, Wroth (1984)
proposed a simple relationship between the maximum shear stress (i.e.
undrained shear strength) and the effective friction angle. Figure 6.33
presents the state of the Mohr circle at the start and at the failure for a vane
test. At the start of the test, both radial and tangential stresses are equal to
the initial horizontal stress, so the Mohr circle is a point, thereafter, as the
vane rotates the shear stress increases by increasing tangential stress (')

and decreasing radial stress (o).
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Figure 6.33 The state of the Mohr circle at the start and at the failure for a

vane test.

It can easily be shown that the maximum shear stress (tmax) can be given
by equation 6.9 (Figure 6.33). Thus the undrained shear strength ratio is

expressed by equation 6.10.

Trax = Op -SINO (6.9)
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Wroth (1984) stated that the undrained shear strength ratio of the vane test
is not well based on experimental data yet, so he recommends the use of it
with caution.

It has been well established both theoretically and experimentally that the
undrained shear strength ratio of a soil, when normalized by the value for
the normally consolidated condition, is proportional to OCR to the power A.
Wroth (1984) contended that the curve for pressuremeter test will be very

similar for plain strain tests on anisotropically consolidated specimens.

Wroth (1984) derived the undrained strength ratio for anisotropically
normally consolidated specimens using the modified cam clay model
adapted for plain strain conditions (equation 6.11). The equations proposed
by Wroth (1984) are presented in Figure 6.34.

S sin 2 A
( u-pf]z Oos (C “J (6.11)
G, 2C 2
Where:
ce_ 1
2—sino,, (6.12)
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Ladd et al. (1980) suggested that the shear strength obtained from a
pressuremeter is between the strengths observed from direct simple shear

and conventional plain strain compression.
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Figure 6.34 Graphical representation of the equations proposed by Wroth
(1984).

Consolidated drained direct shear box tests performed on the Eymir Lake
clay suggest effective friction angle of 21.9°. This value can be converted to
triaxial compression friction angle by using the equation proposed by
Kulhawy and Mayne (1990). This conversion yields a triaxial compression
friction angle equal to 21.1°. Bowles (1996) reported that the effective
friction angle of normally consolidated clays with high plasticity index (Pl =
50 — 60) is between 20° and 24°. Laboratory result of the friction angle of

the Eymir Lake clay is within this range.
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For a friction angle of 21.1°, the pressuremeter-determined undrained shear
strengths should not be higher than that of the field vane test and
isotropically consolidated triaxial tests (Figure 6.34)

According to ASTM (2000), duration of each loading is 60 sec in the
pressuremeter test. A typical pressuremeter test composed of 10 loading
steps takes about 15 minutes. The average radial strain rate of the
pressuremeter tests performed in the Eymir Lake clays is between 2.78 and
4.92 % per minute, by contrast the strain rate used for the undrained triaxial
test is 1 % per minute. However, the strain rate around an expanding
pressuremeter varies inversely with the square of the radius (Mair and
Wood, 1987). A cavity strain rate of 1 % per minute becomes a radial strain
rate of 0.25 % per minute at a radius 2 times the cavity radius. Therefore,
the overall strain rate on the soil elements which are affected from
pressuremeter loading is much lower than that of the cavity strain.

According to Mair and Wood, (1987), for many soils, undrained shear
strength increases by about 10 % for each ten fold increase in strain rate.
Penumadu et al. (1998) studied the effect of rate of probe expansion in
pressuremeter testing for cohesive soil. In this study, they used a special
device (flexible boundary cuboidal shear device) for the simulation of
pressuremeter device. According to Penumadu et al. (1998), a ten fold
increase in strain rate shows an increase in undrained shear strength of 14
%. Therefore, they concluded that strain rate alone cannot be the cause for
the significant discrepancy in the measured undrained shear strength
values by considering the strain rates often used for triaxial and self boring
pressuremeter testing for clays.
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6.2.1 One-dimensional simulation of the pressuremeter test in clays

One-dimensional simulations of pressuremeter test were performed in
elastic-perfectly plastic soil possessing only cohesion according to the Mohr
— Coulomb failure criterion (i.e. saturated clay behavior). The Mohr —
Coulomb failure criterion degenerates to Tresca failure criterion at zero
friction (Flac, 2002). Simulations were performed with varying rigidity values
(Ir = G/S, = 25, 50, 100, 200, 300 and 400) by using the mesh given in
Figure 6.3. But for this purpose, 200 equally spaced finite difference grid
was used. For the calculation of the bulk modulus values, Poisson’s ratio is
selected as 0.49 instead of 0.5 which is valid for the saturated clays.
Because a Poisson’s ratio of 0.5 means infinite bulk modulus, this can not
be used in a numerical simulation. The analyses were performed using the
large strain logic. In the large strain mode, the coordinates of the generated
grid is updated in every 10 solution steps and the deformed mesh was
checked from aspect ratio point of view for the numerical stability (Figure
6.35). This allows a more precise numerical modeling. The results of these
analyses were compared with the solution presented by Palmer (1972),
Ladanyi (1972) and Baguelin et al. (1972). One-dimensional numerical
simulations were performed in stress free, and in-situ stress conditions with
various Ko values, without unloading cases. According to the theoretical
solution, the slope of the P versus LN(dV/V) plot should yield the undrained
shear strength independent of the rigidity values. Figure 6.35 depicts the
pressure versus LN(dV/V) plot of the simulation performed for an undrained
shear strength value of 100 kPa, and a rigidity value of 100 for in-situ stress
free condition. As the displacements increase, the curve becomes concave
upwards. This is due to the fact that as the displacements increase aspect
ratio of the grids decreases leading to the loss of precision. According to
Flac (2002), an aspect ratio close to 1 yields accurate results; however,
when the aspect ratio becomes 0.2 the solution becomes potentially
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inaccurate. When the distortion is so great, Flac automatically stops the
calculation. Therefore the undrained shear strengths are calculated from
the linear portion of the LN(dV/V) versus pressure plot. The same
methodology is followed for all one and two-dimensional numerical

simulations.
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Figure 6.35 The pressure versus LN(dV/V) plot of the one-dimensional

pressuremeter simulation for Ir = 100.

As it is expected, for all stress conditions (without unloading) and rigidity
values, one-dimensional solutions yielded S, values about 101 - 102 kPa.
This means that the error in the one-dimensional solutions is about 2 % at
maximum (i.e. Sym/Sutwe = 1.02). The one-dimensional simulations
displayed the accuracy of finite difference simulations in linearly elastic-
perfectly plastic soil. However, the one-dimensional simulations based on
the small strain finite element method performed by Houlsby and Carter
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(1993) could not yield a value of Sy.m/Su-true Close to 1, particularly for higher
rigidity values.

6.2.1.1 Effect of disturbance on the undrained shear strength derived from
pressuremeter

The installation of the pressuremeter, especially pre-bored pressuremeter,
disturbs the soil close to the probe which results in the formation of an
annular zone of remoulded soil around the probe. This problem was first
studied by Baguelin et al. (1978) using the theory of cavity expansion.
Prevost (1979), and Prapharan et al. (1990) analyzed same problem using
strain path approach. According to Baguelin et al. (1978), Prevost (1979)
and Prapharan et al. (1990) analyzing the pressuremeter test as if the soll
is homogeneous, gives rise to an initial strength which may be greater than
the actual strength of the undisturbed soil. The range of overestimation
given by these researchers is between 10 — 100 % depending on the
relative strength of the disturbed and undisturbed soils, selected soil
behavior model and the thickness of the disturbed zone.

Baguelin et al. (1978) proposed the following equations which are
associated with the cavity pressure (P).

gl

f(g).dg . % f,(9).dg
P=pP
" +£g(1+29)+!19(1+29) (613)
2
1
3_1::’_225 (6.14)
0 1
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Where, P is the pressure in the cavity; Py is the in-situ horizontal stress; g4
is the radial strain at the border of the disturbed and undisturbed zone; go is
the cavity strain; ry is the initial radius of the cavity; ry is the radius of the
disturbed zone; f(g) is the shear stress versus strain relationship of the
undisturbed ground; f1(Q) is the shear stress versus strain relationship of the
disturbed ground.

By integration of equation 6.13, the following equation is obtained.

[ 1+2g, _1+2g0
7, —(H e, jf(gl){fl(go) 22 .f1<g1>J (6.15)

Shear stress versus cavity strain plots of undisturbed and completely
disturbed soil, and apparent cases for various disturbed zone thicknesses
are depicted in Figure 6.36.
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Figure 6.36 Shear stress versus cavity strain plots of undisturbed and
completely disturbed soil, and apparent cases for various disturbed zone
thicknesses.
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Figure 6.36 suggests that the apparent shear stress increases with the
cavity strain. Therefore, the apparent undrained shear strength deduced
from a pressuremeter tests performed in disturbed ground should depend

on the value of cavity strain.

One-dimensional numerical simulations of pressuremeter were performed
for three cases with varying thicknesses of the disturbed zone. These cases

are:

a) S, = 100 kPa, Ir = 50, disturbed zone properties are half of the
undisturbed soil.

b) Sy, = 100 kPa, Ir = 50, disturbed zone properties are quarter of the

undisturbed soil.

c) Sy = 100 kPa, Ir = 100, disturbed zone properties are half of the
undisturbed soil.

Figure 6.37 depicts shear stress versus cavity strain plots of undisturbed
soil, and apparent cases for various disturbed zone thicknesses which are

determined with one dimensional Flac (2002) simulations for case “a”.

Increase in the apparent shear strength should be reflected as a concave
upward plot in the corresponding pressure versus LN(dV/V) graph, by
considering that the slope of the pressure versus LN(dV/V) plot equals to
the shear stress (Figure 6.38).
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Figure 6.37 Shear stress versus cavity strain, plots of undisturbed soil, and
apparent cases for various disturbed zone thicknesses which are
determined with one-dimensional Flac (2002) simulations performed for
case “a”.
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Figure 6.38 The pressure versus LN (dV/V), plots of undisturbed soil and
apparent case for t/r0 equal to 1 determined with one-dimensional Flac
(2002) simulations performed for case “a”.
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Both Figures 6.37 and 6.38 suggest that a pressuremeter tests performed
in an undisturbed ground with significant thickness should yield an
increasing shear stress towards the end of the test. The results from the
one - dimensional simulation of three cases are shown in Figure 6.39.
Calculations of the apparent S, were carried out using the average value of
shear strength between cavity strains of 0.3 — 0.4 since the S, of the clay

commonly determined between these values from field pressuremeter test.
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Figure 6.39 The overestimation ratio versus normalized thickness of the

disturbed zone.

Increase in Ir does not have a significant effect on the apparent
overestimation ratio while the ratio of the undrained strength of undisturbed
and disturbed soils have significant effect on the apparent overestimation
ratio (Figure 6.39). As the thickness of the disturbed zone increases, the

apparent S, approaches to the undrained strength of the disturbed soil.
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6.2.1.2 Effect of unloading on the derived undrained shear strength

Pre-bored pressuremeter tests are performed in the previously drilled
boreholes. Borehole opening reduces the in-situ stress states around the
borehole. The effect of unloading on the undrained shear strength values
deduced from the pressuremeter test was first studied by Prevost (1979),
and Prapharan et al. (1990) using the strain path approach. Prapharan et
al. (1990) found an overestimation of S, about 100 % for completely
unloaded case assuming unloaded state as the initial state. The
experimental studies related to unloading effect were performed by Law
and Eden (1982), and Benoit and Clough (1986) using a cutting shoe which
was larger than the radius of the self boring probe. Their results indicate
overestimation in the S, as much as 100 %.

Analyses based on the expansion of infinitely long cylindrical cavity such as
Palmer (1972), Ladanyi (1972) and Baguelin et al. (1972) assume that the
reference datum (or origin) is the initial cavity radius, such that the pressure
on the cavity wall at that radius is equal to the total in-situ horizontal stress.
Analyzing a pressuremeter test as if it were the expansion of a cavity at the
horizontal stress should be clearly identified (Clarke, 1995).

A 100 % overestimation of the S,, which was determined by various
researchers, is true when the unloaded case assumed as if the initial state
is considered. Failure of selecting or correcting the reference datum
obviously causes high errors in the determination of S,. However, when the

initial state is corrected, the order of the overestimation in S, is unclear.

In order to clarify the effect of unloading on S, a series of one-dimensional
numerical simulations of pressuremeter test were performed. In these
simulations, S, is taken as 100 kPa and Ir values of 50, 100, and 300 were

chosen. The results of these simulations are summarized in Table 6.7. The
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values given in parentheses are the S, values determined by correcting the
reference datum, while the values outside the parentheses correspond to
unloaded case assumed as if the initial state. Unloading and no correction
of the reference datum can cause strain softening-like behavior on the plot
of LN(dV/V) versus pressure plot (Figure 6.40, a) although the soil is not
strain softening (Figure 6.40 b).

Table 6.7 The results of one-dimensional simulations for the determination
of the effect of unloading on S,.

Ir =50

ow=50kPa ox=100kPa owt= 300 kPa
Ko=0.5 118.0, (100) 118.4, (100) 130.0, (112)*
Ko=1.0 119.4, (100) 124.0, (100) 184.4, (147)*
Ko=1.5 120.4, (100) 127.0, (107)* 265.0, (181.6)*

Ir=100

ou=50kPa  o4=100kPa o, =300 kPa
Ko=05  115.0,(100) 115.6,(100)  127.7, (109)*
Ko=1.0  116.1,(100)  120,(100)  165.7, (146.7)*
Ko=15  118.4,(100) 126.0,(107)*  230.7, (169)*

Ir =300

ow=50kPa ox=100kPa owt= 300 kPa
Ko=0.5 114.2, (100) 116.4, (100)  125.7, (107.5)*
Ko=1.0 115.2, (100) 118.1, (100)  162.0, (133.2)*
Ko=1.5 116.1, (100) 124.0, (106.4)* 227.3, (163)*

*: Some of the elements yielded during unloading
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Figure 6.40 (a) Uncorrected LN(dV/V) versus pressure plot of the simulation

with Ir = 100, 6,1= 100 kPa and K, = 1.0 case, (b) after correction.
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It is clear from Table 6.7 that no correction on the reference datum causes
high errors in the determination of S,. In addition to this observation, as the
total in-situ horizontal stress increases the overestimation in apparent S,
increases, when the total in-situ horizontal stress exceeds the S,
overestimation becomes even higher than 100 %. If the total horizontal
stress exceeds the S, value, some of the soil around the pressuremeter
yields in shear. When the total horizontal stress is lower than S, value,
correction of the reference datum restores the original state, that is S, is
equal to the original value (i.e. soil behaves elastically during loading and
unloading). However, if yielding occurs during unloading, correction of the
reference datum does not restore the original state. As a result, pre-bored
pressuremeter tests may result in significant overestimation of S,
especially when some of the soil around the borehole yields during
unloading which depends on the degree of unloading and this is possible
for situations with high total horizontal in-situ stresses and low S, values.

6.2.1.3 Pore pressure dissipation during pressuremeter test

High gradients of radial stresses are generated around the expanding
pressuremeter. Wroth (1984) suggested that partial consolidation may
occur within the soil resulting in an overestimation of S,. In order to
determine the amount of pore pressure dissipation in low permeability soils
around the pressuremeter, one-dimensional numerical simulations were
performed with Plaxis (1998) in which generation of excess pore pressures
is allowed by using the undrained logic of this computer code. For the
simulation, the model shown in Figure 6.41 was used. The mesh consisted
of 1493 number of 15 noded triangular elements. Shear modulus is taken
as 10000 kPa. Load is applied to the soil causing plastic zones and excess
pore pressures. After the application of the load, a second stage is
performed and in this stage the excess pore pressures allowed to dissipate
for a 60 second period as in the case of a pressuremeter test. For this

184



stage, pore pressure dissipation at the selected points was monitored
(Figure 6.41). Plaxis uses an automatic time stepping algorithm, in which
smallest time step automatically selected depends on permeability, stiffness
of the ground, and the smallest mesh size. As the permeability decreases
and the stiffness increases the time step also increases. For very low
permeabilities, such as 10" m/sec, the time step is higher than 60 sec. For
this case the pore pressure dissipation at 60 sec is determined from the
time versus excess pore pressure curve for selected points generated by
Plaxis. The excess pore pressures determined by this way may not be
precise, but the determination of excess pore pressure is only possible in
this way for very low values of permeabilities. Figure 6.42 depicts the
relationship between permeability and dissipation of excess pore pressures
at the selected points.

Figure 6.42 suggests that for permeabilities lower that 10'° m/sec there is
no pore pressure dissipation. For a shear modulus lower than 10000 kPa,
the dissipation of pore pressures will even be lower.

Rangeard et al. (2003) presented the results of the one-dimensional
undrained simulations of pressuremeter tests for a soil with a shear
modulus of 899 kPa, and permeabilities ranging between 10™ to 10 m/sec
using the Cam Clay model. Their results revealed that for permeabilities
lower than 10”7 m/sec the tests are undrained (i.e pore pressure dissipation
is insignificant). For a typical clay soil permeability is around 10 m/sec,
therefore for clay soils, pore pressure dissipations during pressuremeter is
not probably a problem. However for silts and silt — clay mixtures, pore
pressure dissipations can cause overestimation of undrained shear
strength.

185



Closed consolidation boundary

Il
Il
4

i

»

1.97 m

Figure 6.41 One-dimensional model used for the simulation of pore
pressure dissipation.
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Figure 6.42 Relationship between permeability and dissipation of excess
pore pressures at the selected points.

6.2.2 Two-dimensional simulation of the pressuremeter test in clays

Gambin (1995) stated that for an L/D ratio of around 2, the measured limit
pressure will be closer to the limit pressure for spherical expansion than for

cylindrical expansion, and therefore, higher. The conventional probes have
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L/D ratios around 6, so the limit pressures obtained with conventional
probes should be higher than that of infinitely long cylindrical cavities. As a
result, the strength parameters obtained with conventional probes using the
theories which are based on infinitely long cylindrical cavity expansion
should be overestimated by some degree.

As discussed in Chapter 2, Yeung and Carter (1990), and Houlsby and
Carter (1993) have analyzed this problem by using small strain finite
element solutions. Yeung and Carter (1990) suggested increasing
correction factors with increasing rigidity values. In contrast, Houlsby and
Carter (1993) suggested decreasing correction factors with increasing
rigidity values. In addition to this, Yeung and Carter (1990) stated that for
tests performed in shallow depths, the overestimation in the undrained
shear strength is more pronounced. However, Houlsby and Carter (1993)
observed that the depth has a very insignificant effect on the S,.

In order to clarify the effects of finite pressuremeter length on the S, two-
dimensional large strain finite difference simulations were performed with
Flac (2002). The simulations were performed at a depth of 3 m with varying
rigidity (25, 50, 100, 200) and L/D values of 11, 8, 6.3, and 5.3. After this
simulations, shallow and deeper simulations (1, 5 and 7 m) were carried out
to control the effect of depth on results. The simulations were performed
under in-situ stress free case in order to determine only the effect of L/D
ratio on the S,. Because as unloading affects the pressuremeter
determined S,. The grid used for a pressuremeter simulation at a depth of 3

m is given in Figure 6.7.

As explained previously, the slope of the linear portion of the LN(dV/V)
versus pressure plot was used to derive the undrained shear strength.
Comparison of the undrained shear strength values obtained from L/D ratio
of 5.3 and 11 for Ir = 25, S, = 50 kPa conditions is depicted in Figure 6.43.

The calculations were performed for various S, values. But it was
determined that the overestimation ratio is independent from the value of

187



Su. In addition to this, overestimation is found to be independent of depth.
In other words, the simulations performed at 1 m and other depths give
almost the same slope in the LN(dV/V) versus pressure plot even for very
low S, and Ir values at a depth of 1 m. This finding is compatible with the
work of Houlsby and Carter (1993). The results of the numerical simulations
performed at a depth of 3 m are given in Table 6.8.
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Figure 6.43 Comparison of the undrained shear strength values obtained
from L/D ratio of 5.3 and 11 for Ir = 25, S, = 50 kPa conditions.

Table 6.8 Results of numerical simulations performed in 3 meter depth.

L/D
Ir 5.3 6.4 8.0 11
25 0.833 0.864 0.914 0.956
50 0.820 0.859 0.911 0.960
100 0.833 0.858 0.906 0.960
200 0.820 0.867 0.909 0.960
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Based on the two-dimensional simulations, the correction factors for
different L/D ratios are given in Table 6.9.

Table 6.9 Correction factors for varying L/D ratios.

Correction factors

LD for S,
5.3 0.83
6.4 0.86
8.0 0.91

11 0.96

By using one-dimensional simulations, if the soil behaves elastically during
unloading and subsequent loading by pressuremeter, the reference datum
correction gives the same results with those from unloaded case. In order
to explore the unloading effect on the LN(dV/V) versus pressure plot, one
additional two-dimensional simulation was performed under in-situ stress
conditions which are effected to some degree by the borehole opening

processes. This simulation consists of three steps.
(1) Generation of in-situ stresses.
(2) Borehole opening process.
(3) Application of pressuremeter loading.

It was observed that after correction of the reference datum, the undrained
shear strength determined from the simulation is very similar to that from
unloaded case.
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6.2.3 Undrained shear strength of the Eymir Lake clays

Undrained shear strength of the Eymir Lake clays determined from
laboratory and field tests are compared in this section. For this purpose
isotropically-consolidated triaxial compression, field vane, CPT and
pressuremeter test results are used.

6.2.3.1 Cone penetration tests in the Eymir Lake clays

The cone penetration test was performed in the Eymir Lake clays with pore
pressure measurement. S, can be determined from the equipment
corrected tip resistance by the following equation.

S (qC - GV)

u :N—k (6.16)

Where, N is the cone factor and oy is the total in-situ vertical stress.

Methods of interpretation of undrained shear strength from CPT can be
classified into two groups; namely empirical correlations and theoretical
solutions. The bearing capacity based theoretical solutions yielded cone
factors varying between 7 and 9.94. However, the solutions based on the
cavity expansion theory yield cone factor as a function of the rigidity index
(Figure 6.44).

The results of an extensive review of cone factors for normally consolidated
clays by Lunne and Kleven (1981) are shown in Figure 6.45. Figure 6.45
indicates that the cone factor increases with decreasing plasticity index,
and they are higher than the cone factors determined from the cavity
expansion solutions.
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Figure 6.45 Plasticity index versus cone factors (Lunne and Kleven, 1981).
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In order to determine the cone factors which are suitable for the Eymir Lake
clays, finite difference simulations were performed using total stresses with
elastic perfectly plastic model using Flac (2002). The finite difference grid is
depicted in Figure 6.46. Cone penetration was simulated in three stages.
First stage involves the generation of in-situ stress state before CPT. For
this purpose in-situ stresses were applied to the mesh and appropriate Ko
value was assigned to soil by using relationships present in the literature.
Second stage involves creation of a cavity in the soil mesh equivalent of the
cone dimensions by simply pushing corresponding soil elements
horizontally by an amount equal to the radius of the cone from a very small
initial cavity radius. In the third stage, the cone was pushed downwards with
a constant velocity and the total force on the cone required to maintain
constant velocity was recorded with the cone displacements. During the
penetration simulations, cone and soil adherence was modeled through

interface elements.

It is clear that a small strain analysis could not yield a steady state tip
resistance, in other words this type of simulation is not capable of modeling
cone penetration (Figure 6.47). Plastic zones during cone penetration for a
rigidity index of 50 and 200 are shown in Figures 6.48 and 6.49,

respectively.

Plastic zones increase with increasing rigidity during cone penetration
(Figures 6.48 and 6.49). In order to assess the effect of horizontal to
vertical stress ratio (i.e Kp), simulations were performed with varying Ko
value. Figure 6.50 depicts the tip resistance versus cone displacement for
various Ky values. This figure suggests that the effect of Ko on the steady
state tip resistance is negligible. Therefore, remaining simulations were
performed using a value of Ky equal to 0.5 which is a typical value for the

normally-consolidated clays.
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Figure 6.46 The finite difference grid and the boundary conditions used
during the study.
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In this study, rigidity index values of 25, 50, 100, 200 and 300 were chosen
for the undrained cone penetration simulations, because it is known that the
rigidity index affects the cone factor (Nx) according to spherical cavity

expansion solutions.

Variation of Nk with Ir, according to large strain finite difference simulations
is presented in Figure 6.44. As it is clear from this figure, Flac simulations
with stage 2 (i.e soil elements pushed horizontally by an amount equal to
the radius of the cone) yielded higher cone factors than cavity expansion
solutions. This difference is probably due to the fact that the cavity
expansion methods model the cone penetration from the in-situ state of
stress, in other words the penetration of the cone above the reference level
is neglected. However, the penetration of the cone above the reference
level generates higher horizontal and vertical stresses than the in-situ
stresses (Figure 6.51). In order to determine the effect of second stage on
the calculated cone factors, a second series of analyses were performed
without pushing the soil elements horizontally. The variation of the cone
factors with rigidity index determined without second stage is also shown in

Figure 6.44 which is within the range of cavity expansion solutions.

Since the rigidity values of the Eymir Lake clays are about 25, the cone
factor is about 11 based on the numerical simulations. As a result of the
finite element simulations and the assessment from the chart of Lunne and
Kleven (1983), the cone factor is selected between 8 and 12 for the
determination of S, of Eymir Lake clays from CPT.

Sy of Eymir Lake clays is determined using the theoretical technique of
Palmer (1972), Ladanyi (1972) and Baguelin et al. (1972), and empirical
methods of Komornik et al. (1969), Amar and Jezequel (1972), and
Marshland and Randolph (1977). Datum correction of pressuremeter test
results are performed according to the suggestions of Mair and Wood
(1987) and Clarke (1995).
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penetration simulation.

Table 6.10 S, determined from pressuremeter tests.

Depth (m) Su (kPa)

1.0 56.8
2.0 103.5
3.0 106.7
4.2 105.6
5.3 181.0
6.8 165.9
8.0 198.9

Figure 6.52 displays the pressure versus LN(dV/V) plot for the
pressuremeter test performed in 2 meter depth a) for uncorrected and b)
datum corrected. The undrained shear strengths of determined from
pressuremeter are summarized in Table 6.10. The variation of undrained
shear strength of the Eymir Lake clay with depth, determined by various
tests is depicted in Figure 6.53.
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Figure 6.52 The pressure versus LN(dV/V) plot for the pressuremeter test
performed at a depth of 2 m (a) for uncorrected, and (b) datum corrected
cases.

Sy determined from laboratory vane tests and UU tests are slightly lower
than those determined from CU tests, therefore, S, determined from CU
tests are used for comparison. Figure 6.53 suggests that the S, determined
using the theoretical solution of Palmer (1972) is higher than S, determined
from CPT, FVT and CU tests. If the L/D ratio correction applied to the
values of S, determined from Palmer (1972)'s solution, S, from
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pressuremeter approaches to S, from FVT, however, there is still
overestimation. This overestimation is probably due to the differences in
mode of failure, presence of disturbed zone around the pressuremeters. S,
determined from pressuremeter by empirical methods are close to those
determined from CPT, FVT and CU tests.
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Figure 6.53 Variation of undrained shear strength of the Eymir Lake clay
determined by various tests.
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6.3 Inverse Analysis Technique

There is no solution for the estimation of the shear strength parameters
(both ¢ and ¢) from the pressuremeter test. However, by using the inverse
analysis technique, shear strength parameters of the materials under
consideration can be determined. Perfect match between the real test curve
and the simulation curve can only be obtained by using only one values of
shear modulus, ¢ and ¢ values. Determination of the shear modulus is
straightforward from the slope of the elastic portion of the pressuremeter
curve. Therefore remaining parameters, ¢ and ¢ have to be determined by

trial and error procedure.

For the highly weathered andesites, the inverse analysis technique was
applied to the pressuremeter test results performed at a depth of 1.5 m in
Solfasol district. The borehole for the purpose of pressuremeter testing was
drilled using continuous flight auger without using water in order to achieve
minimal disturbance to the ground. The volumetric strain obtained from the
pressuremeter test converted to cavity strain and then this cavity strain is
converted to radial displacement for the comparison of the experimental
curve with the numerical curve. One major problem with the inverse
analysis is the determination of the in-situ stress state prior to the
pressuremeter test. However, it should be determined because for frictional
soils the in-situ stress is an important factor for the shear strength. Vertical
effective stress can be estimated considering the unit weight, depth of the
layer and the location of the water table. However, the estimation of the
lateral effective stress is difficult. Although it is difficult to estimate the in-situ
horizontal stress state from pre-bored pressuremeters, the point at which
pseudo — elastic phase is close to the active pressure, so the in-situ
horizontal stress is higher than the pressure at the start of the pseudo-

elastic phase. For the inverse analysis, the horizontal stress is estimated
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from pressuremeter test results. Figure 6.54 shows curve matching
procedure and obtained geotechnical parameters for the highly weathered
andesite from Solfasol district at a depth of 1.5 m.

From a nearby borehole to PMT borehole, an undisturbed sample was
obtained from the same depth for direct shear box testing in UU condition.
The shear strength parameters obtained from the direct shear box test are
¢ = 83.3 kPa and ¢ = 30.1°. No other undisturbed sample could be obtained
from deeper elevations. Shear strength parameters obtained from the
inverse analysis are close to those deduced from the direct shear box test.

The same inverse analysis technique was applied to verify the procedure to
the highly weathered andesites of Pursaklar district. In this site, two
boreholes were drilled next to each other. Figure 6.55 displays curve
matching procedure and obtained shear strength parameters for the highly
weathered andesite in this district at a depth of 3.2 m.
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Figure 6.54 Curve matching procedure and obtained geotechnical

parameters for the highly weathered andesite from Solfasol district at a
depth of 1.5 m.
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Figure 6.55 Curve matching procedure and obtained shear strength
parameters for the highly weathered andesite in Pursaklar district at a depth
of 3.2 m.

The shear strength parameters obtained from the direct shear box test are
c = 54.7 kPa, ¢ = 29.7°. If the shear strength parameters obtained by
inverse analysis technique are compared to those obtained by the direct
shear box testing it can be concluded that the inverse analysis technique
yields compatible values of shear strength. In order to apply inverse
analysis technique, plastic stage of the pressuremeter curve should be
available i.e. the pressure capacity of the device should be adequate for the
strength of the geomaterial under consideration. For the rock masses with
high strength, cylindrical dilatometers can be used instead of pressuremeter
to obtain pressure — radial displacement relationship, therefore, the use of
inverse analysis technique for higher strength rock masses should be
performed with the data obtained from the cylindrical dilatometers.
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However, obtaining same parameters with inverse analysis technique and
any other shear strength determination test should not be expected
identical, because of the differences in disturbance levels and stress - strain
paths followed during testing. This procedure can be applied to any kind of
geomaterial to obtain shear strength parameters without the necessity of
obtaining undisturbed samples. This is especially very important for very
weak rocks. In spite of these advantages, two disadvantages may limit the
use of this technique. To use the inverse analysis technique, a numerical
analysis (finite element, finite difference) software with the ability of
axisymmetric 2 dimensional large strain modeling of geomaterials,
(especially Mohr — Coulomb failure criterion) should be available. The
procedure is somewhat time consuming due to the required trial and error

procedure.
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CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS

Two dimensional finite difference simulations revealed that, as the L/D ratio
decreases the calculated value of shear modulus slightly increases. But as
the difference is minor, it can be suggested that the L/D ratio and testing
depth do not have an effect on the calculated shear modulus.

By varying the thickness of the disturbed zone in simulations, it was found
out that the thickness of the disturbed zone has a very important
underestimation effect on the measured modulus.

According to the two dimensional numerical simulations, it was determined
that volume of the rock mass tested by 30 cm diameter plate is 323600
cm®, whereas the volume of the rock mass tested by a standard
pressuremeter is 18200 cm®. As it is clear, the volume of the rock mass
tested by a pressuremeter is very small compared to the volume of the rock
mass tested by a 30 cm plate. Therefore, care must be taken during the
determination of the modulus of the rock mass.

Regression analyses suggest that the GSI is a better index of rock mass
classification than the RMR for Dikmen greywackes. Equations are
suggested for the estimation of the deformation modulus values of Dikmen
greywackes using GSI| and RMR.

The comparison of the deformation modulus values obtained from
pressuremeter test and UCS tests performed on andesites cropping out in
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Solfasol, Ovacik and Pursaklar districts, suggests that although the
deformation modulus determined from the pressuremeter is slightly lower
than those from uniaxial compression tests, the values are close to each
other, probably due to pressuremeter tests performed in a rock mass

condition which is close to intact rock.

Variation of the ratio of rock mass modulus to intact rock modulus (Eq/E)
with RQD was obtained for mudrocks cropping out around Sincan.

The values of deformation modulus obtained from the pressuremeter tests
and UU triaxial tests (secant modulus values at 50 % yield stress) are
similar to each other except for those at a depth of 3 m. It can be concluded
that from the slope of the pseudo-elastic phase, pre-bored pressuremeter
test yields average deformation modulus as soon as the disturbance during
drilling operations kept minimum. The values of initial tangent modulus
determined from the UU tests are larger than the values of maximum
deformation modulus (calculated from the minimum slope of the pseudo —
elastic phase). This is due to the fact that initial stress — deformation part of
pressuremeter curve corresponds to the contact of probe with the borehole,
and the initial tangent modulus could not be obtained from Ménard

pressuremeter due to this phenomenon.

One-dimensional analyses performed for the determination of the effect of
disturbance on the undrained shear strength deduced from pressuremeter
test, suggest that pressuremeter tests performed in an undisturbed ground
with significant thickness should yield an increasing shear stress towards
the end of the test. Increase in rigidity index does not have a significant
effect on the apparent overestimation ratio, while the ratio of the undrained
strength of undisturbed and disturbed soils have significant effect on the
apparent overestimation ratio. As the thickness of the disturbed zone
increases, the apparent undrained shear strength approaches to the

undrained strength of the disturbed soil.
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Unloading and not correcting the reference datum can cause strain
softening like behavior on the plot of LN(dV/V) versus pressure plot
although the soil is not strain softening and this causes high errors in the
determination of S,. In addition to this observation, it was determined that
as the total in-situ horizontal stress increases the overestimation in
apparent S, increases, when the total in-situ horizontal stress exceeds the
Su, overestimation becomes even higher than 100 %. If the total horizontal
stress exceeds the S, value, some of the soil around the pressuremeter
yields in shear. When the total horizontal stress is lower than S, value,
correction of the reference datum restores the original state. However, if
yielding occurs during unloading, correction of the reference datum does
not restore the original state. As a result, pre-bored pressuremeter tests
may result in significant overestimation of S, especially when some of the
soil around the borehole yields during unloading which depends on the
degree of unloading.

Numerical pore pressure dissipation analyses revealed that for
permeabilities lower that 107'° m/sec there is no pore pressure dissipation.
For a shear modulus lower than 10000 kPa, the dissipation of pore

pressures will even be lower.

It was determined that the overestimation ratio in undrained shear strength
is independent of depth. Based on the two-dimensional simulations, the
correction factors for different L/D ratios are suggested.

Comparison of undrained shear strengths of Eymir Lake clays determined
from laboratory and field tests suggests that the S, determined using the
theoretical solution of Palmer (1972) is higher than S, determined from
CPT, FVT and CU tests. If the L/D ratio correction applied to the values of
Su determined from Palmer (1972)’'s solution, S, from pressuremeter
approaches to S, from FVT, however, there is still overestimation. This
overestimation is probably due to the differences in mode of failure,
presence of disturbed zone around the pressuremeters.
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The applicability of the inverse analysis was checked using the direct shear
box and pressuremeter tests in weathered andesites. It can be concluded
that this procedure yields compatible values of shear strength.

For further research, the deformation modulus of the greywackes should be
determined from plate load tests and should be compared to those
determined from pressuremeter tests. The applicability of the deformation
modulus values determined from plate load test and pressuremeter tests
should also be checked by using the observations from engineering

projects.

In order to fully understand the effect of discontinuities during borehole
expansion tests, tree-dimensional discrete element simulations of test
should be carried out using various discontinuity orientations and

properties.

For the estimation of the friction angle of granular soils, numerical

simulations can be performed using advanced constitutive models.

For the determination of L/D effect on the undrained shear strength,
calibration chamber studies and/or field tests using different probes with
various L/D ratios can be performed.
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