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Abstract

Engineering modeling and analysis of historical structures include various uncertainties and
related difficulties. The most important difficulty is to obtain consistent data of structural ma-
terials without damaging historical texture as much as possible. The aim of this study is to
determine the average compressive strength of the minarets of the Blue Mosque by means of
ultrasonic testing. In the scope of the study, cube samples were collected from the unusable
stones that were remained from restoration works carried out in the mosque. Compressive
strength tests were performed following ultrasonic tests and a highly correlated relation was
obtained. This relation was used in a detailed ultrasonic test study carried out in the minarets
of the Blue Mosque and afterward, the mean compressive strength distributions for each min-
aret were estimated. It is thought that the results of the compressive strength test applied for
the first time on the Blue Mosque stones as well as the detailed results for each minaret will
make a significant contribution to the literature for future restoration studies and analyses.
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1 ULTRASOUND TESTING

Ultrasound testing is a nondestructive method that uses high frequency sound wave to de-
termine the material properties. It is based on evaluation of the velocities of P and S waves
which are transmitted and reflected back through the material. This study covers the applica-
tion of ultrasound testing method on Blue Mosque Minarets in Istanbul, Turkey. The equip-
ment utilized for the application is Proceq Pundit Lab Plus. It consists two probes that
transmit and receive the sound waves and a device that displays the obtained value. In this
study, two probes are used: 250 kHz probe and 54 kHz probe. The 54 kHz probe only gener-
ates P waves, whereas the 250 kHz can generate both P and S waves. As can be seen in Figure
1, there are three types of measurement techniques: direct, semi-direct and indirect. The most
reliable one is the direct measurement technique, however it is only applicable when the mate-
rial thickness is appropriate to transfer the waves through the probes which are located recip-
rocal.

Direct Semi-direct Indirect or surface

Figure 1. The three types of measurement regarding the arrangement of the probes (Pundit Lab Operating In-
structions)

2  EXPERIMENTAL STUDIES

Blue Mosque is constructed in between 1609-1616, with its 6 minarets. The laboratory ex-
periments are applied on the stones of the minaret which is under restoration whereas the site
investigation is carried on the other 5 minarets of the mosque. The two of those five minarets
(M1 and M6) have a height of 57 meters with two balconies; whereas the other three ones
(M2, M4, M5) are 66 meter tall with 3 balconies. The minarets are stone masonry construc-
tions. Figure 2 illustrates the settlement of the minarets of the Blue Mosque. While this study
is being carried, the honeycomb part of the minaret M3 is removed due to the restoration work.
The ultrasound, Schmitt and the compressive strength tests are carried on the stones removed
from the honeycomb and will not be reused after the restoration. Besides, ultrasound testing is
done on the other five minarets on the site.

-

Figure 2. Blue Mosque and the settlement of its minaret
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Figure 3. The debris removed from the minaret M3 and the cubic specimens obtained by cutting them

Figure 3 shows the debris removed from the minaret M3 and cut to the appropriate shape
for the compressive strength test. The 7x7x7 cm and 5x5x5 cm cubic pieces, which are re-
ferred as “the large samples” and “the small samples” respectively in this paper, are obtained.
First the large ones are worked. Five measurements are done for the each three pair of oppos-
ing surfaces to evaluate the P and S wave velocities, not only the numerical value but also
with the wave forms. The 54 kHz probes are used for the P waves and the 250 kHz ones for
the S waves. When it is completed, P wave velocity values are found to be reliable. However
the 250 kHz probes generate the P and S waves together, therefore the velocity value shown
on the screen is not respectable and the wave forms are required to be inspected. Nevertheless
it should be a detailed observation, since the P and S waves are not clearly detectable due to
the limited dimension of the specimens. After the ultrasonic test, the Schmitt Hammer test is
carried and then the density of each cubic piece is determined.

Figure 5. The samples cracked while the Schmitt Hammer test application

The Schmitt Hammer test is applied on each three non-reciprocal surfaces. After the ultra-
sonic test, Schmitt Hammer test and the density evaluation, compressive strength test is ap-
plied. The small samples are cracked during the Schmitt Hammer test, due to their dimensions,
hence it is decided not to apply the test on them. Besides, the test applied on the large samples
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is not concluded in reliable correlation with the compressive strength test. Therefore, the
Schmitt Hammer test results are not regarded in this study.

It is observed on the cracked specimens that, despite their soft surfaces they have quite stiff
cores inside. This fact is considered as one of the reasons for not yielding reliable correlation
between Schmitt Hammer test and compressive strength test results.

There are several ultrasound test measurements that resulted in remarkably different out-
comes for each surface pairs of the same sample. Besides, it is thought that the compressive
strength result is effected by the other two directions that the compression is not applied. Re-
garding these observations, three different methods are asserted in order to inspect the correla-
tion between the P wave velocity and the compressive strength value.

3 THE ANALYSES

The analyses are launched after collecting the data from the previously mentioned tests.
The S wave velocities are determined by observing the wave forms, then the regression analy-
sis is carried to evaluate the correlation of the data. First, the correlation between the P wave
velocity and the compressive strength is inspected. Concerning the readings on different sur-
faces of the samples, the correlations between the compressive strength and the following
three measurements are regarded respectively: P wave velocity related to the compressed sur-
face; the mean value of the P wave velocity related to each surface; the minimum P wave ve-
locity obtained from each surface.

As can be seen in Figure 6 and 7, the correlations are found to be 66%, 77% and 79% re-
spectively.
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Figure 6. The correlation between the compressive strength and P wave velocity related to the compressed sur-
face
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Figure 7. The correlation between the compressive strength and (a) The mean value of the P wave velocity relat-
ed to each surface (b) the minimum P wave velocity obtained from each surface
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Then, the correlation between the minimum P wave velocity obtained from each surface
and the compressive strength is observed for the samples having 40MPa and below compres-
sive strength. As Figure 8(a) points, the correlation increases up to 81% in that case. Conse-
quently, the same analysis is carried for the samples with a compressive strength of 35 MPa
and below; 30 MPa and below. The correlations are found to be 81% and 85% respectively
(Figure 8(b), 8(c)). It is clear that the correlation is the same for the samples with a compres-
sive strength of 40 MPa and below and 35 MPa and below; whereas it increases for the ones
with 30 MPa and below. However, there are 55 samples with 40 MPa and below compressive
strength out of 61 total samples; whereas only 32 of them have 30 MPa and below compres-
sive strength. It implies that, when only the samples with 30 MPa and below compressive
strength are considered, almost the half of the specimens are disregarded.

Figure 8(d) represents that when the samples with a compressive strength of 25 MPa and
below are considered, the correlation decreases to 77% and there are only 18 samples tested.

Respecting the previously mentioned results, when the correlation and the number of the
tested samples are regarded, the correlation between the compressive strength and the P wave
velocity for the specimens with a compressive strength of 40 MPa and below is found to be
more reliable among the carried regression analyses.

Furthermore, the correlation between the P and S wave velocities is examined. As ex-
plained earlier, the S waves require a detailed eye observation on the waveforms. The obser-
vation declines that detecting the S wave velocity on a large cubic is easier and more reliable
than that on a small one; since the wave path is longer. Therefore, the correlation between P
and S waves is examined regarding the results obtained from the large samples. When the P
wave velocity is considered, the mean value of the three surface readings is taken and as can
be seen in Figure 9(a), it is found to be 86% correlated to the S wave velocity.
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Figure 8. Correlation between the minimum P wave velocity from each surface and the compressive strength for the
samples having 40 MPa and below (a), 35 MPa and below (b), 30 MPa and below (c), 25 MPa and below (d)
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Figure 9. The correlation between (a) Vs and Vp (b) Density and Vp regarding three surfaces of the samples

Furthermore, the correlation between the density and the P wave velocity is examined. The
minimum value of the P wave velocity readings from the three surfaces is regarded. First, the
analysis is carried concerning the results taken from the samples with a compressive strength
of 40 MPa and below; however it is revealed that the correlation and its equation does not
change significantly when all the samples are considered. Therefore, the equation found when
all samples are analyzed is respected (Figure 9(b)).

The other five minarets M1, M2, M4, M5, M6 are observed by ultrasound testing equip-
ment on site and the results are assessed regarding the laboratory test results mentioned above.
The 54 kHz and 250 kHz probes are used for the site survey. Besides, the circular column at
the core of the minarets where the stairs are rising, is measured by direct method using 54 kHz
probes.

4 RESULTS

First, the equations obtained from the laboratory tests are applied on the site survey results.
The regression equation of the P wave velocity and compression strength correlation is adopt-
ed on the P wave velocity reading taken from the minarets on site to reveal the compressive
strength of the material. The mean compressive strength values of each stone in a minaret is
evaluated as following: 28 MPa for M1, 10 MPa for M2, 31 MPa for M4, 10 MPa for M5, 10
MPa for M6. Besides, the samples tested in the laboratory result in 28 MPa of mean compres-
sive strength. The compressive strength of different parts of each minaret is indicated in Fig-
ure 11, by a color scale. The color scale is illustrated in Figure 10.

10 Mpa j10-15 Mpall5-20 Mpal20-25 M -30 Mpal|30-40 Mpa

Figure 10. Color scale

S DISCUSSIONS

This study offers the first application of compressive strength test on Blue Mosque stones,
therefore it provides notable contribution to the literature when the future restoration works
are considered. The samples tested in the laboratory result in 28 MPa of a mean compressive
strength and the compressive strength of the other five minarets on the site is detected part by
part for each one.

It is found to have a correlation of 81% between P wave velocity and the compressive
strength of the material. Besides, it is assumed that the nonhomogeneous structure has an ef-
fect on the compressive strength of the stones.
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Figure 11. The compressive strength of different parts of each minaret shown by a color scale
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Moreover, a number of stones with tough inner cores despite of their soft surfaces are
blamed for the unreliable Schmitt Hammer test results. Additionally, the Schmitt Hammer test
is observed to damage the samples.

The samples tested in the laboratory reveal that the P wave velocity obtained from different
directions of the same cubic is significantly variable and the compressive strength result is
highly effected by this diversity. The most reasonable outcome is obtained when the correla-
tion between the minimum of the P wave velocity readings taken from 3 different surfaces of
the sample and the compressive strength. However, it must be regarded that, the five minarets
on site are not appropriate for taking the readings from all directions of the material.

When the P wave velocity that appears on the screen during the reading and the S wave ve-
locity that obtained by an eye observation on the wave form are compared, the former one is
found to be more respectable. Therefore, especially for the site surveys, the limitations of
reading the S wave velocity should be concerned. This study offers the idea to determine the
material property using the P wave velocity, neglecting the S wave velocity.

When the larger samples are considered higher level of correlation is found between the P
and S wave velocities and the correlation between the P wave velocity and the density. This
relationship may lead to the evaluation of S wave velocity and the density; therefore the shear
and the elasticity modulus, employing the measured P wave velocity. This concept is left for a
further study.
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