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ABSTRACT

Base rock of the Burgaz dam in the eastern part of the city of Izmir consists of micaschists
having different physical and mechanical properties due to weathering and fracturing. The first
aim is to compute the amount of settlement and ultimate bearing capacity value of micaschist
both in and beneath the cutoff zone by using the results of pressuremeter tests. In addition, data
from in-situ and some laboratory tests, which were used in the establishment of the relations
between elastic modulus of the micaschist rock mass (E,,) and uniaxial compressive strength (o),
E JE, . ratios and RQD values. Comparison of in-situ and estimated rock mass deformation moduli by
considering the RQD values was also performed. Pressuremeter tests indicate that for a dam with 115 m
height and a base width of 58 m, the settlement will vary between 2.13 and 2.26 mm. The second aim of
this work is to measure compression and shear wave velocities in order to obtain both the ratio of dynamic
elastic modulus to Poisson's ratio (E£/v), . and to compare (E/v) dynamic tO (ENV),,- Test results reveal a
positive linear relation of (E/v) L= /v) aic0-968. The sonic wave velocity of the micaschist is hlghly
related to the testing direction. Thls study not only discusses the relationships between E_ . and sonic
wave velocity (V ) and E but also the anisotropy effect arisen due to the SChlStOSlty planes with

different orlentatlons

dynamic’®

Keywords: Dam Structure, Micaschist, Pressuremeter Test, Settlement, Rock Material Classification,
Anisotropy.

oz

Izmir'in dogusunda yeralan Burgaz barajinin temel kayacini ayrisma ve kirtklanma nedeniyle farkli fiziksel ve
mekanik ozelliklere sahip mikasistler olusturur. Bu ¢alismanin birinci amaci, presiyometre deneylerinin sonuglarini
kullanarak hem cutoff zonunda hem de altinda yeralan mikagistlerin nihai tasima giiglerini ve oturma miktarlarini
hesaplamaktir. Buna ek olarak, bazi laboratuvar ve yerinde deneylerden elde edilen veriler, mikagist kayag kiitlesinin
elastisite modiilii (E,) ve saglam kayanin tek eksenli sikisma dayammi (0), E,/E,, oranlart ve RQD degerleri
arasindaki iliskilerin kurulmasinda kullamilmistir. Mikagsist kayag kiitlesinin yerinde él¢iilmiis elastisite modiilii
degerleriyle, ROD degerlerini dikkate alan tahmin edilmiy elastisite modiilii degerleri karsilagtirilmistir. Presiyometre
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deney sonuglary, 58 m taban genisligine ve 115 m yiikseklige sahip bir baraj icin olusacak oturmalarin 2.13 mm ile
2.26 mm arasinda degisecegine isaret etmektedir. Bu ¢alismanin ikinci amaci,; ultrasonik dalga hizlarindan ( Vv, ve
V) yararlanarak dinamik elastisite modiiliiniin (E, o ) Poisson oranina (v) olan oramni, (E/v) i belirlemek ve(E/v) o ile
(ENW) . oranlarimin karsilastiriimasint yapmaktir. Deney sonuglari pozitif lineer bir iliski vermistir;(E/v) = 0968
(EWV),,.iu- Mikasistlerin sonik dalga hizimn deney yoniiyle oldukga iliskili oldugu belirlenmistir. Bu ¢alisma sadece
E_ ve sonik dalga hizi iliskilerini tartismaz, farkli konumlara sahip sistozite diizlemleri nedeniyle mikasistlerde

statik
artan anizotropi etkisini de ele alir.

statik

Anahtar Kelimeler: Baraj yapisi, Mikasist, Presiyometre deneyi, Oturma, Kaya Materyali Siniflamasi, Anizotropi.

INTRODUCTION

Burgaz dam is a rock-fill dam constructed
on Falaka River about 1 km north of Zeytinova
town located in the Bayimdir region of Izmir
Province (Figure 1). The purpose of the dam is
to supply irrigation water for a total land area of
35.68 km?. The dam reservoir, which has a height
of 115 m from the river bed and the dam body fill
volume of 4.25 million m?, is purposed to have
the water storage capacity of 33 million m3. Base
rock of the Burgaz dam consists of micaschists.
The behaviour of the micaschist rock mass is
governed by the deformability of the base rock
beneath the dam. The base rock of the dam must
resist approximately 2 MPa total stress applied
by the weight of dam itself and the strength
of the rock must be sufficiently high because
heavy pressures on the foundation of the dam
will occur. This work gives the information on
some physical and mechanical properties of the
foundation rock beneath the dam structure, and
about the settlement and bearing capacity values
of the foundation rock. The design of the dam
was based on these tests. Our study including a
comprehensive investigation will hence be the
first on the micaschists of the Menderes Massive
in Turkey from the engineering geological point
of view.

The values of elastic modulus (E,)
representing the micaschist rock mass were
obtained from Menard pressuremeter tests (MPT)
and these values were used in settlement and
bearing capacity analyses. Comparison of in-situ
and estimated rock mass deformation moduli by
considering the RQD values is performed in this

study. Comparison of the intact rock parameter
such as E, with those derived from in-situ tests
is important in terms of the determination of
relevant parameters for the dam design. Rock
mass deformation modulus estimation by
correlations considering RQD value has been
performed since Coon and Merritt (1970). The
correlations have included RQD (Gardner,1987;
Kayabasi et al., 2003; Zhang and Einstein, 2004;
Kincal and Koca, 2019). The estimated ratios
considering the RQD values and in-situ ratios
(E,,»/E,) based on the pressuremeter test results
(E,;;) and laboratory deformability tests are
also compared. This comparison will indicate
whether the elastic modulus representing the
micaschist rock mass, which was used in the
settlement analyses, is suitable, or not. On the
other hand, the relationship between E,, and
uniaxial compressive strength (o,) values is also
investigated for the same purpose mentioned
above in this study. Rowe and Armitage (1984)
related the rock mass deformation modulus (E,,)
for weak rocks deduced from a large number
of field tests, and it was found as follows; E|, =
0.215 %/ o, where o_is in MPa.

MPT

Another aim of this work is to obtain
some strong correlations among sonic velocity
and porosity, UCS and static modulus for the
micaschists of the Menderes Massive. Empirical
equations were then developed to predict the
UCS, dynamic elastic modulus and dynamic
Poisson’s ratio based on the ultrasonic wave
velocities. In order to determine the static
modulus of the micaschist rock material, there
are two ways proposed in this study; one of these
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is to utilize from dynamic elastic modulus (E i)
and another one is from Vp. This paper is also
intended to establish a relation between static
and dynamic elastic moduli of the micaschist
rock material as well as the relationship between
static modulus (E_ . ) and V.. The relationships
between static and dynamic moduli and P-wave
velocity were investigated by various authors in
related literature (Eissa and Kazi, 1988; Heap et
al., 2014; Najibi et al., 2015; Brotons et al., 2014;
2016).

UCS tests were performed with strain
gauges and the values of static elasticity modulus
(E,,) and Poisson’s ratio were determined
from the stress-strain curves. Thus, empirical
equations were also obtained between the UCS values
and E_. and (EA) ., and (EA) . and (EA) N
These relationships mentioned above have been
presented in the literature since Deere and Miller,
1966; Lama and Vutukuri, 1978; Al-Shayea,
2004; Uslu, 2017; Kadakct Koca and Koca,
2018). Such correlations may provide a good
estimation in some related engineering works.
Correlations between sonic velocity, UCS and
other physical properties and static modulus
are important in terms of providing correct
information for future exploration in the same or
close areas, since a number of dams are planned
to be built on the same schistous units belonging
to the Menderes Massive in Aegean region by the
General Directorate of State Hydraulic Works.

A comprehensive understanding of the
anisotropy effect is necessary for areliable design
of engineering project such as dam construction
(Behrestaghi et al., 1996; Singh et al., 2001;
Nasseri et al., 2003). For this reason, P-wave
velocity (V) measurements and compression
tests were performed on the core specimens with
different schistosity plane orientations. A review
of the aforementioned work indicates that the
maximum failure strength is either at o = 0° or
o= 90° and the minimum value usually is around
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a=30°. The shape of the curve between UCS (o)
and a - angle reflects the anisotropy effect on the
rock. In this work, loading was vertically applied
on the core specimens with different schistosity
plane orientations (o0 = 0 — 3°, oo = 28°- 30°, and
o = 90°). In addition, the relationship between
UCS and sonic wave velocity was investigated
previously in the literature for various rock types
(Mc Cann et al., 1990 in Entwisle et al., 2005;
Gupta and Seshagiri Rao, 1998; Sharma and
Singh 2008; Andrade and Saraiva 2010). In this
paper, a large number of ultrasonic pulse velocity
tests were conducted on the micaschist intact
core specimens obtained from ASK-1 borehole
drilled in the Burgaz dam site.

GEOLOGY OF BURGAZ DAM SITE

Metamorphic  rocks located in and
nearby the Burgaz dam site have a simple
tectonostratigraphy that consists of Paleozoic
cover series and Pre-Cambrian core series
which tectonically overlaid the cover series
(Figure 1). Core series consist of homogenous
garnet micaschists. Mineral composition of the
garnet micaschist can be given as garnet-biotite-
muscovite-plagioclase-quartz  with accessory
minerals of rutile, apatite and zircon. This rock
contains 40% feldspar, 30% quartz, 20% mica
(biotitetmuscovite), 4 - 5% garnet and 1 — 2%
other constituents. They display well developed
lepidoblastic texture (Figure 2). The light brown
color and weak schistosity are macroscopically
characteristic features to recognize the schists at
the Burgaz dam site.

Core samples obtained from the ASK-1
borehole have been examined petrographically.
In the schist specimens, the interlocking fabric
is created by the parallel to the sub-parallel
arrangement of large platy minerals such
as feldspar, mica, and quartz (Figure 2). In
particular, strongly weathered schists tend to
split into planes due to parallel orientation of
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microscopic grains of mica, feldspars, quartz developed in the micaschists mechanically are
or other platy minerals (Figure 2). Traces of sensitive along the entire length of the crystal
chemical decomposition such as discolouration rims. The defects include microfractures and
with the alteration along linear elements were mineral cleavages. As is to be expected, defects
observed during the microscopic analyses of influence the ultimate strength of the micaschists
thin sections. The occurrence of defects which and act as surface of weakness.
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Figure 1. (a) Location and geological map of the Burgaz Dam Site and its nearby, (b) Geological map of the Burgaz
dam site.

Sekil 1. (a) Burgaz Baraj Alant ve yakin yéresinin lokasyonu ve jeoloji haritasi, (b) Burgaz Baraj yeri jeoloji haritasi.
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Figure 2. A view from the thin section of garnet micaschist (a) Q: quartz, M: muscovite, B: biotite, (Sample no: 1),

(b) parallel nichol view, (c) cross nichol view.

Sekil 2. Granat mikasistin ince kesitinden bir gériiniim (a) Q: kuvars, M: muskovit, B: biyotit, (Ornek no:1), (b)

paralel nikol goriintiisii, (c) ha¢ nikol goriintiisii.

METHODS

The design of the dam was based on the
results of pressuremeter tests. Design parameters
such as limit pressure (P, ) and rock mass modulus
(E,) were evaluated using pressuremeter test
results which can be used for the design of
shallow and deep foundations in a fractured rock
mass (Hughes, 2002; Tarnawski, 2004; Isik et
al. 2008). 21 Menard pressuremeter tests were
undertaken not only to assess bearing capacity
and possible settlement at the base of the dam
but also determine the depth of the cutoff level.
Initially, the pressure applied was equivalent to
1 Atmosphere, increasing by 3 Atmospheres for
each 2 m depth interval. The test results were
evaluated for the rockfill dam with 115 m height
and a base width of 58 m.

Both \A and V_ measurements were
performed using Proceq Pundit Lab device. v

and V_are the functions of elastic properties and

rock density. Measurements therefore, provide the

computing elastic modulus (E dyn) and Poisson’s

ratio (v). These parameters are as follows;
i x (3VZ-4vd)

V2
P —
(o)
E P R Vayn = N where p
(%) (Phe) -

is density of rock material.

Thus, the ratio of E ayn 10V, Was computed
for nine intact core specimens. In the present

investigation, the ratios of (E/) iynammic obtained

from the measurements of sonic wave velocities
were compared with the ratios of (£ /) .
obtained from the direct static method. Sonic
wave velocities of the micaschists were obtained
by application of ultrasonic compression and
shear waves pulses to the core specimen in
accordance with ASTM test designation D 2845-
08 (ASTM, 1990). Measurements were taken

Journal of Geological Engineering 43 (2) 2019
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along the axis of the core specimens and sonic
wave velocities were determined from 50 core
specimens. By considering the sonic velocity
test on the rock specimens, the values of V and
V_ of the core specimens under both dry and
water saturated conditions were calculated. The
velocities were measured on the core specimens
with differently oriented schistosity planes of
the rock such as parallel, inclined (28° - 30°) and
vertical to the schistosity planes. On the other
hand, the values of E, (tangent elastic modulus)
and Poisson’s ratio (v) were calculated at 50% of
the UCS from the stress versus strain curve of
the rock. The values of UCS of the micaschist
specimens were determined directly by testing
54 mm diameter NX size core specimens with
a 1:2 dimensional ratio. The specimen was
loaded until failure and stress-strain curve was
recorded. Loadings were vertically applied to the
schistosity planes (ASTM, 1992).

UCS tests were performed on that of 50
from 51 core specimens since the core specimen
47 was revoked due to the pre-existed joint.
However, the deformability tests were solely
performed on just 9 out of 50 intact core
specimens. Furthermore, nine core specimens
were taken from the core boxes to perform UCS
tests under saturated conditions. The aim was
to determine the strength reduction in saturated
core specimens in proportion to the dry core
specimens. In these tests, schistosity plane
orientations were not considered. On the other
hand, medium grained, slightly weathered blocks
were extracted from the micaschist rock mass at
the right bank of the dam reservoir to investigate
the anisotropy effect. They were trimmed with
their sides perpendicular to each other to facilitate
coring at different inclinations, using a special
frame fitted to the base of the laboratory drilling
machine. Twenty-four specimens at different

schistosity plane orientation angles (o = 0-3°,
28°-30° and 90°) were cored from the three rock
blocks. Thus, all laboratory tests were conducted
on a total of 80 core specimens.

Engineering Geological Conditions of the
Dam Site

ASK-1 drill-hole log contains some
geological descriptions such as core recovery
(CR%), RQD%, joint frequency (1), and Lugeon
test results (Figures 3 and 4). It is seen that the
permeable and highly permeable levels have
developed parallel to the schistosity planes with
a nearly horizontal orientation (a < 10°), (Figure
3). The values of RQD along the borehole
between 40 and 41.50 m, 51 and 52 m, 59 m
and 63 m were determined to be less than 25%
(Figure 5). These zones are of the property of
very poor quality rock and permeable. Analysis
of drilling data shows that pemeability inceases
with poor — very poor rock quality.

Micaschists with poor quality were
intersected between 31.5 m and 37.5 m, 39.5
m,40 m — 41.5m, 51 m - 52 m and 59 m —
63 m (Figure 4). The zones below 40 m depth
were named as fractured zones in this work.
Although a joint set was developed, permeability
values under the cutoff level (21.0 - 28.5 m)
were determined as 1.69 x 10 and 3.23 x 10°
cm/s and the mean value was also computed
as 2.02 x 10° cm/s (low permeable) due to its
direction. While the test results of permeability
are in interval between 3.23 x 10 cm/s and 1.69
x 107 cm/s near the foundation of the dam, under
the depth of 60 m the test results are found to be
an interval between 1.3 x 10 *° cm/s and 6.5 x
10 cm/s. This case indicates that the values of
permeability decrease with the depth (Figure 3).
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Figure 3. Zoning based on Lugeon values for the axis of Burgaz rock-fill dam (N72W).
Sekil 3. Burgaz kaya-dolgu barajimin ekseni boyunca elde edilen Lugeon degerlerinin zonlamasi (K72B).
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Figure 4. ASK-1 drill-hole log containing some engineering geological descriptions such as core recovery (CR%),
RQD%, A and Lugeon tests (Fractured zones: 40 —41.5 m, 51 — 52 m and 59 — 63 m).

Sekil 4. Karot verimi (CR%), ROD% ve Lugeon deneyleri (Kirikli zonlar : 40 —41.5m, 51 —52 m ve 59— 63 m) gibi
miihendislik jeolojisi tanimlamalart i¢ceren ASK-1 sondaj logu.
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The maximum thickness of the alluvium in
the river bed is 21.0 m (Figure 3). The cut off
zone begins at the base of the alluvium (Figure
3). This zone is underlain by the moderately
(WM) and highly weathered (WH) micaschists
with quarzite lenses. Core advance into the WM

and WH micaschist level is 53.5 m long (31.5-85
m). Intact rock cores were recovered from this
zone. Some physical and mechanical properties

of 50 micaschist core specimens are presented in
Table 1.

Table 1. Some physical and mechanical properties of the micaschist core specimens obtained from the Burgaz dam

site.

Cizelge 1. Burgaz Baraj alamindan elde edilen mikagist karot orneklerinin bazi fiziksel ve mekanik ozellikleri.

Sanmople \(/mjl;)y \(/mji;)y \(/ﬁq/s:)t (kgﬁ'ﬁf) (kl\yﬁafﬁ) n % ?Mgg (clsvniit) E,(GPa)
1 1180 1710 2346 24.70 25.60 9.72 20.30 . .
2 1195 1758 2350 25.10 26.00 8.19 24.80 . .
3 1136 1890 2536 25.10 25.90 8.07 25.40 ; ;
4 1040 1890 2510 24.70 25.60 9.23 22.80 ; .
5 1176 2136 2744 25.50 26.20 6.59 32.60 - -
6 1174 214 2880 25.40 26.10 7.05 33.20 - -
7 1317 2092 2714 25.20 25.90 7.75 29.80 - 5.98
8 1155 2100 2658 26.30 26.80 4.85 38.80 ; -
9 1200 1906 2508 25.40 26.10 7.10 28.20 - ;
10 1392 2047 2672 26.10 26.60 4.79 35.00 - -
1 1305 2510 3346 27.20 27.40 1.95 41.50 - ;
12 1292 2486 3281 26.90 27.20 3.18 42.80 - -
13 1480 2680 3495 27.00 27.20 1.98 46.20 - -
14 1424 2094 2590 26.10 26.50 4.80 38.20 - -
15 1469 2160 2704 26.00 26.50 4.94 39.00 - -
16 1450 2544 3330 26.90 27.10 2.01 42.60 ; 10.80
17 1452 2640 3379 26.80 27.10 2.80 40.60 32.50 ;
18 1706 2820 3694 26.80 27.00 2.01 51.40 ; 17.86
19 1728 3084 3886 26.90 27.10 1.82 47.40 - -
20 1605 2360 3160 26.80 27.00 2.68 36.70 30.40 -
21 1728 2741 3544 27.00 27.20 1.97 48.00 39.00 13.00
2 1633 2402 3184 26.90 27.20 3.15 33.60 ; -
23 1637 2444 3228 26.90 27.20 3.26 41.90 - ;
24 1820 3200 3746 27.00 27.20 1.81 45.00 - 20.59
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Table 1. Continued.
Cizelge 1. Devam ediyor.

25 2318 3800 4750 27.20 27.40 1.84 60.40 50.70 -
26 2386 3560 4510 27.20 27.40 1.79 61.90 - -
27 1645 2610 3400 26.30 26.80 4.86 43.40 - -
28 1730 2704 3400 27.10 27.30 2.60 46.50 - -
29 2419 3840 4802 27.00 27.20 1.75 58.50 - -
30 2421 3780 4608 27.30 27.50 1.68 66.80 - -
31 1920 3240 3900 26.90 27.10 1.92 55.00 - 19.00
32 1728 2742 3442 27.10 27.30 2.18 44.80 - -
33 1680 2780 3005 26.20 26.60 4.20 40.48 - 15.52
34 1504 2212 2984 26.50 26.90 4.53 31.00 - -
35 1290 2144 2873 25.50 26.20 6.51 30.10 - -
36 1580 2508 3217 26.10 26.60 4.63 34.90 - -
37 1462 2150 2803 25.40 26.10 6.66 26.00 - -
38 2130 4020 4918 27.10 27.20 1.59 78.10 - -
39 2090 3850 4504 27.40 27.50 1.44 56.2 - 27.12
40 1350 3812 4742 27.30 27.40 1.69 67.30 - -
41 1815 3128 3792 27.00 27.20 1.78 62.40 - -
42 2153 3987 4889 27.00 27.10 1.64 69.80 61.00 -
43 1896 3100 3868 27.00 27.20 2.01 70.20 63.10 -
44 2085 3790 4449 26.90 27.10 2.08 65.00 - -
45 2819 4208 5090 27.30 27.40 1.53 79.60 - -
46 2460 3904 4802 27.30 27.50 1.74 71.60 - 36.40
48 2504 4106 5156 27.40 27.50 1.43 76.80 - -
49 2798 4442 5240 27.50 27.60 1.11 81.80 - -
50 2378 4100 4870 27.30 27.50 1.54 72.00 - -
51 2860 4540 5312 27.50 27.60 1.15 80.50 - -

_ 175232+ 2880.74+ 3636+ 26.56 £ 26.90+ 3.55+ 4834 + 46.12+ 18.40 +

X£SD 500.93 807.4 899.3 0.08 0.056 2.40 17.4 14.24 9.153

o, values of the 39 core specimens (78% of all core specimens) recovered from depths between 40-47 and 63-67 m,
and 73-85 m were examined under two groups; i) 6 > 50 MPa, 2000 <V <4000 m/s (26% of all core specimens), ii)
15 <6,< 50 MPa, 2000 <V <4000 m/s (52% of all core specimens), (Table 2 and Figure 5).
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Table 2. The degree of weathering and corresponding ultrasonic velocities for the micaschists from the Burgaz

Dam site.

Cizelge 2. Burgaz Baraj sahasindaki mikagistlerin ayrigsma dereceleri ve onlara karsilik gelen ultrasonik ses

dalgast hizlar.

Number of : :
Ultrasonic velocity (m/s
Weathering intact core UCS (MPa) Yy a-ratio Y saturated
state specimens Dry Saturated . v, dry”
(average) (average) For'all data
WS 6 (12%) c,>350 4236.0 5097.6 1.210
WM 13 (12%) c,>50 3576.7 4374.8 1.223
WH 26 (52% ) 15<0, <50 2498.8 3109.0 1.289
wC 5 (10%) 15<0, <50 1830.8 2450.0 1.338

Explanation: WS: Slightly weathered, WM: Moderately weathered, WH: Highly weathered,

WC: Completely weathered.

While the micaschist core specimens
including the first group (WH — WM) were
classified as “moderately weathered, strong
rock”, those included in the second group
were classified as “slightly weathered (WS),
moderately strong rock” (Figure 5). On the other
hand, values of the five core specimens (10%
of all core specimens) recovered from depths
between 28.5 and 37 m were found to be in the
range between 20 MPa and 30 MPa (Figure 5).
In addition, V, ity values of these core specimens
(WC) were determined to be less than 2000
m/s. These core specimens were classified as
“completely weathered, moderately strong rock”
(Table 2 and Figure 5).

Anisotropic Behaviour of the Micaschists

Vp and UCS tests were conducted on the core
specimens as shown in Figure 6. Vp—Values were
measured on the core specimens with differently
oriented schistosity planes such as parallel
(o = 0 - 3°) to the schistosity planes, inclined
(28° - 30°) to the schistosity planes, and vertical
(o = 90°) to the schistosity planes, under dry
and saturated conditions, respectively (Figure.
6). After the processes mentioned above, the
(Vwlt /Vp Glry) ratios were computed for the core
specimens and shown in Table 3.
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Figure 5. Relationships between ultrasonic wave velocities under dry and water saturated conditions and the values

of a-ratio (Ve /Vp i)

Sekil 5. Kuru ve suya doygun sartlarda ultrasonik ses dalgasi hizlariyla a-orant ( Vpsm/ Ve degerleri arasindaki

iliskiler.

Vp—Values obtained parallel or nearly parallel
to the schistosity planes (o = 0 — 3°) were the
highest as compared to other orientations in both
dry and water saturated conditions. V -values
acquired at 28° — 30° were higher than those
vertical to the schistosity planes (o0 = 90°) in dry
condition, while in water saturated condition,
Vp values were obtained as close to each other
for both a = 28° — 30° and (a = 90°), (Table 3).
P-wave velocities obtained for a = 28° — 30°
are higher than those obtained for a = 90° in
dry condition. On the other hand, in saturated
condition, the mean values of P-wave velocities
for anisotropy angles both o = 28° — 30° and

o = 90° are nearly obtained in the same level.
As a result, it is determined that the Vp value
decreases as o-angle increases. On the other
/Vpdry)

ratio increases. A similar trend was observed

hand, as the a-angle decreases, the (Vpsat
for quartz mica schists by Zhang et al. (2011).
The difference between the mean values of the
wave-velocities measured under saturated and
psat Np dry) and the percent of

increasing the velocity were determined for the

dry conditions (V

various a-angles (Table 3). It is determined that
as a-angle increases, the difference between Vo

and V . also increases.
pdry
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Table 3. P — wave velocities of slightly weathered mica schists core specimens (Increasing the velocity for
(Vpsat -V 4 For a=0-3°: 894 m/s, for a = 28° —30°: 1141 m/s, for a =90°: 1770 m/s).

Cizelge 3. Az ayrigmis mikasist karot 6rneklerinin P-dalga hizlart (Artan (V

o =28°—-30°icin 1141 m/s, a = 90° igcin 1770 m/s).

—Vpd”) hiz : o= 0 - 3°igin 894 m/s,

psat

a-angle Dry (Vpary)

P-wave velocities (m/s)

Saturated (V peat) Vpsat! Vpary Tatio

Increasing

the velocity

0- 30 Maximum 4590 5360
Minimum 3946 e 4915 L1
Average
4232 +224 5126 +190.5
N:8
(Vodry) (Vipsar) 894 (21.2%)
Maximum 2262
28°-30° Minimum 1860 — 3652
Average 2001+128.4 2780 3142+4256.5 1.57
N: 8
1141 (57%)
(Vpsal) (Vpdry)
Maximum 1640 4264
90° Minimum 890 — 2006
Average 13204233.7 3090+663.9 2.34
N: 8
1770 (134%)
(Vpsat) (Vpdry)

N: number of test, a-angle: Anisotropy angle (It is defined as an angle between the applied compressive loading and

the schistosity plane orientation).

It was determined that the ratio is the largest
(2.34) for a = 90° and the smallest (1.21) for o
= 0-3° in this study. When P—wave propagates
along the schistosity plane (0=0-3°), the presence
of water makes a slight influence on the wave
velocity (V. /V__=1.21). On the other hand,

psat pdry
when P—wave propagating at the vertical position

to the schistosity planes (o = 90°), the presence
of water significantly increased the wave
velocities (Vo /V oy 2-34). UCS test results of
the micaschist core specimens with differently
oriented schistosity planes in both dry and water
saturated conditions are presented in Table 4.
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Figure 6. The relationship between loading direction and schistosity planes (a: anisotropy angle).

Sekil 6. Yiikleme yoniiyle sistozite diizlemler arasindaki iligki (o anizotropi agist).

Table 4. UCS — test results of the mica schist core specimens with differently oriented schistosity planes in both dry
and water saturated conditions.

Cizelge 4. Kuru ve suya doygun sartlardaki farkh sistozite diizlem konumlu mikasist karot orneklerinin tek eksenli
basing deneyi sonuglari.

o - angle
90° 0-3° 28° —30°
oc —dry, oc — sat oc —dry, oc — sat oc —dry, oc — sat
MPa MPa MPa MPa MPa MPa
75.0 54.2 61.6 35.0 45.0 18.5
74.2 55.4 60.4 34.0 38.6 16.2
70.0 50.6 57.0 32.6 43.6 17.0
78.0 56.3 55.6 31.0 29.0 14.8
74.3 £3.30 54.1 £2.50 58.6 £2.81 33.1+1.82 39.0+7.24 16.6 £ 1.54
*N: 4 N: 4 N: 4 N: 4 N: 4 N: 4
O iy O 1-37 Oy O 177 Oy Ogai— 2-35

*N: Number of test

Journal of Geological Engineering 43 (2) 2019
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In both dry and saturated conditions,
the highest UCS values were obtained from
the uniaxial compression tests when loading
is perpendicular to the schistosity  planes
(o = 90°). On the other hand, the smallest ones
were obtained from the tests when loading is
inclined to the schistosity planes (o = 28-30°).
The relationships between the o /o ratio

cdry’ "~ csat

and o - angle were examined in detail (Figure
7). The largest and smallest o, dty/0csat ratios are
found as 2.35 (o = 28°-30°) and 1.37 (o = 90°),
respectively. For this reason, the curve acquired
from the variation of o, dry/cmt ratio with a-angle
displays areverse V —shape (A - shape). Variation
of the UCS — mean values with a-angle in both
dry and saturated conditions was also examined
to better characterize the anisotropy effect of the
mica schists (Figure 8). The curves obtained from
the variation of the UCS - mean values with o -
angle display V — shape (Figure 8). Besides, the
V-shape may result from only three conditions
for the plane direction being considered. The
anisotropy behavior of micaschists is clearly
shown in UCS test results, i. e. the ratio of o, dry/
o varies with the o - angle between the applied
compressive loading and the schistosity plane
orientation. In dry condition, while the UCS —
mean value was found as 74.3 MPa when loading
during the compression tests was perpendicular
to the schistosity planes (o = 90°), it was found
as 39.0 MPa when loading was inclined to the
schistosity planes (o = 28°- 30°). In saturated
condition, these values were found as 54.1 MPa
and 16.6 MPa, respectively (Figure 8).

While in the relationship between
a-angle and V, the values of v in saturated
condition were obtained higher than those in
the dry condition. In the relationship between
a-angle and UCS-values, UCS—values were
obtained as higher than those in water saturated
condition (Figure 8). While the V-shape from
the relationship between a-angle and UCS was

acquired, the relationship between a-angle and
the curve of V did not display such a trend
(Figure 8). As expected, they do not agree with
each other.

A
2351 &
/ \\
/
£ 177N
g 200{ / AN
E // \\\
&, 1.77¢ N
© \
> N
S \
e 1.501 AN
1.37 ©
T T —» O
0° 30° 60° 90°
Anisotropy angle (°)

ratio with a-angle

Figure 7. Variation of o /o
cdry ~ csat

(anisotropy angle).

Sekil 7. Anizotropi agisiyla (o)—c , /o oram
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degisimi.
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Figure 8. Relationships between a-angle and uniaxial
compression strength, and P-wave velocity for the
micaschist core specimens with different schistosity
planes in both dry and water saturated conditions.

Sekil 8. Kuru ve suya doygun sartlardaki farkl
konumlu gsistozite diizlemli mikasist karot érnekleri
icin anizotropi agist (o), Tek Eksenli Basing Dayanimi
ve P-dalga hizi iligkileri.
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Determination of the Deformability and
Modulus Ratios of the Micaschists

In order to determine the modulus ratios,
nine deformability tests were performed on the
intact core specimens (Figure 9). While the UCS
values were determined in a range between 29.8
MPa and 71.6 MPa, the values of E_were also
determined in a range between 5.98 GPa and
36.4 GPa (Table 5). This large variability can
be attributed to various weathering grades, not
to rock anisotropy, because loadings in all tests
were vertically applied on the schistosity planes.
Deformability is classified into five categories as
proposed by the IAEG (Anon, 1979). According
to this classification, high deformability is less
than 15x10° MPa, low deformability is greater
than 30x10° MPa. Except for the core specimens
number 7, 16 and 21, micaschists were classified
as moderate deformable (15.52x10° MPa < E,
< 27.12x10° MPa). The values of of the core
specimens number 7, 16 and 21 were found as
5.98, 10.82 and 13.0 GPa, respectively (Figure
9). They were classified as “high deformable
rock”. The elastic modulus value of the core
specimen number 46 was determined as a low
deformable category (E, > 30x10° MPa), (Table
5). The ultimate deformation (strain at failure)
is considerably high in weathered micaschist
which appears as an outcome of a more ductile
behaviour of the material. The higher values
of o, the slope of the ascending branch of the
stress—strain diagram, in comparison with the
slope exhibited by weathered mica schists
(Figure 9). Their results with the modulus ratios
are given in Table 5.

Research Article / Aragtirma Makalesi
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Figure 9. The axial and diametric stress-strain curves
of the micaschists.

Sekil 9. Mikagistlerin eksenel ve c¢apsal gerilme-
deformasyon egrileri.

According to the engineering classification
of intact rocks suggested by Deere and Miller
(1966), except the core specimen 7, micaschists
were classified as “average modulus ratio”
and “moderately strong rocks”. The specimen
number 7 was classified as “average modulus
ratio” and “weak rock”. According to the
proposed method by Tiirk and Dearman (1983),
micaschists were classified as “moderately
deformable and moderately strong and strong
rocks” (Figure 10). The specimens 7 and 46
were classified as “moderately strong and very
deformable” and “strong and slightly deformable
rock”, respectively (Figure 10). In this work,
the values of 6_and E /v were determined in the
ranges between 29.8 MPa and 71.6 MPa, and
34.76 and 145.6 GPa, respectively.

Journal of Geological Engineering 43 (2) 2019
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Table 5. Deformability test results and modulus ratios for the micaschist core specimens.

Cizelge 5. Mikasist karot ornekleri i¢in deformabilite deney sonuglart ve modiil oranlari.

Sample no n% oc (MPa) v E (GPa) Et/oc Etv (GPa)
7 7.75 29.8 0.17 5.98 201 34.76
16 1.92 42.6 0.26 10.82 254 41.61
18 2.01 51.4 0.22 17.86 374 81.20
21 1.97 48.0 0.17 13.00 271 76.47
24 1.81 45.0 0.27 20.59 458 76.30
31 1.92 55.0 0.18 19.00 345 105.66
33 4.20 40.5 0.20 15.52 383 77.60
39 1.44 56.2 0.30 27.12 482 90.40
46 1.74 71.6 0.25 36.40 508 145.6
X+S.D 2.75+£2.03 48.89+11.74 0.22+0.04 18.47+£9.04  363.96+107.2  81.06+32.8
From the graph presented in Figure 10, it is 6.= 5.3936 x (B )0 5047 R2=0.81 )
seen that the UCS values increase as the ratios
of( - ) increase. UCS test results, the values of c,=0.3331( E—Vt )+21.899, R>=0.86 (3)

E and v, modulus ratios (—) and the value of
( £ for each test are given 1n Table 5. While the
Value of modulus ratio of ( —) was found to be
1n a range between 200.6 and 508.3, the ratio of
( —V ) was found to be in a range between 34.76
GPa and 145.6 GPa with a mean value of 81.06
+ 32.8 GPa (Table 5). Logarithmic, power and
linear regression analysis between ¢_ and values
for the micaschists were performed and £t the
Equations 1, 2 and 3 were obtained. '

Log o= log 5.3936 + m x log ( = (1)

Where “m” is slope of the plot.

Power and linear regression analyses
between ( 2t ) and values for the micaschists with
medium elastic modulus ratio were performed
and then Equations 2 and 3 were obtained.
If the correlation coefficients obtained from
both analyses are considered, it is seen that the
coefficient acquired from the power regression
analysis is less than that of the linear regression
analysis.

Comparison of the test results from the
Burgaz dam site with those from Selguk-Izmir
(El¢i, 2003) was also performed in this study.
For this, test results on WS-micaschists from
Selguk-Izmir and WM-WH micaschists from the
Burgaz dam site-Izmir were plotted all together
in Figure 10. When weathering grade increases,
both strength and (£, /v) values decrease along a
straight line which is represented by the equation
in Figure 10. While the slope of the line given in
Equation 4 is 0.3331, in Equation 5, it is 0.1779.
The slope of line decreased nearly two times
(Figure 10). However, micaschist test results
follow a power law;

6.=7.5393 x ( ﬂ ) icas R2=0.89 4)

6. =0.1779 (%) +33.691 R=084 (5

According to the Equations 4 and 5, WM and
WS micaschists with medium elastic modulus
ratio gave reasonably acceptable power and
linear relations, respectively.
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Figure 10. Graphical presentation of the relationship between (—) ratio and uniaxial compressive strength (7, 18, 24,
31,33 and 39: from the Burgaz dam site, 1, 2, and 3: Selguk-izmir, n% < 1.6, 6.>76 MPa, =50 - 70 GPa). Engineering
cla551ﬁcat10n of intact micaschist core specimens (W: Weak, MS: Moderately strong, S: Strong, VS: Very strong, ES:
Extremely strong, ED: Extremely deformable, VD: Very deformable, MD: Moderately deformable, SD: Slightly

deformable, VSD: Very slightly deformable).

Sekil 10. (—) orantyla tek eksenli basing dayanimi iligkisinin grafiksel sunumu (7, 18, 24, 31, 33 ve 39: Burgaz baraji
sahasindan, 1, 2, ve 3: Selcuk-Izmir 'den, n% < 1.6, 6,276 MPa, = 50 - 70 GPa). Taze mikayist karot numunelerinin
miithendislik siniflamasi (W: Wayif, MS: Orta dayammll S: Dayanmimli, VS: Yiiksek dayaniml, ES : Cok yiiksek
dayamimli, ED: Asiri derecede deforme olabilen, VD: Cok deforme olabilen, MD. Orta derecede deforme olabilen,

SD: Az deforme olabilen, VSD: Cok az deforme olabilen,).

Relation Between ( ) F— and ( E¢ ) static for the
Micaschists

Vp and V_ velocities were measured to
determine the ratio of (E/v) . for nine intact core
specimens. Results of the measurements (£/v)
dsm and v are presented in Table 7. The ratios of
(E,/v),,,. for the same core specimens are also
presented in this table. The results show that

(E/v),,, is greater than (E,/v) . (Table 6). The

static
graph of (E/v) 4yn VETSUS (E,/v) . 18 drawn on a
log-log paper (Figure 11) and the relation given
in Equation 6 was obtained;

Egn= 12707 (2)028 R2=096,0=9 (6)

The plot of test results indicates that there
are two points to consider; ) When (E,/v) . is
high, as for the moderately strong micaschists,
(Elv) s is also high and values are greater than
(E /), D) The decreasein (E /v) . value shows
a corresponding decrease in (E/v) ayn The values
of E and v from the laboratory tests performed
under dynamic and static conditions were found
to be different from one another. For this reason,
both the values of E_and v were considered in
which the relations were examined. Figure
11 shows the log-log scale plot of “Average
Modulus Ratio” and (E/v) L against (£ /v) . fo

the weathered micaschists frorn the Burgaz dam

Journal of Geological Engineering 43 (2) 2019
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site. It is interesting to note that the test results of
the micaschists gave a power relation of y=ax®

[(%) o = 1:2707 x (2595 R?= 0.96], as a linear
relation: [(?) i =79.192 In (E—:)Smic—252.14 on a
log-log scale, R*= 0.88].

Relationships between the static and
dynamic moduli and vV, were also investigated
in this study. As known, the dynamic modulus
(E,,,) is generally higher than the static, but there
are instances where the opposite is true. The
higher the E,, the greater the agreement between
the static and dynamic values is (Eissa and Kazi,
1988). The relationships between the static and
dynamic moduli for different types of rocks and
ranges of values proposed by various authors
(Brotons et al. 2016; Christaras et al. 1994; Eissa

and Kazai, 1998) are summarized in Table 7. In
addition, various correlations between E . and
E. moduli were proposed by various authors
(Figure 12). They have been obtained from
rocks whose dynamic modulus varied between
5 and 130 GPa, and including rocks of igneous,
sedimentary and metamorphic origins (all rock
types). k-ratio (E v /E
works by several authors (Al-Shayea, 2004;
Martinez et al., 2012; Brotons et al., 2014; 2016)

as well as the current study. In Figure 12 the line

) has been used in their

static

of slope 1:1 from the origin, represents the points
where k=1, so that the values of k>1 are located
to the right of that line (Figure 12). All of the
curves in Figure 12 are located in the right of the
diagonal line, indicating k>1 values.

Table 6. Results of the measurements of P and S ultrasonic wave velocities and the values of (E—Vt) static and (%) dynamic-

Cizelge 6. P ve S ultrasonik dalga hiz dlgiim sonuglariyla (E—‘f) static V€ (%) aynamic degerleri arasindaki iliskiler.

Sample VSary VPary sz/ ol X v Eqyn @ @
No (m/sec) (m/sec) V2 (kg/m®) (GPa) (le,a) (Gga)
7 1317 2092 2.52 2.52x107 0.172 6.19 35.99 34.8
16 1450 2544 3.07 2.69x107 0.260 14.25 54.80 41.6
18 1706 2820 2.73 2.68x10° 0.210 18.90 90.10 81.2
21 1728 2741 2.51 2.70x10° 0.180 18.86 75.44 722
24 1820 3200 3.10 2.70x107 0.263 22.60 85.90 76.3
31 1920 3240 2.84 2.69x107 0.230 24.50 106.4 105.6
33 1680 2780 2.74 2.62x107 0.210 17.90 85.40 77.6
39 2090 3850 3.39 2.74x107 0.290 30.50 104.6 90.4
46 2378 4100 2.97 2.75%x10° 0.250 42.00 168.00 145.6

Explanation: fi: Density, v: Poisson’s ratio, Vs and V,,: Sonic wave velocities.
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.. moduli proposed by various authors.

Cizelge 7. Farkli yazarlar tarafindan onerilen £, ve E donamic modiilleri arasindaki iligkiler.
Reference Relationship R? E,. (GPa) Rock type
Eissa and Kazi (1988) E_ . =0.74 x Ey— 0.82 0.70 5-130 All types
Christaras et al. (1994) E_ . =1.05 x E, —3.16 0.99 25-110 All types
Brotons etal. (2016)  E_ =11.531xp, 047xE 1! 0.99 5-80 All types
The current study E . =08764xE —0.58 0.97 5-30 Mica schist

The evolution of the k-parameter with the
modulus for each curve can be seen in Figure
12. The k-values obtained in this study vary
from 1.06 to 1.45. The mean value is found as
1.198 + 0.126. The values obtained by the other
authors are between 0.85 and 1.86 (King, 1983;
Vanheerden, 1987; Eissa and Kazi,1988). The
k-values obtained in this study generally agree
with the findings of the other authors.

The parameter required in the equations
(Vp) is easily obtained. It simplifies simplifies
the testing necessary for obtaining the static
modulus-a dependent variable in all cases. Some
equations obtained for the metamorphic rocks
were not considered in this study such as the
work of King (1983) due to being the values
of dynamic elastic modulus in a range from 40
GPa to 120 GPa. They have very high elastic

1000
= —t
[~ 0.926
L) E),. /v = 1.5489E /)., 46
o) R’ =0.976 139031 °
E 100 4
= 5 7 Y |
=3 1 18}
g = .
-
5 7

10
10 100 1000
E/v (Static) (GPa)

Figure 11. The plot of (?) dynamic 28RINSE (EL

v )slalic

for the micaschists core specimens from the Burgaz dam site.

Sekil 11. Burgaz Baraj alamindaki mikasist karot numuneleri igin hazirlanmig olan (?) ymamic karst (E)mﬁc iliskisi.
v
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modulus with respect to the micaschists. When
considering V , E
the help of the equations given in Table 8. These

atic Modulus is calculated with
equations use Vp parameter, which hence allows
the E__ modulus of rocks to be estimated quickly
and reliably. Excellent matching is observed in
Figure 13 for the curves of Brotons et al. (2016)
and the current study, and reasonable good
matching for the curve of limestone of Najibi et
al. (2015).

Two multiple non-linear regression analyses
(Milton et al., 1997) were conducted by SPSS
software in order to estimate E_ . with regard to
Vp and porosity (n%). Two expressions from the
analyses are as follows; Model 1: E . = Vp>**
x p%9% R?= 0.93, RMSE [(Root mean square
error). Root mean squared error (RMSE) is the
most commonly used error metric. It expresses
the square root of the average squared errors of
a predictive model. The model is assumed to be
as excellent while RMSE is 0]: 0.149 GPa, VAF
(Variance accounted for): 92.67. Model 2: E_ . =

static

8.966 V x n®™, R*= 0.75, RMSE: 1.80 GPa
and VAF: 75.54. As a result, multiple non-linear
regression model 1 estimated the E . values

more precisely than other models as having low
RMSE (0.149) and high VAF (92.67) values.

Estimation of Settlement Potential and
Bearing Capacity Value

Pressuremeter tests were performed along
the ASK-1 borehole profile to determine the
values of elastic modulus of micaschists rock
masses with various weathering grades. Thus, the
amount of settlement and bearing capacity value
of micaschists both in and beneath the cutoff zone
were calculated by using the values of elastic
modulus of the rock masses. The weathering
degree of micaschist is varying from moderately
weathered to completely weathered and the rock
mass is highly jointed (Figure 4 and Table 9).
Pressuremeter tests were generally performed in
every two meters in ASK 1 borehole between the
depth 5.0 m and 53.5 m.

Table 8. The relationships between E_ . modulus and P-wave velocity for various rock types as well as the current

study.
Cizelge 8. Bu ¢alismadaki mikasistler ve farkli kaya tiirleri i¢in E ,, modiilii ve P-dalga hizu iliskileri.
Reference Relationship R? Rock type o angle*
Najibi et al. (2015) E_ .= 0.169 x Vp3-324 0.90 Limestone -
Brotons et al. (2016) E . =0.679x sz-""“ 0.99 All types -
Th ¢ stud E .= 1.101 x Vp“757 0.95 Mica schist o =90°
e current s ‘
4 el =V 29 x 0% 0.92 Mica schist o =90°

static

*: o is defined as an acute angle between the measurement direction of V and the schistosity plane orientation. n:

Porosity values of the micaschist core specimens.
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Figure 12. The plot of the relationships between static and dynamic moduli proposed by various authors and the
current study (k is the dimensionless coefficient obtained from the ratio of dynamic modulus to static modulus).

Sekil 12. Bu ¢calismadaki mikagistler ve farkli yazarlarin onerdikleri statik ve dinamik modiil arasindaki iligkiler.

statlc (GPa)
A
50 WwC WH-WM
All rock types
Brotons et al. (201¢) ¢
40 7 Ql'illc 0 679 V e .'::
R’=0.99 ¢
Limestone
Najibi etal. (2015)
30 7 3.324
Garnet mica schist Rﬁmg 90 169:;’
Th n
e current stud7y4 7';\
204 E’smm 1.101xV,
R’=0.94, o= 90°
10 4
0 4444444 - R 0 93 R
0.0 1.0 2.0 3.0 4.0 5.0 6.0

V, (km/s)

Figure 13. Variation of the static modulus (E_ . ) with the compression wave velocity (Vp) according to different
authors and the current study (a: anisotropy angle).

Sekil 13. Bu ¢alismadaki mikagistler ve farkl yazarlarin énerdikleri statik modiiliin P-dalga hazina bagli degisimi.
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Table 9. Menard Pressuremeter test results for the ASK 1 borehole.

Cizelge 9. ASK-1 sondaj kuyusu i¢cin Menard Presiyometre deney sonuglari.

E G Soil type and settlement
M M
Zone Depth (m) P, (MPa) (MPa) E, /P, (mm)
5.00 0.20 1.0 0.62 5.0
. 10.0 0.30 1.9 1.23 6.3 . .
Alluvium Firm to very firm soils
15.0 0.85 1.4 0.91 7.7
17.0 0.50 6.6 4.16 2.8
21.0 0.94 9.4 5.87 9.96 Very decomposed
24.5 4.00 39.9 24.9 9.97 micaschist, hard soil to
Zoneof cutoff 54 4.89 97.9 60.2 20.02 weak rock
(Transition zone)
28.5 5.0 103.3 64.5 20.66 “Base of the dam”
%D 30.5 7.9 1220 714.9 154.4 Settlement: 2.23 mm
2z
— "g § 31.5 8.80 1440 914.4 163.6 ~ Harmonic mean of three
g g 5 E,,-values,
N N E,: 1398.6 MPa
‘ﬁ 335 9.65 1585 935.1 164.2 Settlement: 2.16 mm
35.5 9.95 1700 1000.3 170.8 Moderately weathered
37.5 9.80 1752 1139.0 178.8 and fractured micaschists
More fractured 39.5 3.18 454.4 272.6 142.9
Zone 41.5 3.17 520.0 312.0 164.4
43.5 7.90 1340 804.0 169.6
45.5 9.85 1640 984.0 166.5 Moderately weathered
Jone 2 47.5 10.2 1810 1086.0 177.8 and fractured micaschists
one 495 10.2 1830 1098.0  179.4
51.5 10.1 1796 1077.6 177.8
53.5 11.9 2150 1344.0 180.67

G,,: Shear modulus [E, /2% (1+v)]. Settlement w e calculated according to the equation suggested by Menard et al.

(1962) in this work.

Moderately ~weathered and fractured
micaschists take place under both the zone of
pressure bulb and the more fractured zone along
the profile of ASK—1 borehole. The first part with
3 m depth of the zone 1 is the zone of bearing

capacity and this zone is important in term of a
foundation.

Clarke (1995) indicated that as the ratio of
Menard degormation modulus to Menard limit
pressure ( M/pL) is between 10 and 20, the
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soil is firm and very firm. This ratio is changing
from 5.0 to 20.66 in eight pressuremeter tests
performed in ASK 1 borehole between the
depths 5.0 m and 28.5 m. It was determined
that the thickness of the cutoff zone under the
alluvium changes between 5 and 7.5 m on the
basis of the core description and the results of
pressuremeter tests. These results fundamentally
indicate that this zone is a transition zone from
hard soil to weak rock. Thirteen pressuremeter
tests between the depths 30.5 m and 53.5 m were
carried out and yielded Menard deformation
modulus were calculated to be between 454.4
MPa and 2150 MPa with an arithmetic mean
value of 1479.8 MPa and a standard deviation of
500.1 MPa. It was determined that the (EM/ P, )
ratio for moderately weathered and fractured
micaschists varied from 142.9 to 180.67. By
ignoring extremely high and low values, the
range of ( "/ pL) ratio varies between 154.4 to
179.4 which is still high. As a result, the ratio
of (EM / P, ) is quite useful and typical values are
9.96 to 20.66 in very decomposed micaschist to
the extent of very dense sand (Table 9). This is
a transition zone between hard soil and weak
rock. On the other hand, the (EM / P, ) ratio under
the cutoff level (Zone I) reaches up to 142.9 to
180.67 in moderately and highly weathered, and
fractured micaschists (Table 9). The aperture of
fractures in the rock mass for zone 1 is changing
between 1 mm and 1.5 mm and schistosity
planes are nearly horizontal. In this case,
variations of (EM/ pL) ratios are not due to the
closing of apertures during pressuremeter tests.
Isik et al. (2008) observed that testing depth and
disturbance affect the calculated values of the
deformation modulus of greywackes. In addition,
they remarked that the volume subjected to the
applied pressure is small when compared to
the rock mass volume. Thus, the deformation
modulus of the rock mass derived from the test

Research Article / Aragtirma Makalesi

should be used cautiously. The effect of variable
stress condition in highly fractured mica schist
zone (39.5 m — 41.5 m) and testing depth were
not considered in this study. Pressuremeter
tests indicated that for a 115 m high dam, the
settlement would vary between some 2.16 mm
and 2.23 mm. The ultimate bearing capacity (q,,)
at the base of the dam structure was computed
as ranging between 2.96 MPa and 3.71 MPa
(For the zone 1: -min: 7.90 MPa and -max: 9.95
MPa, coefficient of bearing capacity, k : 1.1, unit
weight: 26.5 kKN/m?, factor of safety: 3). Bearing
capacity analyses were performed according to
the equation suggested by Baguelin et al. (1978).
After the excavation of cutoff with 7.5 m depth
from alluvium at the base of river valley was
performed, the dam construction was started.
Weathered micaschist unit lies down at this
elevation (28 m). The harmonic mean of elastic
moduli for three measurements in the micaschist
rock mass beneath the dam was computed as
1398.6 MPa (Table 9). Considering the harmonic
mean value (E: 1398.6 MPa), the amount of
settlement was obtained as 2.16 mm. On the other
hand, if the minimum value of elastic modulus
of the rock mass for a measurement (E : 1220
MPa) beneath the dam is considered, amount of
settlement is calculated as 2.23 mm.

Relationship Between Elastic Modulus of
the Micaschist Rock Mass (E,) and Uniaxial
Compressive Strength of the Micaschist Rock
Material ()

Data from in-situ and laboratory tests, which
was used in the establishment of the relation
between E, and o, is presented in Table 10.
Variation of the elastic modulus of E, with _is
investigated (Figure 14). The relations given in
Equations 7 and 8 are obtained by using linear
and power regression analyses;

E,, = 0.322 \/o 0.606, R>= 0.95 (7)
E, = 0.1194 (5))'*™ , R>= 0.94 (8)

Journal of Geological Engineering 43 (2) 2019
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E,, (GPa)

2.2 1

2.0

1.8 1 . . -
Weathered mica schists ——__ &4

K

Elastic modulus of the rock mass
o

1.4 4
- Rowe&Armitage (1984)
"""""" (For weak rock deposits)
1.2 1
1.0 " T T T T — J (‘)‘C
5.0 5.5 6.0 6.5 7.0 7.5 8.0

Figure 14. Variation of the elastic modulus of the micaschist rock mass with the uniaxial compressive strength of the
intact rock material.

Sekil 14. Mikasist kayag kiitlesinin elastik modiiliiniin taze kayacin tek eksenli basing dayanimiyla degisimi.

Table 10. Data for elastic modulus of rock mass (E,,) and UCS-values of the intact rock.

Cizelge 10. Kayag kiitlesinin elastisite modiilii ve saglam kayanin tek eksenli basing dayanimi verileri.

Palmstrom and

Current stud Rowe and Armitage .

E, (GPa) o, (MPa) Joe . (GPa) y Qo E. (Gpas‘% Slléih(ggg)l),
5.98 29.8 5.46 1.220 1.170 5.96
10.82 42.6 6.52 1.550 1.390 8.52
13.00 48.0 6.93 1.650 1.400 9.60
15.52 40.5 6.36 1.440 1.360 8.10
17.86 51.4 7.17 1.700 1.540 10.28
19.00 55.0 7.41 1.752 1.590 11.00
20.59 45.0 6.70 1.585 1.440 9.00
27.12 56.2 7.49 1.830 1.610 11.20

36.40 71.6 8.46 2.150 1.820 14.32
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The graph showing the variation of the
elastic modulus of the micaschist rock mass
with o_is presented in Figure 14. In this graph,
two lines from the current study and Rowe and
Armitage (1984) are compared with each other.
For the low values of 6_ (5,> 32 MPa), the values
of elastic modulus from both equations are quite
close to each other. For the high values of o,
both trend lines are, however, getting distant
from each other.

Comparison of In-situ and Estimated Rock
Mass Deformation Moduli by Considering the
RQD-Values

Coon and Merrit (1970) proposed the
following equation considering the RQD values;

= (0.0231x RQD) — 1.32, based on the more
data and more recently Zhang and Einstein
(2004) recommended the following relations
considering the RQD values;

M_ 0.2 x 10 ©180ReD- 190 (Lower bound),

i_n:: 1.8 x 10 ©016RAP=19) (Upper bound),

E

—M= ]() 0186 x RQD - 191 R2= () 76 (Mean), where

E;
E, and E, are the deformation modulus of the

rock mass and intact rock, respectively.

Pressuremeter test results (E,,) performed
beneath the cutoff zone (under 30.5 m) were
considered in this work. Three pressuremeter
tests between the depths 30.5 and 33.5 m were
performed and yielded E -values between 1.22
GPa and 1.7 GPa with arithmetic mean value
of 1.49 GPa. On the other hand, by ignoring
extremely high and low values, the RQD-values
in this zone generally vary between 35% and 60%
with arithmetic mean value of 48.5% (Figure 4).

For the RQD values of 35% and 60%, - ratios
are found as 0.011 (Lower bound) and 0.289
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(Upper bound), respectively. The mean value
(RQD: 48.5%) is found as 0.0982. At depths
between 30.5 m and 33.5 m (bearing capacity
zone), the values of static modulus, E, vary
between 5.98 GPa and 17.86 GPa with arithmetic
mean value of 11.55 GPa (Table 5).

= 0011, 22— 0.011;

Lower bound;

Ei (min) : > 598
E,=5.98%0.011 = 0.0658 GPa (65 8 MPa),
Upper bound; - (maX)— 0.289, T%— 0.289; E, =

17.86 x 0.289 =5.16 GPa (5160 MPa),

Mean; = 0.0982, %= 0.0982; E, =

’E( > 11.55

11.55 x 0.0982 = 1.134 GPa (1134 MPa).

When the RQD-values are considered,
it is understood that the lower and the upper
bound values of elastic modulus of weathered
micaschist rock mass vary between 65.8 MPa
and 5160 MPa with arithmetic mean value of
1134 MPa. These values mentioned above are
the estimated values obtained from the equations
of Zhang and Einstein (2004). On the other hand,
the mean ratio based on the pressuremeter test
results (E,,) and laboratory deformability tests
(E) [Eigmeany = SZ22720 =11.553 GPa

(from Table 5)] for the bearing capacity zone

M(mean) 1490 - 0.129.
Ei(mean) 11553

This ratio (0.129) takes part between two ratios
obtained using the equations of the mean and
the upper bound of Zhang and Einstein (2004).
For this reason, disturbance during the drilling
operations may cause the deformation modulus

is as follows; Mean:

(E,,) obtained from Menard pressuremeter test to
become lower than the actual in-situ value. When
the estimated ratios considering the RQD-values
and in-situ ratios based on the pressuremeter test
results (E,,) and laboratory deformability tests
are compared, it is seen that they are consistent
with each other.

Journal of Geological Engineering 43 (2) 2019
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DISCUSSION

The discussions are based on the laboratory
tests employed on the intact micaschist core
specimens and pressuremeter tests. V_ as
a percentage of Vp was calculated for the
micaschists, and the results are consistent in
that average V_ values are roughly 60% of v,
values (min: 57.8%, max: 64.2%, mean 61.2%
for the mean porosity value of 3.55%). It was
determined that the relationships between and
UCS, and porosity had a good correlation with
the correlation factors r = 0.81 and r = 0.88,
respectively. The porosity and UCS and, Vi
and Vp-sat, the UCS and Vp- ary had even better
correlations of > 0.90. Empirical relationships
proposed in the related literature for the
parameters studied were also considered, between
V, and UCS (Table 11). The proposed equation
in this work was in this work is similar to the
equation proposed by the equation proposed by
Andrade and Saraiva (2010).

It was determined that the micaschists
located at the depth between 28.5 and 40 m had
lower UCS values when compared with those of
under 40 m depth (In this zone, the existence of
the micaschist level with the properties of V-
ay < 2000 m/s and 20.3 < c_ < 28.2 MPa were
determined). This case indicated that a more
weathered and fractured material exists in these
depths. The depth between 28.5 m and 40 m
below the dam should be considered in terms
of the compaction grouting. Considering the

results of the deformability tests, the micaschists
were classified as “average modulus ratio
and moderately strong rock” according to the
classification suggested by Deere and Miller
(1966). According to the method suggested
by Tiirk and Dearman (1983), they were also
classified as “moderately deformable and strong
rock”. It was understood that the rock material
classification of the micaschists proposed by
Tirk and Dearman (1983) is similar to Deeres',
the difference being in the division of the elastic
modulus by Poisson's ratio.

The micaschists take place beneath the
cutoff level of the dam were classified as
“moderate deformable rock” (15 x 10° < E|
< 30 x10° MPa). The values of UCS of nine
intact core specimens on which deformability
tests were performed, were determined to be
in the range between 29.8 MPa and 71.6 MPa.
The mean value of UCS of all core specimens
was also determined as 48.89+11.74 MPa. The
values of V_, —of the nine core specimens were
found to be in the range between 1906 m/s and
3850 m/s. According to the information given
above, except core specimen number 7, the eight
core specimens were chosen from moderately
weathered and “moderately strong” and “strong”
micaschist core specimens that represent 78% of
all core specimens. The core specimen number
7 was chosen from highly weathered and weak
rock micaschist core specimens that represent
10% of all specimens.

Table 11. Equations derived from the correlations between the Vp and the UCS values.

Cizelge 11. P-dalga hizi ve tek eksenli basing degerleri arasindaki korelasyonlardan tiireyen esitlikler.

Proposed equations of the Rock type References
references
Ucs=0.020v_, —10.05 Micaschist The current study
UCS =0.019 Voay 1.76 Phyllites Andrade and Saraiva (2010)
UCS=0.064V_, —117.99 Igneous and metamorphic Sharma and Singh (2008)
UCS=0.0355V_, 55 Granites Tugrul and Zarif (1999)
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E,, values representing the micaschist rock
mass were obtained from MPT. These values
were used in settlement and bearing capacity
analyses. In addition, the excavation depth
of cutoff was determined by considering the
pressuremeter test results (E,, < 103.3 MPa). It
was determined that the excavation depth under
alluvium changes as a range between 5 m and 7.5
m. It was also determined that the values of E,,
under the cutoff zone are greater than 454.4 MPa.
In addition, minimum, maximum and arithmetic
mean values of Em were determined as 454.4
MPa, 2150 MPa and 1479.8 MPa, respectively.
The rock mass modulus obtained from the Rock
Mass Rating (RMR) tends to overestimate when
compared with E based on MPT (Birid, 2015).
Analyses indicated that the settlement for a
115 m high rockfill dam would be in the order
of 2.16 mm and 2.23 mm. On the other hand,
the ultimate bearing capacity of the micaschist
beneath the dam were also computed as ranging
between 2.96 MPa and 3.71 MPa.

The relationship between o and E for the
Burgaz's micaschists was detenmned to be
as follows; o, = 5.3936 x (E‘)“O‘” As known,
weathering decreases not only strength but also
the ratio of elastic modulus to Poisson's ratio.
The experimental results from the micaschist
weathered to different grades (i. Burgaz dam site,
Izmir ii. Selguk, Belevi, Izmir) were similarly
plotted on a log-log paper. Thus, the relationship
between c_and -* &t for both Burgaz and Selguk’s
mlcaschlsts was also determined as follows;
o =7. 5393>< (Ef)o“z““ The slope of the strength
versus (=) plot for a particular rock is constant
so that for each rock there is a unique linear
equation on a log-log scale.

The plot of (= ) dymamic against s for the
micaschists core specimens (WM) from the

Burgaz dam site was obtained. Test results gave
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a posmve power relation of (& imanic 1.2707
( 0.%¢8 . R> = 0.96. Thus, it will be possible
that the ratio of (& e fOT the micaschists in the
Burgaz dam site s computed by measurements
of sonic wave velocities on the intact core
specimens in the laboratory. In addition, it was
understood that (?) ymamic is slightly higher than
(_ i Lhis difference can be explained as the

presence of fractures as well as weak schistosity
planes in micaschists.

Strength  reductions in dry and water
saturated conditions arisen due to the
anisotropy effect were found as 47.5%
and 69.3% respectively. These ratios were
determined as 55.1% and 75.5% by Zhang et
al. (2011). The results obtained from the two
works are slightly different from each other.
The first reason for this may be mineralogical
composition and grain size of minerals. While
the ratio of mica minerals changes between 27.9
% and 48.7 % in the study published by Zhang
et al. (2011), this ratio is less than 20 % in this
work. As compared on the basis of mineralogical
compositions, it is seen that the ratios of mica
minerals are fairly different from each other.
This case negatively affects the strength of the
rock. In addition, high mica content in rock
can be increased the anisotropy effect. Because
mica flakes existing along the schistosity planes
easily weather to clay minerals. This is anyway
the cause of the relatively weak nature of the
schistosity planes. Thus, the sliding movement
along these surfaces gets easy. The second reason
may be the differences in weathering grade
determination of the test specimens employed to
the laboratory tests. As known, the investigation
of the anisotropy effect must be conducted on the
core specimens with the same weathering grade.

Journal of Geological Engineering 43 (2) 2019
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Increasing in A for different a - angles
obtained from the measurements taken in dry and
water saturated conditions were determined as
follows; for a.= 0 — 3°: 17.4%, for a= 28° — 30°:
36.3% and for o= 90°: 57.3%. When P — wave
propagated vertical to the schistosity planes
(a= 90°), the presence of water significantly
increased the velocity (increasing the velocity:
57.3%). For the P — wave propagated along the
schistosity planes (o = 0 — 3°), the presence of
water only occurred a light effect on the wave
velocity (increasing the velocity: 17.4%). In a
similar way, Vo /VlD ary ratios were also computed
for different orientation of the schistosity planes
varying from 0° to 90° with respect to the loading
direction. It was determined that the V _ /V
ratio was the highest for a= 90° (2.34) and the
smallest for a=0°-3° (1.21), while the ratio for
o= 28° —30° was intermediate (1.57). The results
obtained from the computations of the Vo Y oy
ratio and increasing the velocity for different a -
angles agree with each other.

CONCLUSIONS

It was determined that as the degree of
weathering of the micaschists increases, to ratio
also increases. On the other hand, Vpsal to Vp diry
ratio is roughly 1.67. The proposed equation to
estimate the UCS values based on the \A values
is different from the empirical equations in the
related literature due to the differences relating to
the mineralogy and texture of the rock materials.
In order to determine the static modulus of the
micaschist rock material, there are two ways
proposed in this study; one of these is to utilize
from E dyn and another one is from Vp. The
equations in relation to the static modulus were
determined as follows;

E .=08767xE, -0.58,E  =1.1015xV 24757,
static yn static p

E = sz.523>< 70095 )

static

It is concluded that the static modulus can be
obtained from the dynamic tests, as shown in the
equations for the studies range (i. e. E dyn values
lower than 30.5 GPa and soft rocks). Variation of
the elastic modulus of the micaschist rock mass
(E,,) with UCS-values was investigated and the
relation given below was obtained; E,, = 0.3221
\/?C- 0.606, R>=0.95. In this work, the estimated
ratios considering the RQD values (the equation
of Zhang and Einstein, 2004 was used) and (E";#)
ratios from this study were compared with each
other. As a result, it was determined that they
are quite consistent with each other. This case
indicates that the elastic modulus representing
the micaschist rock mass, which was used in
the settlement analyses, is more suitable. It was
concluded that the settlement for a 115 m high
rockfill dam would be in the order of 2.23 mm.
In addition, the ultimate bearing capacities of the
micaschists beneath the dam were also computed
as ranging between 2.96 and 3.71 MPa. It can
be said that this would be a good site for the
dam construction in terms of bearing capacity,
amount of settlement and the deformability of
the base rock beneath the dam structure.

Anisotropy effect will not occur in the
bedrock beneath the cutoff level of the dam
structure due to the existence of the schistosity
planes with nearly horizontal position (a0 < 20°).
It was determined that the Vp — values obtained
as parallel to the schistosity planes were greater
than those of other orientations in both dry and
water saturated conditions. In water saturated
condition, Vp—values were obtained as close to
each other for a = 28°- 30° and 0=90°. In dry
condition, Vp—values obtained at a=28°- 30°
were determined to be greater than those normal
to the schistosity planes. On the other hand, It
was also determined that the presence of water
significantly increased the velocity (the velocity
increase: 134%) when P—wave propagated as
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vertical to the schistosity planes. For the P-wave
propagating along the schistosity planes, it was
determined that the presence of water slightly
affects on the wave velocity (the velocity increase:
21.2 %). It was also determined that the highest
UCS — values obtained from the UCS tests when
loading is perpendicular to the schistosity planes
in dry and water saturated conditions. On the other
hand, the lowest ones were obtained from the
tests when loading was inclined to the schistosity
planes (o =28°-30°) in similar conditions. It was
determined that while the curves of stress values
versus anisotropy angle (a) displayed a similar
“V - shape”, the curves of V_did not display such
a trend. It was also determined that the largest
and smallest Gg/ oz Tatios were found as 2.35 (for
a=28°-30°) and 1.37 (o = 90°), respectively. On
the other hand, the maximum strength reductions
for dry and water saturated conditions due to the
anisotropy effect were computed as 47.51 % and
69.31 %, respectively.

The equation given below was obtained for
the micaschist weathered to different grades;
0,=7.5393x (££)12%, where “m” is 0.4244. The

v
slope of line (m) for the micaschists is constant

and has the characteristic of the rock. On the
other hand, the relation of (?) 4o VETSUS (ﬂ) _for
yn static

v

the weathered schists was found as ()= 1.2707

(ﬂ 0.968
v static’
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