
Introduction

In the city of Ankara, various volcanic rocks of Miocene
age such as andesite, tuff, and agglomerate are exposed.
Among the volcanic rocks, the andesite covers a large
area where rapid population growth is observed. How-
ever, different weathering categories ranging from fresh
to residual soil can be observed within the andesite. The
weathering adversely affects the geomechanical proper-
ties of the andesite giving rise to some geotechnical
problems for buildings like shallow slope instability,
ground amplification due to seismicity, bearing capacity,

and settlement. In order to overcome these problems,
data on the variation of the geomechanical properties of
the andesite due to weathering with depth are required.

The purpose of this study is to investigate the geo-
mechanical properties of the weathered andesite. In
order to accomplish these tasks, nine boreholes down to
20–25 m with a total length of 200 m were drilled at
three different locations, namely Solfasol, Pursaklar, and
Kecioren (Ovacık) districts of Ankara (Fig. 1). The
samples taken from the boreholes were used to deter-
mine the depth of the weathering through major element
analysis, X-ray diffraction analysis (XRD), standard
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Abstract Andesite exposed in dif-
ferent parts of Ankara has different
weathering categories varying from
fresh to residual soil. The geome-
chanical properties of the andesite
are significantly affected by weath-
ering. Buildings constructed espe-
cially in completely weathered and
residual soil levels of the andesite
have some geotechnical problems. In
this study, the variation of the geo-
mechanical properties of the andes-
ite due to weathering is investigated
in three selected sites of Ankara,
through optical microscope, X-ray
diffraction analyses, major element
analyses, pressuremeter tests, phys-
icomechanical tests, and seismic
refraction method. The data gath-
ered from the field and laboratory
studies were used to assess the
characteristics of the weathering
zones. Based on the data obtained
from this study, an idealized weath-

ering profile is assessed. No bearing
capacity and consolidation settle-
ment problems exist in the area.
However, care should be taken for
immediate settlement of the build-
ings. Slopes with heights less than
8 m are not expected to cause any
significant problems for buildings.
There exists a ground amplification
problem in the study area. The nat-
ural period of the building should
not match that of the weathered
rock. The ground response analyses
reveal that the buildings with four to
seven stories may be adversely af-
fected from earthquakes due to res-
onance phenomenon. Therefore, this
has to be taken into account when
designing new buildings.
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Department of Construction,
Geotechnical Division,
Gazi University, Besevler, 06500 Ankara,
Turkey
E-mail: nihatsinan@gazi.edu.tr

T. Topal
Department of Geological Engineering,
Middle East Technical University,
06531 Ankara, Turkey



penetration test (SPT), and pressuremeter test. The
physicomechanical tests such as uniaxial compressive
strength, direct shear, consolidation, and index tests
were also performed on the samples when appropriate.
Furthermore, the geophysical investigation using seismic
refraction method was utilized in the field to find the

depth of weathering and the shear wave velocities of the
andesite. The data obtained from various tests and
analyses are used to assess the depth and the geotech-
nical properties of the weathered andesite, and to sug-
gest parameters to be used for the design of buildings in
the study area.

Fig. 1 Location map of the selected sites
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Geology

The capital of Turkey, Ankara is located in a basin
trending ENE–WSW. The selected study sites are
located within the metropolitan area. Andesite,
agglomerate, and tuff exposed around the Ankara
metropolitan area are of Miocene age. The distribution
of the volcanic rocks in Ankara is shown in Fig. 2. The
color of the andesite changes at different locations.
According to Kasapoglu (1980), they are bluish gray,
pink, and blackish violet. The andesite has a porphyritic
texture with plagioclase and quartz phenocrysts
embedded within a microlite matrix. The size of the
phenocrysts ranges from 1 to 5 mm. Locally, yellowish
beige dacite can be observed within the andesite.
Although some researchers (Suludere 1976; Buyukonal
1971) indicated that hydrothermal alteration exists
within the andesite, the weathering due to atmospheric
effects is also dominant in the area (F. Arıkan,

Unpublished data). This study includes the effects of the
weathering on andesite only, excluding the hydrother-
mal alteration.

The seismicity of Ankara and its vicinity is mainly
controlled by the North Anatolian Fault Zone, which is
a major right-lateral strike-slip fault that extends all the
way from the North Aegean Sea toward East Anatolia
over a distance of approximately 1,200 km with well-
developed surface expression (Erdik et al. 1985). Ankara
is approximately 100 km away from the fault zone. The
distribution of epicenters for major earthquakes that
occurred in the last 100 years with magnitudes greater
than 4.0 is shown in Fig. 3 (USGS 2005). It indicates
that the main source of earthquakes for the study area is
the North Anatolian Fault Zone, although the faults at
the southeast of Kırıkkale and southeast of Gölbaşı also
form potential sources for earthquakes. Peak horizontal
ground accelerations for the study area were calculated
by various attenuation relationships using strike-slip
fault mechanism and rock site conditions. The ground
accelerations were calculated deterministically by adding
one standard deviation to the results (Table 1). A value
of 0.10 g for an area in Ankara was used by Teoman
et al. (2004). Considering these acceleration values,
0.10 g which roughly corresponds to the upper bound of
the calculated accelerations can be accepted as peak
horizontal ground acceleration for the study area.

Depth and properties of the weathered andesite

Physical and chemical weathering processes operating
on the intact rock cause rocks to disintegrate physically
and decompose chemically, forming new minerals. The
processes also weaken the rocks. Therefore, optical
microscopy, XRD technique, and chemical tests were
used for the determination of the depth of the weath-
ering. Additionally, the variation of the geomechanical
properties of the rock was also investigated through
pressuremeter tests, physicomechanical tests, and geo-
physical survey with seismic refraction method.

The complete weathering profile of the andesite is
more clearly observed in the Pursaklar region.
Approximately 0.5 m thick residual soil overlies the
highly to completely weathered andesite (Fig. 4).
Therefore, the andesite samples obtained only from this
site were used for optical microscopy, XRD, and
chemical tests with major element analysis. However, the
geomechanical properties of the andesite were deter-
mined separately for each site.

Optical microscopy and XRD analyses

For the optical microscopy studies, a polarizing micro-
scope was used. The andesite samples corresponding toFig. 2 Aerial distribution of the Miocene volcanics in Ankara
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2–3, 3–4, and 6–8 m depths were obtained for the thin
sections. Based on the studies, the andesite from 2 to
3 m depth includes microlite matrix and phenocrysts of
plagioclase and biotite with a small amount (<5%) of
quartz, opaque and calcite minerals. The microlite ma-

trix is almost sericitized and contains clay due to the
weathering. Iron oxidation is also observed around the
phenocrysts and along the cleavages of the minerals
(Fig. 5). The samples taken from the deeper parts of the
study area have similar mineralogy, but without iron
oxidation. This indicates that the weathering is more
effective down to 2–3 m depth.

X-ray diffraction analyses performed on the same
samples reveal that smectite as an alteration product,
feldspar, mica, quartz, hematite, and amorphous silica
exist within the samples. The smectite content decreases
with depth. XRD results are in good agreement with the
optical microscopy findings.

Major element analyses

Chemical weathering of rocks may result in changes in
initial elemental concentrations by leaching and enrich-
ment (Borchardt et al. 1971; Borchardt and Harward
1971). A number of methods have been used to quantify
the depths and degree of the chemical weathering of

Fig. 3 The distribution of epi-
centers for major earthquakes
that occurred in the last
100 years with magnitudes
greater than 4.0 (USGS 2005)

Table 1 Peak horizontal ground acceleration values of the study
area based on various attenuation relationships

Attenuation
relationship by

Peak horizontal
ground acceleration (g)

Sabetta and
Pugliese (1987)

0.050

Campbell (1988) 0.100
Joyner and
Boore (1988)

0.030

Fukushima and
Tanaka (1990)

0.079

Abrahamson
and Silva (1997)

0.076

Boore et al. (1997) 0.107
Sadigh et al. (1997) 0.060
Ulusay et al. (2004) 0.057
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rocks (Martin 1986; Irfan 1999; Ng et al. 2001).
However, chemical weathering may be quantified by
using some chemical indices (Topal 2002). The indices
mainly require major element analyses of weathered
rocks. In order to determine the depth of chemical
weathering, major element concentrations of the
andesite were determined by means of the atomic
absorption (Table 2). The depths of samples from the
surface downwards were 0–1, 2–3, 3–4, and 6–8 m.

In this study, weathering potential index (WPI),
product index (PI), Ruxton’s ratio (R), Parker index (P),
Vogt ratio (V), modified weathering potential index
(MWPI), chemical index of alteration (CIA), lixiviation
index (b), alumina to calcium–sodium oxide ratio
(ACN), alumina to potassium–sodium oxide ratio
(ALK), loss on ignition (LoI), mobiles index (Imob), and
mobility index (MI) are selected as chemical weathering
indices. Additionally, cation exchange capacity (CEC)
using methylene blue adsorption test (MBA) was also
included for the quantification of the weathering depth
because the chemical weathering of the andesite gives
rise to the formation of clay minerals. For the MI cal-
culations, Al2O3 is considered to be the stable constitu-
ent. A summary of the chemical weathering indices used
in this study is given in Table 3. For ease of comparison
among different chemical weathering indices, the ana-
lytical data are normalized so that all the indices have a
value of 1 for the fresh andesite samples corresponding
to a depth of 6–8 m. The relative contents (normalized
values) of the chemical weathering indices of the
andesite were plotted against depth in Fig. 6. Since the
sampling points correspond to a range of depths (e.g.,
6–8 m), an average depth was used during the plotting of
the graphs.

The relative content variations of the mobility index
and the other chemical weathering indices with depth for
the andesite indicate that significant enrichments of
MgO, LoI, WPI, and CEC occur near the surface
(Fig. 6a, b). They indicate that the chemical weathering
is active especially for the first 3–4 m. It diminishes with
depth. The other indices either fluctuate with depth or
the variations are not significant. Considering the fact
that LoI and CEC measurement using MBA test are
cheap and quick methods giving good correlation with
the weathering depths of the andesite, the use of these
indexes is suggested for the quantification of the
weathering depths for andesite.

Pressuremeter tests

A total of 29Menard Pressuremeter tests were performed
in four boreholes (one in Solfasol, one in Ovacık, and two
in Pursaklar) for this study. The boreholes were opened
using 66 mm diameter continuous flight auger for the
purpose of the pressuremeter testing. Deformation

Fig. 4 Photograph of the weathering profile in the andesite of the
Pursaklar region

Fig. 5 Photomicrographs of the andesite, at 2–3 m depth, showing
(a) sericitized microlite matrix, iron oxide, and altered feldspar, (b)
clay within the microlite matrix
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modulus and limit pressure of theweathered andesitewere
calculated from the tests. However, due to the limited
capacity of the pressuremeter and the strength of the
andesite, the limit pressure could not be obtained for some
test sections. The deformation modulus of the andesite
ranges between 3.81 and 101 MPa. The variation of the
deformation modulus with depth shows that the weath-
ering zone characterized by relatively low values of the
deformationmodulus is mainly confined to the upper 7 m
of the section, although there exist local fluctuations
especially for the Ovacık site (Fig. 7).

Physicomechanical tests

In the Solfasol site, two undisturbed samples were taken
from the weathered andesite from 0.5 and 1 m depths.
Attempts to obtain undisturbed samples and to perform
SPT test from deeper deposits were unsuccessful due to
the higher strength of the rock. The core samples obtained
after 5 m depth using double tube core barrel were not
suitable for uniaxial testing due to sample length inade-
quacy. Unconsolidated undrained direct shear tests and
index soil tests were performed on undisturbed samples.
Table 4 summarizes the results of these tests.

In theOvacık site, two undisturbed samples were taken
from 0.5 to 2 m depths. Two SPT tests were performed at
1.5 and 3 m depths by using a rope and pulley system
which has 45% energy ratio. 26 and 39 raw blow counts
were obtained from the test. After 4 m depth, coring
technique was utilized for boring with double tube core
barrel. Total core recovery (TCR) of the rock mass is
100% between 4 and 25 m and rock quality designation
(RQD) is approximately 75% between 4 and 15 m and
90% between 15 and 25 m depths. The results of the tests
performed on the undisturbed andesite samples taken
from Ovacık site is given in Table 4. The consolidation
tests also performed on two undisturbed samples
(Table 5) indicated that the soil is heavily overconsoli-
dated according to the maximum past vertical effective
stress (Pp). On the core samples taken between 4 and 20 m
depths, uniaxial compression tests were performed by

using electronic transducers for the measurement of axial
strain and load. The uniaxial compressive strengths of the
andesite range between 248 and 385 kPa at 4–6 m; 334
and 360 kPa at 6–10 m; 415 and 485 kPa at 10–15 m; and
468 and 554 kPa at 15–20 m. The modulus of deforma-
tion (E50) values of the rock are 2.3–17.5 MPa at 4–6 m;
23.5 MPa at 6–10 m; 18.4–28.4 MPa at 10–15 m; and
25.7–32.7 MPa at 15–20 m.

In the Pursaklar site, one undisturbed sample (two in
total) from each borehole was taken at 1 m depth. SPT
tests could not be performed at this site due to the presence
of the stronger andesite. After 5 m, coring technique was
utilized with double tube core barrel. TCR of the rock
mass is 100% between 5 and 25 m in both boreholes and
RQD is approximately 75%between 5 and 15 mand 90%
between 15 and 25 m in the first borehole.However, in the
second borehole, RQD of the rockmass is 60% between 5
and 7 m; 82%between 7 and 15 m; and 93%below 15 m.
The results of the tests performed on the undisturbed
andesite samples taken from Pursaklar site are shown in
Table 4. For the samples taken from both boreholes
corresponding to 5–20 m depths, the uniaxial compres-
sion tests were performed. In borehole 1, the uniaxial
compressive strengths of the andesite are approximately
592 kPa at 5–8 m; 728 kPa at 8–12 m; 853 kPa at
10–15 m; and 922 kPa at 16–20 m. The modulus of
deformation values (E50) of the rock are 28.4–32.3 MPaat
5–8 m; 43.1–54.9 MPa at 8–12 m; 64.4–69.5 MPa at
12–16 m; and 76.3 MPa at 15–20 m. In borehole 2, the
uniaxial compressive strengths of the andesite are 506 kPa
at 5–7 m; 927 kPa at 7–12 m; and 971 kPa at 12–20 m.
The modulus of deformation values (E50) of the rock
range between 37.1 and 42.6 MPa at 5–7 m; 89.4 and
124.7 MPa at 7–12 m; and 92.2 and 135.8 MPa at
12–20 m depths.

Seismic refraction studies

For the seismic refraction studies, a multichannel seis-
mogram with a total of 12 P-wave and 12 S-wave
geophones was utilized. First arrival times of the P-waves

Table 2 Major element
analyses of the andesite Oxides (%) Depth (m)

0–1 2–3 3–4 6–8

SiO2 (%) 57.48 60.45 55.82 61.59
Al2O3 (%) 17.08 15.74 19.29 16.43
Fe2O3 (%) 4.65 4.44 4.54 4.62
CaO (%) 2.57 3.97 4.67 2.33
MgO (%) 4.44 2.77 3.38 2.25
SO3 (%) 0.12 0.11 0.11 0.10
Na2O (%) 0.55 1.25 1.82 0.93
K2O (%) 0.88 1.38 0.83 2.28
TiO2 (%) 0.74 0.70 0.89 0.67
LoI (H2O

+) 10.90 8.85 8.23 8.17
Total (%) 99.41 99.66 99.58 99.37
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were analyzed by using plus minus methods and ray
tracing techniques for the determination of the P- and
S-wave velocities of the andesite. The data obtained from
the seismic refraction survey (Table 6) reveal that P-wave

velocities for the weathered zones range between 368 and
1,125 m/s. However, the P-wave velocity increases up to
2,874 m/s for the deeper levels. On the other hand,S-wave
velocities vary between 31 and 457 m/s. It reaches a value

of 457 m/s for the less-weathered zones. Maximum shear
modulus (Gmax) of the weathered andesite is very low
for upper levels (1.9–23.3 MPa) and relatively high
(229.8–417.7 MPa) for lower levels.

Rock mass characteristics of the andesite

From surface to downwards, the andesite observed in all
three sites has residual soil, completely weathered and
highly weathered rocks within the first 25 m. In order to
determine the shear strength parameters of the rock
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Fig. 6 The relative content variations of (a) the mobility index and
(b) the other chemical weathering indices with depth for the
andesite
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Table 4 Laboratory test results of the weathered andesite

Site Borehole
no.

Depth
(m)

U c (kPa) Soil type Retaining
on no. 4 Sieve

Passing from
no 200 Sieve

cnatural (kN/m3)

Solfasol 1 0.5 22.4 67.7 CH 0.3 54.5 17.5–18.5
1 30.1 83.3 Not soil Not soil Not soil 18–18.5

Ovacık 1 0.5 17.5 31.4 CH 0.3 83.4 16.0–16.5
2 29.0 27.2 CH 0 93.9 16.0–17.0

Pursaklara 1 1 29.7 54.7 CH 2.7 57.4 16.9–17.7
2 1 39.1 230.7 CH 3.3 57.9 17.8–18.3

aUndisturbed soil samples could not be obtained for deeper levels

Table 5 Summary of consolidation tests

Sample Depth (m) e0 w (%) cc cs Pp (kPa)

UD 1 0.5 0.918 17.11 0.270 0.096 206
UD 2 2 1.083 11.85 0.223 0.075 314
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masses from which undisturbed samples could not be
taken, geological strength index (GSI) system can be used
(Hoek and Brown 1997; Hoek et al. 1998; Hoek and
Marinos 2000, 2001). In this study, Hoek and Brown
failure criterion (Hoek et al. 2002) was utilized by using
GSI system. Figure 8 displays the GSI values assigned to
the rock masses by using the field observations. Uniaxial
compressive strengths of the intact rocks are taken as 0.6,
0.3, and 0.6 MPa for Solfasol, Ovacık, and Pursaklar
sites, respectively, and mi value is 25. The use of mi, GSI,
and rc values yielded nonlinear Hoek and Brown (1997)
failure envelopes of the rock masses. By fitting linear
regression lines to those of the Hoek and Brown failure
envelopes, equivalent Mohr–Coulomb failure envelopes
were determined (Fig. 9). For both Ovacık and Solfasol
sites, equivalent cohesion intercept and friction angle are
found to be 10 kPa and 34�, respectively.However, for the
Pursaklar site, 12 kPa equivalent cohesion intercept and
39.6� friction angle are obtained.

Geotechnical evaluation of the site conditions

Based on the findings obtained from both field and
laboratory studies, the idealized weathering profile of
the andesite is assessed (Table 7). In this profile, the
weathered andesite is divided into two main parts. Rel-
atively fresh but deeper levels of the andesite are not
considered in this study because the pressure bulb of the
domestic buildings is confined within the upper two
zones. The profile reveals that the thickness of the
residual soil (upper layer) varies for each site charac-
terized by different S-wave velocity, shear strength, and
deformation modulus values.

Bearing capacity and settlement problems

For the assessment of the bearing capacity of the weath-
ered andesite, the weakest site according to laboratory
direct shear tests and pressuremeter tests, Ovacık, was
selected. Meyerhof (1963) method with a factor of safety

of three was preferred in this study because of being one of
the most commonly used methods. Three different typical
foundations were employed for the bearing capacity cal-
culations and the idealized weathering profile given in
Table 7 was used. Table 8 displays the geometry of the
foundations generally used in the study area and the
allowable bearing capacities. For the calculation of the
allowable bearing capacity of the mat foundation,
weighted average of the shear strength of two layers was
used due to the fact that the failure plane penetrates both
the layers. As it is clear fromTable 8, the bearing capacity
of theweatheredandesite is high enough (averagepressure
of a five storey domestic building is about 100 kPa for a
mat foundation) and is not likely to be a problem for light
domestic buildings.

The boreholes drilled in the study area were all dry.
Thus, the weathered andesite is not expected to com-
pletely turn into saturated clay deposits during the life-
time of the buildings. Therefore, the consolidation
settlement is not considered to be a major concern. This
is also reflected on the consolidation tests performed on
the very shallow undisturbed samples taken from Ovacık
site, which contains the weakest residual soils (Table 5).
In these tests, the maximum past vertical effective stress
was calculated as very high when compared to the
present vertical effective stress, i.e., soil is heavily over-
consolidated. Although the consolidation settlement
may not be a major concern, large immediate settlement
of the foundations may be expected due to the decreased
deformation modulus values caused by weathering.

For the calculation of the immediate settlement, finite
difference method with Flac 2D (Fast Lagrangian
Analysis of Continua) was utilized because of the lay-
ered nature of the weathered andesite. Flac 2D is a finite
difference software developed for the non-linear
numerical analysis of a two-dimensional continuum
body (Itasca 2002). The formulation can accommodate
large displacements and strains and non-linear material
behavior, even if yield or failure occurs over a large area
or if total collapse occurs. The explicit solution scheme
gives a stable solution to unstable physical problems.
Dynamic equations of motion are used in the Flac

Table 6 The results of the seismic refraction survey

Site Layer no
(thickness)

Vp (m/sn) Vs (m/sn) m (dynamic Poisson’s ratio) Gmax
a (MPa)

Solfasol 1 (7 m) 368 108 0.432 23.3
2 2431 457 0.473 417.7

Ovacık 1 (4–7 m) 1125 280 0.452 15.7
2 2874 374 0.487 279.7

Pursaklar, near to BH 1 1 (3–6 m) 507 31 0.497 1.9
2 1683 231 0.486 106.7

Pursaklar, near to BH 2 1 (3–5 m) 760 58 0.496 6.7
2 1245 339 0.442 229.8

aGmax maximum shear modulus
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algorithm even for the solution of a static problem. Two
dimensional version of Flac 2D was utilized for the
analyses with linearly elastic perfectly plastic constitutive
model. In this model, yielding of the media is modeled
with Mohr–Coulomb failure criteria.

For the settlement calculations, the idealized weath-
ering profile given in Table 7 was used. Analyses were
performed for mat foundation with 1 m depth and 20 m
width; strip foundation with 1-meter depth and 1-meter
width. Vertical stress on mat foundation was selected as

100 kPa and on strip foundation 300 kPa, which are
typical for five-storey domestic buildings. The finite
difference mesh and boundary conditions used for the
numerical analyses of mat foundations is shown in
Fig. 10. Table 9 summarizes the average settlement
(valid for rigid foundations) values for mat and strip
foundations on each site. As it can be seen from the
table, the average immediate settlement occurred on
strip foundations is less than that observed in mat
foundations. This phenomenon is due to the limited
width of the strip foundation. However, one should bear
in mind that in a real foundation system, strip founda-
tions will be in interaction; so settlement should actually
be higher than that given in Table 9. The settlement
values given in the table are close to the limit values.
Therefore, care should be taken for settlement phe-
nomenon when designing foundations. For example, the
depth of the foundation may be increased so that the
foundation will be on stiffer soils and/or the net pressure
of the foundation may be decreased.

Slope instability problems

Shallow slope instability problems are common in the
study area (Fig. 11). Therefore, slope stability analyses
were performed for hypothetical slopes using Bishop
rigorous method. For analyses, circular failure surfaces

Fig. 8 The GSI values assigned
to the rock masses
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were assumed and slope stability software ‘‘Geostru,
Slope Version 8.0’’ (Geostru 2003) was used with geo-
mechanical parameters of the sites given in Table 7. An
example of hypothetical slope used in the calculations
with 30� angle and 4 m height for Solfasol district, which
is rather typical for the site, is given in Fig. 12. Although
groundwater was not encountered in the boreholes for
all sites, slopes may locally become saturated after a
heavy rainy period. For this reason, slope stability
analyses were performed under dry and fully saturated
conditions. Figures 13, 14, and 15 display the slope
angle versus factor of safety relationship for the Solfa-
sol, Ovacık, and Pursaklar sites under dry (a) and fully
saturated conditions (b). A factor of safety less than 1.5
is generally achieved only for the steep slopes with a
slope height exceeding 8 m. Such a slope does not exist
in the study area. The engineering practice in the study
area is such that the excavations are confined to the
upper 1–2 m, not extending down to 8 m. Therefore, no
slope instability problems are expected in the study area.

Ground motion amplification

Due to the reduction of the strength and the shear wave
velocity of the andesite associated with weathering, a
shift in the predominant site period and amplification of
the ground motion around this site period is expected. In

order to determine the ground motion amplification
parameters of the selected sites, one dimensional ground
response analyses were performed with Shake91. For the
prediction of the ground surface motions of flat lying
surfaces with horizontally layered soil boundaries, gen-
erally one dimensional ground response analyses are
used. Shake (Schnabel et al. 1972) is the most commonly
used one dimensional ground response analysis soft-
ware. It utilizes transfer functions and equivalent linear
approximation of nonlinear response for the calculation
of the ground surface motion. Therefore, it requires the
relationships defining the dependency of damping and
shear modulus to shear strain. In the literature, there
exist several relationships which link shear modulus and

Table 7 The idealized weathering profile of the andesite

Site Layer no.
(thickness)

Vs (m/sn) Shear strength Deformation
modulus, E50 (MPa)

Solfasol 1 (7 m) 108 c=80 kPa 25
/=30�

2 457 c=10 kPa 50
/=34�

Ovacık 1 (6 m) 280 c=27.2 kPa 11
/=29�

2 374 c=10 kPa 23
/=34�

1 (3 m) 31 c=54.7 kPa 3.6
/=29.7o

Pursaklar 2 231 c=12 kPa Linearly
increasing from
5.3 to 65

/=39.7�

Table 8 The geometry of the foundations and the allowable
bearing capacities for the Ovacık site

Foundation
type

Depth of
foundation (m)

Dimensions of
foundation

Allowable
bearing
capacity (kPa)

Single footing 1 1·1 719
Strip 1 Width 1 500
Mat 1 20·30 2300

Fig. 10 The finite difference mesh and boundary conditions used
for the numerical analyses of mat foundations
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damping values of soil to shear strain for various types
of soils (Seed and Idriss 1970; Schnabel 1973; Seed et al.
1986; Vucetic and Dobry 1991; Gazetas and Dakaulas
1992). For this study, damping and shear modulus
curves of Schnabel (1973) for basement rock, Vucetic
and Dobry (1991) for residual soils with plasticity index
of 30 were used. Maximum shear modulus values of soil

layers are calculated from the corresponding shear wave
velocities.

Earthquake records are needed for Shake analyses.
Kandilli earthquake catalogue (Kandilli 2004) was
searched to find motions recorded on rock sites having
maximum horizontal acceleration approximately 0.1 g.
Two records were selected (Figs. 16, 17): these are
MDR000 which was recorded in DÜZCE on 11.12.1999
with PGA=0.12 g and 531-E which was recorded in
DÜZCE on 11.12.1999, with PGA=0.118 g. These
motions were deconvolved and used for input (base)
motion to be taken into account in the shake analyses.
Figure 18 presents the results of this calculation for the
amplification ratio of the sites. It reveals that the pre-
dominant frequencies of the selected sites range between
1.33 and 5 Hz (0.77–0.2 s time period). For Pursaklar

Table 9 Summary of the settlement analyses

Site Average settlement
on mat foundation (mm)

Average settlement on
strip foundation (mm)

Solfasol 64 15
Ovacık 145 42
Pursaklar 85 75

Fig. 11 Shallow slope failure
that occurred due to weathering
in Solfasol site

Fig. 12 Hypothetical slope with 30� angle and 4 m height for the Solfasol site
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site, maximum amplification of 3.7 occurs at the 1.4 Hz
(0.71 s), whereas for Solfasol site the maximum ampli-
fication (3.8) occurs at the 2.2 Hz (0.46 s). On the other
hand, the amplification (4.3) occurs at the 2.6 Hz

(0.38 s) for Ovacık site. The following relationship
between the natural period, Tb, and the number of
storeys, N, is found to be realistic for damaged buildings
in Turkey (Bayulke 1978):

Fig. 13 Slope angle versus factor of safety relationship for the Solfasol site under (a) dry and (b) fully saturated conditions

Fig. 14 Slope angle versus factor of safety relationship for the Ovacık site under (a) dry and (b) fully saturated conditions

Fig. 15 Slope angle versus factor of safety relationship for the Pursaklar site under (a) dry and (b) fully saturated conditions
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Tb ¼ 0:1N ðdamagedÞ ð1Þ

Predominant site periods of the Solfasol and Ovacık
sites correspond to the predominant period of four and
five storey buildings, and the predominant site period of
the Pursaklar site corresponds to the predominant per-
iod of the seven storey buildings. For a proper earth-
quake design, the number of stories to be built should be
such that the natural period of the building does not
match that of the soil column. Based on the soil periods
obtained from ground response analyses, it would be

anticipated that buildings with four to seven stories
would be severely damaged. Therefore, buildings should
be either higher or lower than the indicated stories to
avoid resonance problem.

Conclusion

Miocene volcanics including andesite, tuff, and
agglomerate cover a large area in Ankara. There exist
some geotechnical problems for buildings constructed

Fig. 16 MDR000 DÜZCE re-
cord with PGA=0.12 g

Fig. 17 531E DÜZCE record
with PGA=0.118 g
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on the weathered andesite in Ankara. The andesite
contains different weathering zones varying from fresh
to residual soil. The geomechanical properties of the
andesite are adversely affected by weathering. How-
ever, the buildings are generally constructed on com-
plexly weathered and residual soil levels of the
andesite. In this study, depth of weathering and
the variation of the geomechanical properties of the
weathered andesite are investigated in three selected
sites of Ankara, namely Solfasol, Pursaklar, and
Ovacık. Optical microscope, XRD, major element
analyses, pressuremeter tests in boreholes, physicome-
chanical tests, and seismic refraction method were
used for the investigation.

Smectite as an alteration product, feldspar, mica,
quartz, hematite, and amorphous silica exist within the
samples. The smectite content decreases with depth. The
mineralogical and XRD analyses reveal that the
weathering is more effective for the upper 2–3 m of the
andesite. The chemical weathering indexes indicate a
weathering depth of 3–4 m. The weathering zone within
the upper 7 m of the andesite has low values of the

deformation modulus with local fluctuations. The seis-
mic refraction method indicates that the upper 3–7 m of
the weathered andesite has low seismic velocity. Based
on the data obtained, an idealized weathering profile is
prepared. The geotechnical analyses reveal that there
exist no bearing capacity and consolidation settlement
problems in the area. Immediate settlement of the
buildings located especially on residual soil may be ob-
served. There may be local and very shallow instability
problems, but generally slopes with a height less than
8 m are found to be stable and not expected to cause
significant instability problems for buildings. A ground
amplification problem exists in the study area. Reso-
nance phenomenon may create problems for buildings
especially with four to seven stories. Buildings with four
to seven stories should not be preferred in the study
area.
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Fig. 18 The amplification ratio
of the sites calculated from
shake analyses
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