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Abstract

Old stone buildings constitute a significant percentage of the residential buildings in many countries. These structures are highly
vulnerable, and important losses in masonry structures occur even in moderate earthquakes. Therefore, safety evaluations of these
structures have gained significant attention in recent years. In this study, the mechanical, physical and microstructural characteristics
of tuff samples used in the old buildings were investigated in Battalgazi within the boundaries of Malatya Province during the Seljuk
time. The characteristics of the building materials were examined in detail using in-situ and laboratory tests. Because adequate
samples could not be obtained from the historical buildings, quarry areas with the same characteristics were identified. First, original
building stone (OBS) used in construction was taken from fallen and unusable blocks. Then, the properties of the restoration building
stones (RBS) brought from the quarries were investigated. The RBS samples were also examined using in the laboratory, and the
mechanical and microstructural properties of the building components were determined. The dynamic and static moduli of elasticity
were determined using ultrasonic pulse velocity and uniaxial compression test. The OBS and RBS samples yielded similar results after
the microstructural analyses. Our results showed that the dynamic elastic modulus value was higher than the static elastic modulus
value. The results revealed by both methods showed that the static and dynamic elastic moduli were closely linked. The OBS and RBS
samples exhibited microlitic porphyritic and vesicular textures and nearly the same mineralogical and textural characteristics.
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1 Introduction

Old stone houses in the historical centers of the world slight harm to masonry structures [6]. The properties of

have been often ignored without any conservation [1].
Therefore, these buildings are at risk of collapsing after
natural disasters such as earthquakes [2]. The masonry
buildings are very brittle and have low resistance to earth-
quake effects [3]. A wide variety of intervention tech-
niques have been used to repair and strengthen these struc-
tures that have suffered damage [4]. Before beginning any
remediation, it is necessary to analyze the structure and
determine the causes of the damage [5]. Two methodolo-
gies for stability building include non-destructive testing
(NDT) and minor-destructive testing (MDT). While NDT
methods do not damage the structure, MDT methods cause

the structures that can be detected using these methods is
large and includes basic parameters such as bulk density,
elastic modulus and Poisson's ratio [7].

Many researchers (Torok and Prikryl [8], Apostolopoulou
et al. [9]) have used NDT methods to study heritage struc-
tures. At the present time, the most widely used NDT
methods include ultrasonic pulse velocity (UPV) and the
rebound hammer test [10]. These methods yield a better
understanding of constructions by providing an accu-
rate diagnosis of their stability [11]. The UPV method
has been suggested to be a suitable tool for predicting
the dynamic elastic modulus properties of construction
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materials. Furthermore, the static modulus of elasticity
of construction materials has been measured by the MDT
method [12]. Stota-Valim [13] noted that these building
materials differences between dynamic and static elastic
parameters. Many studies Alexander and Thorton [14],
Aggelakopoulou et al. [15] have focused on the relationship
between static and dynamic elastic parameters (includ-
ing Young's modulus and Poisson's ratio). In most cases,
these methods have been used to accelerate the standard
control for both old and new structures. These different
methods shed light on their compositional and structural
characteristics [16].

Lubelli et al. [17] have studied these tuffs for historic
structures. Heap et al. [18] have widely been researched
in zeolitized volcanic tuffs the influence of water on the
strength. Germinario and Torok [19] have stated that as
microporosity of volcanic tuffs used for building and res-
toration decreases, its durability increases.

Dochne et al. [20] have studied microanalysis of rhyolite
tuff stone on to characterize the stone samples. As a result,
significant differences were observed in the type, quan-
tity and homogeneity of the distribution of rhyolitic stones,
which were examined as microstructural features.

In this study, the microstructural properties of origi-
nal building stone (OBS) and restoration building stones
(RBS) used in the heritage buildings were investigated
in Battalgazi within the boundaries of Malatya Province.
Historical buildings constructed with tuff stone for
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restoration purposes in Battalgazi town nearby Malatya-
Turkey were demonstrated in Fig. 1. Mineralogical prop-
erties of the volcanic tuff stone also were investigated.
The microstructural characteristics of the building mate-
rials were examined in detail using in-situ and laboratory
tests. Non-destructive testing and MDT techniques were
used as analysis techniques to detect the mechanical or
dimensional properties of the structural elements. The
OBS and RBS samples exhibited nearly the same min-
eralogical and textural characteristics. In addition, these
methods were used to determine meaningful relation-
ships between the dynamic and static moduli of elasticity.
Consequently, generally, the value of the static modulus of
elasticity decreased with decreasing strain ratio.

2 Materials and methods

2.1 Material

Volcanic tuff used as building stone was used in the restor-
ing cultural heritage. The stone has been used for resto-
ration purposes in Turkey in many historical masonry
structures due to its variety of colors and its easy process-
ing in Fig. 1. We investigated the microstructural, mechan-
ical and physical properties of the tuff used in historical
buildings constructed at Battalgazi within the boundar-
ies of Turkey Province during the Seljuk time about 12"
century. Because adequate samples could not be obtained
from the historical buildings, Malatya quarry areas with
the same characteristics were identified. Original building
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Fig. 1 Historical buildings constructed with tuff in Battalgazi town nearby Malatya-Turkey



stone (OBS) used in the construction was collected from
the fallen and unusable blocks, and restoration building
stones (RBSs) were brought from the quarry. Volcanic
rocks were obtained from quarry to the west of the pro-
vincial borders. The stones used in the restoration were
removed from the quarry as rocks and then appropriate
sizes used as cut stones in 20 cm X 25 cm X 50 cm.

2.2 Methods

2.2.1 Petrographic and geochemical investigations

The microstructure of tuff as a building stone was deter-
mined by microstructural analyses. We performed Optical
Microscopy (OM) and Scanning Electron Microscopy
(SEM) analyses and determined the microstructure prop-
erties of the materials used in the structure. Tuff build-
ing stone was also analyzed for major and trace elements
using X-ray fluorescence (XRF) in the laboratory of Earth
Sciences Applications and Research Center (YEBIM) of
Ankara University, Turkey. OBS and RBS block sam-
ples were analyzed using XRF. The major and trace ele-
ment contents were determined on glass beads fused from
ignited powders to which Li,B,0, was added in aratio 1:5in
a gold-platinum crucible at 1150°C. The final thin sections
were examined using a camera 50i POL model transmit-
ted light at the Department of Geology in Kahramanmaras
Sutcu Imam University to determine their petrographical
characteristics. In addition, the results of the SEM-EDS
analysis using a polarization microscope carried out at
IBTAM (Inonu University Central Laboratory, Turkey)
were consistent with the reported composition of the raw
material. The analyses enabled better three-dimensional
observations of the materials. The images of the samples
were obtained by scanning the surface with a focused
beam of electrons.

2.2.2 In-situ testing

The properties of the building stones were determined using
UPV and rebound hardness test method measurements
in different locations using NDT methods in the historic
buildings. We measured the dynamic modulus of elastic-
ity of the structure using the UPV method. The propaga-
tion velocity of compression (V) and shear (V) pulses was
performed in accordance with the ASTM D 2845-05 [21].
The velocities were measured using an ultrasonic instru-
ment (Pundit Lab; Proceq Company). The formation of the
signal spreading-receiving instrument was used to mea-
sure both the initial ultrasonic transducer couple P-wave
velocity and the ultrasonic transducer S-wave velocity.
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P- and S- wave signals shed light on the damage suffered
by structures. In the field of structural conservation, this
method can yield data on the dynamic modulus of elastic-
ity of construction materials. We made use of relationships
linking longitudinal (P) and shear (S) wave velocities (V,
and ¥, respectively), with density (p), the dynamic modu-
lus of elasticity (£,,,) and Poisson's ratio (v).
The relevant expressions are provided below:

_ Edyn(l_v)
V= p(1+v)(1-2v)’

_ Edyn
VS_\’2p(l+v)' @

We used the rebound hammer test, an NDT method
to determine the uniformity of structural elements, with

(M

the aim of carrying out urgently needed, in-situ tests of
old structures. The rebound test hammer housing was
applied vertically to the test surface of the building stones.
According to ASTM D 5873-14 [22], a total of 20 values
were read per sample, and the average value of the surface
hardness was calculated the largest 10 readings were taken
into consideration. Regression analysis was also per-
formed to determine the overall correspondence between
UPV and the surface hardness test.

2.2.3 Laboratory tests

The mechanical properties of tuff are quite important for
restoration projects. Tensile and compression tests are
used to determine the mechanical properties of the stones
used in buildings. Indirect and direct tensile tests can be
conducted in a mechanics laboratory. In practice, direct
testing is rarely performed because of the difficulties in
preparing the specimens. An indirect tensile test is much
casier than a direct tensile test in terms of sample prepa-
ration [23]; indirect tensile tests have been officially used
by the International Society for Rock Mechanics for deter-
mining the tensile strength of rock materials (ISRM) [24].
In addition, the compressive strength of a cylindrical sam-
ple can be determined with a uniaxial compressive test.
The height to diameter (A/d) ratio of samples for such
a test is still a matter of discussion. ISRM suggests the
use of samples with an A/d ratio between 2.0 and 2.5;
Eurocode 7 [25] recommends the use of stone samples
with an h/d ratio between 2.0 and 3.0. Samples should be
cylindrical with a diameter of preferably not less than NX
core size (i.e., approximately 54 mm).
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Uniaxial compression test
An experimental study, based on mechanical test, was car-
ried out on chosen representative specimens of the tuff as
a building stone used in restoration. The purpose of this
assessment was to investigate the mechanical properties of
the construction stone. The uniaxial compressive strength
(UCS) of the RBS samples was determined in laboratory
conditions. Test samples were prepared as cylinders with
a height-to-diameter ratio of 2.0-2.5 for the uniaxial com-
pression test according to ISRM (International Society for
Rock Mechanics) and a diameter preferably not smaller
than the NX (54 mm) core dimension. Three rock sam-
ples were carried out in each group for uniaxial compres-
sion tests, and the average value was calculated. The core
sample is shown under uniaxial compression test in Fig. 2.
Linear variable differential transformers were placed on
the samples to test their static modulus of elasticity and
Poisson's ratio during the compression test.

The compression test of the sample was determined by
dividing the ultimate load capacity by the cross-sectional
area:

5
o=k, 3
(©)

where o is the compressive strength (MPa), P, is the ulti-
mate load (V) and 4 is area (mm”°).

The static modulus of the elasticity is the slope of the
line joining any point of the stress-strain curve to the coor-
dinate center. The secant modulus is called the static elas-
tic modulus because the samples are experimentally deter-
mined from the stress-strain relationship. According to
Hooke's Law, the load and deflection of a cylindrical elas-
tic layer under the compression test have the relationship
shown in Eq. (4). Here, the subscripts 6, » and z indicate
the axes along the lateral, radial and axial directions of the
sample, respectively. The load-deformation curve of the
solid material was detected using a uniaxial compression
test in the elastic phase. Poisson's ratio, v and static elastic
modulus, E, can be derived from the curves.

o,=-EF¢g,,
o - —Egy —Eé&, ’ “)
v v

where 0, r and z; lateral, radial and axial directions, respec-
tively, o is the compressive strength (MPa), v is Poisson's
ratio and E is static elastic modulus (GPa).
Splitting tensile strength

ISRM suggests using the STS test to measure the ten-
sile strength of building stone. This test is a well-known
indirect method in engineering. In this indirect testing
method, the specimen is compressed by applied loads and
the STS is determined. The results of the tensile strength

@

Fig. 2 Uniaxial compression testing setup, a) Core drilling machine, b) Core samples, c) Preparation compression sample before test, d) Uniaxial

compression test systems



tests are straightforwardly available if a single straight
plane of fracture is responsible for the rupture of the spec-
imen. In the case of shear fracture after the test, the results
should be neglected to avoid an incorrect determination of
the STS test of the construction material [26] Eq. (5) pres-
ents the STS, o (MPa), perpendicular to the forced diame-
ter at the center of the disc at the time of failure when the
applied force is F,

_2F

xDt’ ©)

where F is failure load (N), D is diameter (mm), and 7 is
thickness (mm).

Physical characterization
Different physical parameters of the restoration building
stone have been obtained from laboratory tests ISRM [27]
and used to determine the apparent porosity, absorption,
bulk density and apparent density values of the samples.
The specimens used in these standards were tested in a
dry state or in water without being checked for the degree
of saturation.

The aim of this test was to create controlled water sat-
uration in stones and to examine the effects of such satu-
ration. For this purpose, three samples of each stone unit
were prepared for each experiment. The samples were
dried in a 105°C oven for 24 hours and then cooled to room
temperature. Next, the water absorption ratio was deter-
mined using Eq. (6),

m

My =M 100 , (6)
my

w,, =
where w,, is the water content, m  refers to the water-satu-
rated weight and m, is the dry weight.

3 Results and discussion

3.1 Microstructural characterization

3.1.1 Petrography

The petrographic analysis was then carried out with the
aim of determining the type of natural stones, their miner-
als, textures and geological class. Both the OBS and RBS
samples exhibited microlitic porphyritic and vesicular tex-
tures and nearly the same mineralogical and textural char-
acteristics. They had abundant plagioclase as phenocrysts
and microlites (Fig. 3). Almost all phenocrystals exhib-
ited albite twinning, and some of them also exhibited zon-
ing The second most abundant mineral was K-feldspars
as microcrystals in the mass (Fig. 3). The ferromagnesian
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Fig. 3 Photomicrographs of the OBS and RBS (a, ¢: CPL: Crossed
Polarised Light; b,d: PPL: Plain Polarised Light; Plg: Plagioclase,
Kf: K-feldspar, P: Pore space)

mineral of both rock units was biotite with needle-shaped
crystals showing pleocroism. The opaque minerals of the
rocks were generally secondary opaques characterised by
iron oxide minerals. Some idiomorphic primary Fe-oxide
crystals were also noted in the rocks.

3.1.2 XRF

Major-trace element analyses for the original and res-
toration building stones are provided in Table 1. Main
oxides and most significant trace elements are considered
important for both stones. There has been the study on
the major and trace element determination in tuff stones
from Malatya. In general, the major oxides in both rocks
are similar (Table 1). The original building stone and the
restoration stone exhibit similarities in their geochemi-
cal characteristics. Both rock samples are plotted in the
Calc-alkaline series field in the AFM diagram of Irvine
and Baragar [28] (Fig. 4(a)) and the Subalkaline field in
the diagram based on total alkalies (K,O + Na,O) vs silica
(Si0,) by Le Bas et al. [29] (Fig. 4(b)). Those rocks are rep-
resented by rhyolitic rocks with a typical high concentra-
tion of Si0O, (73.8 % in OBS and 72.7 % in RBS) (Table 1,
Fig. 4(b)).

3.1.3. Scanning Electron Microscopy (SEM)

SEM images of the untreated OBS and RBS samples are
shown in Figs. 5(a) and 5(b), respectively. We chemically
analyzed these samples using electron dispersive analysis
of X-rays (EDS).
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Table 1 Major and trace element contents of the OBS and RBS
Major Si0, TiO, ALO, FeO* MnO MgO CaO Na,0 K,0 P,0, LOI Cr,0, Total
oxides (%)  73.8 0.1 14.4 1.4 0.0 0.4 1.5 37 3.9 0.1 0.6 0.0 99.8
o Co Ni Cu Zn Ga Ge As Se Br Rb Sr Y Zr
Original
Building 10.1 4.3 07 331 193 07 2.8 03 05 1510 2202 90 1303
Stone Minor Nb Mo cd In Sn Sb Te I Cs Ba La Ce Hf
(OBS) Elements
(ppm) 9.2 2.3 0.7 0.7 2.6 0.8 1.1 2.0 3.5 637.4 34.2 67.3 4.0
Ta W Hg Tl Pb Bi Th U
1.2 145.8 1.1 0.7 26.8 0.5 23.6 6.5
Major Si0, TiO, ALO, FeO* MnO MgO CaO Na,0O K,0 P,0, LOI Cr0, Total
oxides (%) 727 0.1 14.2 1.4 0.0 0.5 1.8 3.6 3.9 0.1 1.3 0.0 99.7
. Co Ni Cu Zn Ga Ge As Se Br Rb Sr Y Zr
Restoration
Building 13.4 3.6 0.8 34.1 19.3 0.6 3.0 0.3 0.2 149.5 215.2 9.5 126.3
Stone Minor Nb Mo cd In Sn Sb Te I Cs Ba La Ce Hf
(RBS) Elements
(ppm) 10.5 2.7 0.8 0.8 1.3 0.9 1.2 2.1 3.6 624.8 34.6 69.1 59
Ta w Hg Tl Pb Bi Th U
37 135.3 1.2 1.7 26.4 0.5 21.8 6.7
Ultrabasi ' Inty diati Acid
FeO* 2 abasic E ntermediate / Cl
Phonolite
Foidite;
Traphyte
Trachydacite
Tholeiite Series = e
1 Rhyolite
D
Tepli /
Basan
n ’,
. . 27 2
Q Calc-alkaline Series o 22 = i
T A g5 | 2 g
S & | 85| < 8
K,O +Na,O MgO -
P Subal  aline/Tholeiitic
< 1,’
S b g 1 ) ) )
(O Original Building Stone (OBS)
; s a 40 50 60 70 80
/\ Restoration Building Stone (RBS) Sio
10:

Fig. 4 a) AFM (Irvine and Baragar, [28]) and b) rock classification (Le Bas et al. [29]) diagrams for the OBS and RBS

The surface of the construction material samples exhib-
ited small cracks in different directions. The EDS analysis
of the OBS and RBS materials revealed the presence of sil-
ica and aluminium. The RBS and OBS materials were sim-
ilar in terms of the results of the microstructural analyses.

3.2 Determination of the dynamic elastic modulus
using NDT

Measurements were taken from five different buildings,
and the dynamic elastic modulus and Poisson's ratio were

determined in Table 2. In the study, the values were calcu-
lated by taking the average of three measurements from
each region. The experimental data were analyzed to
determine the most appropriate relationship between the
dynamic elastic modulus and the P- and S-wave velocities.
We found that as the P- and S-wave velocities increased the
elastic modulus also increased. Similarly, according to the
results published by Motra and Stutz [30], the dynamic
modulus of the elasticity increases with an increase in the
wave velocity. Also, in this research, the class, range and
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Fig. 5 SEM micrographs of the studied images showing the surface of the tuff stones with EDS analysis showing peaks corresponding to the elements,
a) OBS; b) RBS

Table 2 Determination of the longitudinal (P), shear (S) wave velocities and dynamic elastic modulus

Location p (g/cms) v V, (km/s) V. (km/s) Edyn (GPa)
L1 1.97 0.29 3.10 1.69 14.45
L2 2.03 0.30 3.25 1.74 15.93
L3 2.02 0.28 3.03 1.68 14.51
L4 1.98 0.29 3.05 1.66 14.06
L5 2.01 0.29 3.17 1.72 15.41
Mean 2.00 0.29 3.12 1.70 14.87
Variance 0.00067 0.00005 0.0082 0.00102 0.59432

quality of the materials were determined using the sur-
face hardness method using samples from the walls of
the structure. Table 3 below demonstrates the quality of
stones for respective average rebound leebs number. The
rebound number of tuff stone is classified into for types:
Type A - poor (<25) , Type B - moderate (25-34), Type C
- normal (35-44), Type D - very good (45<), depending

on the application. L1, L3 and L4 may comply with the
Type B (moderate) requirement. L2 and L5 may com-
ply with the Type C requirement or is of normal quality.
In general, the rebound number increases as the strength
of the stones increases [31]. The tuff stones consume lower
energy with a higher rebound value in areas with high
hardness [32].
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Table 3 Surface hardness of the stone using the rebound hammer

. Rebound leeb Indicated
Location Class Range .
numbers quality
L1 34 B 25-34 Moderate
L2 38 C 35-44 Normal
L3 32 B 25-34 Moderate
L4 33 B 25-34 Moderate
L5 36 C 35-44 Normal

The relationship between the results of the ultrasonic
velocity test and the rebound hammer test of the struc-
tural walls is shown in Fig. 6. Regression analysis indi-
cated a reliable linear relation between the rebound ham-
mer test and UPV, which enabled acceptable prediction of
the external structure wall using the NDT method. P-wave
velocities were also greater than the S-wave velocities.
According to Ji et al. [33], the velocity difference between
P-wave velocities and S-wave velocities under the pres-
sure effect mainly owes to the closing of pores and micro-
cracks in the low-pressure range.

3.3 Determination of static elastic modulus using a
mechanical test
The mechanical tests were performed on specimens used
in restoration for the purpose of assessing the properties
of the construction materials. The static modulus of elas-
ticity of these materials was determined using the UCS.
First, small cracks occurred with the local tension in the
sample under the loading system. Then, the ultimate load
capacity was reached. At that point, the sample weak-
ened and deformation was concentrated in the materi-
als with poor structural characteristics. As a result of the
test, numerous micro-cracks occurred when the load was
applied. Dall'Asta et al. [34] have noted that these micro-
cracks were tensile cracks during the uniaxial compres-
sion test. In addition, the STS test was also performed.
The acquired parameters in terms of the mechanical
properties of the construction materials are indicated in
Table 4. Regression analysis was conducted (Fig. 7) to
evaluate the ratio of the STS to the compressive strength.
Mohamad et al. [35] noted that this ratio varied between
0.10 and 0.15 for normal-strength samples; the same ratio
was between 0.06 and 0.08 for a very high-strength sam-
ple. In our experimental study, the ratio of STS to com-
pressive strength was roughly 0.15. The tensile strength
of the construction material specimens, as measured by

3300

y=37.5x+18225 _

RZ- o.9sm7/'
3200
3150 /
3100 /
/

w
N
w
[=]

Ultrasonic Pulse Velocity (m/s)

3050
<+

3000 T T
30 31 32 33 34 35 36 37 38 39 40

Rebound leeb numbers

Fig. 6 Plotting of the ultrasonic velocity (V) versus rebound leeb

numbers

14,00
3
[-%
2 13,50
= y=D,3451x + 8,0522
@ R®=0,8799
$ 13,00
8
<
2 12,50
w
o
s . /
£ 12,00
8 *
=
% 11,50
-
2

11,00

0,00 0,50 1,00 1,50 2,00 2,50

Splitting tensile strength (MPa)

Fig. 7 Plotting of the uniaxial compressive strength (UCS) versus
splitting tensile strength (S7S)

Table 4 Mechanical properties of the construction materials

Sample Poisson's ratio E ucs STS
) (GPa) (MPa) (MPa)
Ml 0.29 13.10 12.28 1.78
M2 0.30 13.42 13.24 2.22
M3 0.28 12.78 12.18 1.66
M4 0.29 12.27 11.81 1.75
M5 0.29 13.15 13.10 2.12
Mean 0.29 12.94 12.52 1.91
Variance 0.00005 0.19363 0.38302 0.06128

the STS test, ranged between 2.22 MPa and 1.66 MPa.
Similarly, Liang et al. [36] stated that the lowest tensile
strength they recorded was 1.7 MPa. As the compressive
strength of material increases, so does its splitting tensile
strength. Consequently, the relationship of the STS com-
pared with the compressive strength was evaluated using
linear regression analysis. We found a strong correlation
between the properties.



3.4 Comparison of dynamic and static modulus of
elasticity of the building materials

Mechanical characteristics are largely associated with
their elasticity; a higher value shows reflects a greater
strength capacity with less deflection. Structural elements
with the high mechanical strength have high values of
dynamic and static elastic modulus. The results revealed
by both methods showed that the static and dynamic elas-
tic moduli were closely linked (Fig. 8). On the basis of sta-
tistical regression analysis, a good correlation was found
(R” = 0.72). This finding indicates that a reliable calcula-
tion of static elastic modulus of a sample can be obtained
from the dynamic elastic modulus. The dynamic Young's
modulus is roughly 5-20 % higher than the static Young's
modulus. Sonderegger et al. [37] stated that the difference
between the dynamic and static modulus of elasticity val-
ues can be linked to the heterogeneous microstructure of
the structural materials.

3.5 Physical properties of the specimens

The bulk density values of the specimens ranged from 1.82—
1.92 M.g/m’; the largest relative density was determined to
be 2.03 M.g/m’ in a moderate unit weighted sample class.
The structural samples exhibited a minimum open porosity
value of 12.44 %; the maximum open porosity value was
found to be 15.73 %. In addition, the average open porosity
value was determined to be 14.18 %, which corresponds
to a medium porosity. Fig. 9 showed using a set of statis-
tical correlations between absorption and porosity. A cor-
relation (R* = 0.67) was found between water absorption
and the porosity of the samples. Consequently, those speci-
mens that exhibited lower absorption also exhibited strong
mechanical properties. Similarly, Yu et al. [38] reported
that the effective strength of the stone materials increased
as their water-absorption capacity decreased.

L 4
y=1,4916x - 4,435
R*=,0,7248

e

Dynamic Elastic Modulus (GPa)
=
wu
=]
*
L

._.
=
3

*

13,50 : : . : . . ‘
12,20 12,40 12,60 12,80 13,00 13,20 13,40 13,60
Static Elastic Modulus (GPa)

Fig. 8 Plotting of the dynamic elastic modulus (£,,) versus static elastic
modulus (£))
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4 Conclusions

Heritage masonry buildings have been exposed to many
earthquakes throughout the history. Therefore, many dam-
ages occurred in these structures after earthquakes. In this
study, we determined the microstructural, mechanical and
physical properties of tuff blocks used for restoration in
historical buildings. We found that:

* OBS and RBS samples exhibited similar chemical
composition according to XRF and petrography
studies.

» These samples were of volcanic origin and gener-
ally fell into the rhyolitic class according to the XRF
analysis.

* Regression analysis revealed a strong correlation
between the calculated and tested elastic modu-
lus, which justified the use of NDT methods in the
calculations.

* As P- and S-wave velocity increased, seismic elastic
modulus also increased.

* The calculated dynamic elastic modulus (seismic
modulus) was greater than the tested static elastic
modulus.

» Regression analysis showed that there was a reliable
linear relationship between the results of the rebound
hammer test and UPV.

* The ratio of tensile strength to compressive strength
was calculated to be roughly 0.15 for the samples.

» Samples with lower absorption exhibited strong
mechanical properties.

» Generally, the value of the static modulus of elastic-
ity decreased with decreasing strain ratio.
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