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ABSTRACT 

The current paper investigates the influence of artificial thermal weathering on marble for the purpose of 
developing an improved classification system to assess marble deterioration based on non-destructive ultra-
sonic velocity measurements. Different samples of historical Greek and Turkish marble used in Roman ar-
chaeological structures in two Jordanian archaeological sites were selected and subjected to four heating cy-
cles at different temperatures. The induced changes in the microstructure and physico-mechanical properties 
of the marble were examined and correlated with ultrasonic wave velocity measurements. Results showed 
that thermal weathering, particularly at temperatures beyond 200 ˚C, produces considerable microcracking 
in marble. The developed cracks act to significantly increase the porosity of marble and result in a corre-
sponding significant reduction in ultrasonic velocity of marble. Consequently, a simplified relationship be-
tween ultrasonic velocity and marble porosity has been proposed and an improved classification system for 
assessing marble deterioration has correspondingly been developed. This system allows for efficient assess-
ment of the condition of archaeological marble objects and structures in a simple and non-destructive way. 
The results of this paper indicate that the deterioration of marble, regardless of its fabric characteristics, can 
reliably be assessed based on non-destructive ultrasonic velocity measurements. The consideration of rock 
fabric parameters, however, helps provide a more comprehensive evaluation and interpretation marble 
damage. 
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1. INTRODUCTION 

Marble is a prestigious stone that has widely been 
used since antiquity. An important part of our cul-
tural heritage is built of or carved in marble. Marble 
is rather a hard rock that is characterized by good 
physical and mechanical properties, which makes it 
suitable for construction and sculpturing (Özkan et 
al., 2013; Siegesmund et al., 2000). Nonetheless, it is 
subject to deterioration under the action of several 
agents in the surrounding environment. 

The deterioration of marble is related to its com-
position and microfabric parameters which include 
microstructure (geometry and morphology of grains 
and pores) and texture (crystallographic preferred 
orientation). Marble is mainly composed of calcite 
crystals which exhibit distinctive thermal anisotropy. 
Calcite crystals expand when they are heated in the 
direction parallel to the c-axis, but contracts in the 
normal directions (Kleber et al., 2010). This anisotro-
py is considered to be the main factor responsible for 
marble deterioration, particularly at its early stages 
(Ruedrich et al., 2010; Sheremeti-Kabashi, 2002; 
Siegesmund et al., 2000; Zeisig et al., 2002). When 
marble is subject to temperature changes, thermal 
stresses are developed that can be sufficiently large 
to produce microcracks in and between its mineral 
grains (Battaglia et al., 1993; Robertson, 1982; Weiss, 
Siegesmund, et al., 2002). The widening of mi-
crocracks due to weathering increases the porosity 
and pore size of marble and changes the water 
transport mechanism in the stone. This renders the 
marble more susceptible to damage by other deterio-
ration mechanisms and factors, particularly water 
(Rüdrich, 2003; Sheremeti-Kabashi, 2002). Conse-

quently, the deterioration rate of marble is consider-
ably accelerated, leading eventually to serious dam-
age or even destruction of marble objects and struc-
tures. 

Proper conservation of archaeological marble ob-
jects and structures requires a detailed assessment of 
their deterioration level. Traditional methods for 
condition assessment usually imply taking samples 
and performing a series of destructive and time-
consuming physico-mechanical tests, which is not 
convenient when dealing with significant stone 
monuments or objects of arts. As an alternative, non-
destructive testing methods have increasingly been 
developed and applied for investigation of culturally 
significant materials (Liritzis et al., 2020). 

Since the fifties of the last century, non-destructive 
ultrasonic technique has been widely used for inves-
tigating and assessing the condition of stone, partic-
ularly marble (Ahmad et al., 2009). This technique is 
mainly based on propagating ultrasound waves 
through the stone and measuring their velocity. The 
velocity of ultrasonic waves depends on the inertial 
and elastic properties of stone. The latter are greatly 
influenced by the effects of deterioration such as de-
velopment of cracks, porosity increase, and decrease 
in mechanical strength (Gomez et al., 1991). There-
fore, correlating changes in stone properties as a re-
sult of deterioration with ultrasonic velocity can 
provide classification systems for evaluating the de-
terioration level of stone. Köhler (1991) found that 
the velocity of longitudinal ultrasonic waves in Car-
rara marble decreases notably upon progressive 
damage. Accordingly, the author proposed an em-
pirical classification system for marble (Table 1).  

Table 1 Classification of marble damage after Köhler (1991) 

Ultrasonic pulse velocity (Vp) [km/s] Description Damage class 

>4.5 Fresh I 

3–4.5 Increasing porosity II 

2–3 Progressive granular disintegration III 

1–2 Danger of breakdown IV 

<1 Complete structural damage V 

 
This classification system is based on a correlation 

between ultrasonic pulse velocity and marble porosi-
ty. Modified versions of this system have also been 
developed and adopted (Akoglu et al., 2019; Simon, 
2001). However, many authors argue that an accu-
rate interpretation of the relationship between ultra-
sonic velocity and stone deterioration level requires 
comprehensive knowledge of the petrophysical 
properties of the stone and its fabric (Dürrast et al., 
1999; Rüdrich, 2003; Ruedrich et al., 2013; 
Siegesmund, 1996; Siegesmund et al., 1999, 2007; 
Weiss et al., 2000). Furthermore, Köhler's classifica-

tion system was developed for Carrara marble. Car-
rara marble is a fine-grained marble that has been 
extensively used in monuments and sculptures since 
the classical period (Attanasio et al., 2006). However, 
there are other major sources of historical white 
marble around the Mediterranean, particularly in 
Greece and Turkey. In fact, the greater part of mar-
ble used in heritage constructions in the eastern and 
south-eastern Mediterranean region, which is very 
rich of archaeological sites, originated from different 
quarries and localities in Turkey and Greece. Some 
examples of the most important and most widely 
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used marbles from these locations include the Greek 
marbles of Penteli, Thasos and Paros and the Turkish 
marble of Proconnesos (Moropoulou et al., 2019). 
These marbles were also popular in other parts of 
the world. Even in Rome, eastern quarries were the 
major supply sources of architectural marble during 
the late 2nd century and early 3rd century AD 
(Attanasio et al., 2006). An updated database of his-
torical white marble quarries used in antiquity can 
be found in Antonelli & Lazzarini (2015). These his-
torical marble types exhibit a wide range of different 
characteristics in terms of microfabric, composition 
and visual properties. Therefore, the characterization 
and assessment of the deterioration of historical 
marbles require a comprehensive study on a large 
variety of samples in order to develop damage clas-
sification systems that can be applicable to a wide 
range of marble types. 

In this study, the deterioration of marble as a re-
sult of artificial thermal weathering is examined and 
correlated with ultrasonic wave velocity measure-
ments for a variety of historical marbles widely used 
in antiquity. This should help us to understand the 
nature and extent of changes in marble structure and 
physico-mechanical properties with progressive 
weathering. The aim of the study is to develop an 
improved classification system for assessing marble 
deterioration based on more elaborate correlations 
between non-destructive ultrasonic velocity and 
stone properties. Such a system can be applied to 
assess the condition of archaeological marble, moni-
tor its damage over extended periods of time, and 
evaluate the effectiveness of applied conservation 

treatments in a simple, fast and non-destructive way. 
Compared to earlier relevant studies, this study in-
corporates a more comprehensive investigation of 
marble damage using a multidisciplinary approach 
and a larger variety of historical marbles exhibiting 
various microstructural characteristics in order to 
develop an improved classification system for as-
sessing marble condition that can reliably be applied 
on a wider range of historical marbles. 

2. MATERIALS AND METHODS 

2.1. Materials 

The stone materials investigated in this study con-
sist of six historical marble varieties collected from 
the archaeological sites of Umm Qais (ancient Gada-
ra) and Jerash (ancient Gerasa) in northern Jordan. 
They were originally quarried from important his-
torical quarry sources in Greece and Turkey and im-
ported and used in several Roman structures and 
decorative elements in these two archaeological sites. 
The studied samples were chosen from a group of 
marble samples that were already investigated for 
their characteristics and provenance in a previous 
study by the author (Ahmad, 2018). Based on the 
objectives of the study, the stone materials need to 
be fresh or in sound condition. Therefore, prelimi-
nary characterization by macroscopic investigation, 
ultrasonic velocity measurements and simple physi-
cal tests were performed to select only sound, almost 
unweathered, marble samples for further investiga-
tion. 

Table 2 The investigated marble samples. He: Heteroblastic; Ho: Homeoblastic; C: Calcite; D: Dolomite; G: Graphite; Q: 
Quartz (Ahmad, 2018) 
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JM1 Mount 
Hymettus 

Cornice Light 
grey 

Irregular dark grey 
streaks 

C; D  He/Ho Mosaic Curved, 
embayed 

1.12 

JM2 Proconnesos Cornice Light 
grey 

Irregular dark grey 
bands 

C He Mortar Embayed, 
sutured 

2.5 

UM1 Proconnesos Floor tile grey 
 

Parallel dark grey 
lines  

C; D; Q He Mortar Curved, 
sutured 

2.64 

UM2 Proconnesos Cornice grey Dark grey streaks C He Mortar Embayed, 
sutured 

2.95 

UM3 Proconnesos Cornice Light 
grey 

Dark grey bands C; D He Mortar Curved, 
Sutured 

2.23 

UM6 Mount 
Pentelikon 

Column Light 
grey 

irregular dark grey 
streak 

C; D; Q He/Ho Lineated Curved, 
embayed 

1.4 

 
Table 2 shows the main macroscopic, mineralogi-

cal and petrographic characteristics of the studied 
samples. The samples exhibit different textures, 
grain sizes and grain boundary shapes. They include 
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fine-grained marbles that were quarried from 
Mounts Pentelikon and Hymettus in Greece and 
medium- to coarse-grained marbles quarried from 
Proconnesos (Marmara Island) in Turkey. Pentelic 
marble was widely used during the Hellenistic and 
Roman periods, particularly in central-eastern Medi-
terranean and North Africa (Attanasio et al., 2006). It 
is very famous because of its use for the construction 
of the Parthenon and many Athenian monuments 
(Attanasio et al., 2006; Moropoulou et al., 2019). 
Hymettian marble was commonly used during the 
Hellenistic and Roman periods; especially in Greece 
(Cramer, 2004; Herz, 1988). Proconnesos marble is 
one of the most famous and most widely used mar-
bles in antiquity. It spread all over the Roman Em-
pire and was mainly used for buildings and sar-
cophagi (Attanasio et al., 2008; Moropoulou et al., 
2019).  

2.2. Methods 

2.2.1 Artificial weathering 

To study the influence of thermal weathering on 
marble, dry marble samples were artificially weath-
ered by heating at four different temperatures, 
namely 100, 200, 300 and 400 °C, for one hour. Heat-
ing at high temperatures proved to be an effective 
method of artificial weathering for calcitic stones 
(Franzoni et al., 2013). The induced alterations in 
microstructure and physical and mechanical proper-
ties of the heated marble samples were investigated 
and compared to those of the unheated samples. It is 
worth mentioning that the measurement of the phys-
ical and mechanical properties before artificial ther-
mal weathering requires drying the samples by heat-
ing at 60 ˚C to constant mass. According to  
Siegesmund et al. (2000), the critical temperature at 
which thermally induced microcracks in marble can 
be initiated and propagated depends, amongst other, 
on its grain size and grain boundary shape. For a 
certain Carrara marble variety, this temperature was 
found to be around 60-70 ˚C (S. Siegesmund et al., 
2000; Siegesmund & Dürrast, 2011). Thermal crack-
ing in marble may nonetheless start at lower tem-
peratures (40-50 ˚C) (Battaglia et al., 1993; Malaga-
Starzec et al., 2002; Steiger et al., 2011; Weiss, 
Siegesmund, et al., 2002; Widhalm et al., 1997). 
However, it was considered that drying the un-
weathered samples at this temperature does not 
cause significant damage and those samples can still 
be considered intact. 

2.2.2. Petrographic and mineralogical analyses 

The studied marble samples were already charac-
terized for their petrographic characteristics and 
mineralogical composition in a previous publication 

by the author (Ahmad, 2018). This was performed 
using polarizing light microscope and X-ray diffrac-
tion measurements. The changes induced in the mi-
crostructure of the samples after heating were inves-
tigated on thin sections under Leica polarizing light 
microscope. Photomicrographs under Cross Polar-
ized Nichols (XPL) were taken by a Leica (ICC 50 
HD) camera attached to the microscope. 

2.2.3. Physical properties 

The physical properties (porosity, density, and 
capillary water uptake) of the marble samples were 
determined by water absorption methods on at least 
3 cubic specimens of 5 cm side length for each test. 
The porosity accessible to water (Nt) was measured 
according to RILEM I.1 (RILEM, 1980). After drying 
at 60 °C to constant mass (M1), the samples were put 
in an evacuation vessel under vacuum for 24 hours 
to eliminate the air contained in the pores. Water 
was then slowly introduced into the vessel until the 
samples were completely immersed, and the vacu-
um was maintained for 24 hours afterwards. The 
samples were left under water for another 24 hours 
at atmospheric pressure. Finally, the samples were 
weighted separately under water (M2) and directly 
after removing from water (M3), and the accessible 
porosity was calculated as follows: 

100
23

13 





MM

MM
N t   (1) 

Where Nt= porosity accessible to water [%]; M1= 
mass of the dried sample [g]; M2= mass of the satu-
rated sample under water [g]; M3= mass of the satu-
rated sample in air [g]. 

The free porosity (N48) was measured according to 
RILEM II.1 (RILEM, 1980), by drying the samples to 
constant mass (M'1), placing them in a flat container 
and adding water slowly to allow for capillary water 
absorption, before immersing them completely in 
water. After 48 hours of immersion in water, the 
samples were taken out and weighted (M48). The free 
porosity was calculated as follows: 

100
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48 
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Where N48= free porosity after 48 hours of immer-
sion in water [%]; M48= mass of the sample after 48 
hours of immersion in water [g]; M'1= the mass of 
the dried sample [g]; M2= mass of the saturated 
sample under water [g] as determined above for ac-
cessible porosity; M3= mass of the saturated sample 
in air [g] as determined above for accessible porosi-
ty.  

The saturation coefficient (S) was calculated as the 
ratio of free porosity to accessible porosity. The bulk 
(ρbulk) and real (ρreal) densities, which represent the 
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ratio of the mass to the bulk and impermeable vol-
umes of the stone respectively, were determined ac-
cording to RILEM I.2 (RILEM, 1980), as follows: 

23

1

MM

M
bulk


   (3) 

 
21

1

MM

M
real


   (4) 

Where ρbulk= bulk density [g/cm³]; ρreal= real 
density [g/cm³]. 

The capillary water absorption coefficient (w-
value) of the stone samples was measured on dry 
specimens following the standard test DIN EN 1925 
(DIN, 1999). The specimens were placed in a flat con-
tainer and allowed to take water by capillary action. 
The specimens were weighted in definite time inter-
vals, and the water absorption coefficient was calcu-
lated as the slope of the linear part of the curve de-
picting the amount of absorbed water per area 
against the square root of time. 

tA

m
w







1
  (5) 

Where w= water absorption coefficient 
[kg/(m².h1/2)]; Δm= mass of absorbed water in time 
interval Δt [kg]; A= the area of the stone surface in 
contact with water [m²]; Δt = time interval [h]. 

2.2.4. Uniaxial compressive strength  

Uniaxial compressive strength (UCS) was per-
formed on at least 3 cubic specimens of 5 cm side 
length using DIGITEC Machine equipped with a 
Universal Testing Machine (UTM II) software. The 
load was applied on the specimens perpendicular to 
the foliation plane with a loading rate of 750 N/s 
until failure. The uniaxial compressive strength was 
calculated as the maximum load divided by the area 
of the loaded surface. 

2.2.5. Non-destructive ultrasonic velocity 
measurement 

Non-destructive ultrasonic wave velocity meas-
urements were carried out using a Consonic 2-GS 
ultrasonic measuring device from Geotron-
Elektronik with ultrasonic transmitter (UPG) vibrat-
ing at 250 kHz and ultrasonic receiver (UPE). The 
velocity of longitudinal ultrasonic waves transmitted 
through the stone sample was measured and evalu-
ated using LightHouse software. The coupling be-
tween the ultrasonic transducers and the stone was 
achieved using an acoustic coupling material made 
of silicone rubber. To take the anisotropy of stone 
into consideration, the ultrasonic pulse velocity (Vp) 
was measured along three perpendicular directions. 
For this purpose, a reference coordinate system 

(XYZ) with respect to the visible textural elements of 
foliation and lineation was applied; the z-axis was 
perpendicular to the foliation plane and the x-axis 
was along the direction of lineation. At least, three 
specimens were tested for each stone sample and the 
average value of at least 3-5 measurements in each 
direction was calculated. The accuracy of velocity 
measurement in transmission method is assumed to 
be ± 50 m/s. Ultrasonic velocity measurements were 
performed both on dry and water-saturated samples 
as the velocity of ultrasonic waves in stone is influ-
enced by the degree of water saturation of the pores. 
These measurements provide useful information 
about pore space characteristics and density of open 
cracks in stone. The anisotropy of the stone samples 
was calculated according to the following equation: 

%100
max

minmax 



P

PP

V

VV
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Where A= anisotropy [%], 𝑉𝑃𝑚𝑎𝑥= the maximum 
ultrasonic velocity in the three directions [m/s], 
and 𝑉𝑃𝑚𝑖𝑛= the minimum ultrasonic velocity in 
the three directions [m/s]. 

3. RESULTS AND DISCUSSIONS 

The physical and mechanical properties of the 
studied marble samples before and after thermal 
weathering are presented in Table 3. 

The accessible porosity of the marble samples in-
creased progressively by 35%, 68%, 203%, and 331% 
and the free porosity increased by 34%, 75%, 244%, 
and 404% after heating at 100 ˚C, 200 ˚C, 300 ˚C, and 
400 ˚C respectively. This increase of porosity is at-
tributed to the thermally induced cracks between 
calcite grains. Similarly, the capillary water absorp-
tion of the marble samples increased progressively 
with increasing weathering due to the increase in the 
proportion of capillary pores and the improved con-
nectivity of pores caused by heating (Ahmad, 2011). 
The effect of temperature on the physical properties 
of marble seems to be intensified by heating at tem-
peratures higher than 200 ˚C (Fig. 1). The microscop-
ic investigation of the heated samples confirms this 
result (Fig. 2). Remarkable changes, represented by 
development and widening of intergranular and 
intragranular cracks, in the microstructure of the 
marble samples heated beyond 200 ˚C have oc-
curred. Below this heating temperature, the induced 
microstructural changes are relatively small and less 
significant.  
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Table 3 The physical and mechanical properties of the marble samples before and after thermal weathering. Temp.: Tem-
perature; Nt: Porosity accessible to water; N48: Free porosity; ρbulk: Bulk density; ρreal: Real density; S: Saturation coeffi-

cient; w-value: Capillary water absorption coefficient; UCS: Uniaxial compressive strength 

Sample Temp.[˚C`] Nt[%] N48 [%] ρreal[g/cm³] ρbulk[g/cm³] S 
w-value 

[kg/(m2.h0.5)] 
UCS 

[N/mm2] 

JM1 

Untreated 
(60) 

0.20±0.02 0.13±0.01 2.73±0.01 2.72±0.01 0.66±0.03 0.010±0.000 64.33±3.63 

100 0.29±0.01 0.18±0.00 2.73±0.01 2.72±0.01 0.62±0.01 0.014±0.002 56.58±3.56 

200 0.35±0.01 0.23±0.01 2.72±0.00 2.72±0.00 0.65±0.01 0.024±0.004 44.50±0.67 

300 0.83±0.02 0.67±0.01 2.72±0.00 2.70±0.00 0.80±0.01 0.046±0.003 41.02±0.60 

400 0.99±0.02 0.77±0.03 2.72±0.01 2.69±0.01 0.80±0.01 0.174±0.011 33.87±1.10 

JM2 

Untreated 
(60) 

0.24±0.03 0.15±0.02 2.72±0.00 2.71±0.00 0.57±0.06 0.014±0.005 54.13±6.63 

100  0.35±0.02 0.24±0.01   2.72±.00  2.71±0.00 069±0.01  0.020±0.001 48.78±4.56 

200 0.40±0.03 0.26±0.03 2.72±0.00 2.71±0.00 0.65±0.01 0.038±0.006 40.11±3.96 

300 0.62±0.02 0.45±0.04 2.72±0.00 2.70±0.00 0.72±0.04 0.124±0.004 37.44±3.81 

400 0.99±0.02 0.77±0.03 2.72±0.01 2.69±0.01 0.78±0.02 0.347±0.064 30.34±2.91 

UM1 

Untreated 
(60) 

0.23±0.02 0.18±0.02 2.72±0.00 2.72±0.00 0.79±0.06 0.041±0.005 81.19±5.43 

100 0.34±0.01 0.22±0.00 2.72±0.00 2.71±0.00 0.64±0.02 0.098±0.005 80.24±1.18 

200 0.46±0.02 0.37±0.00 2.72±0.00 2.71±0.00 0.79±0.04 0.156±0.005 66.86±8.84 

300 0.83±0.01 0.65±0.02 2.72±0.00 2.70±0.00 0.78±0.03 0.414±0.021 64.86±0.51 

400 1.18±0.03 0.99±0.03 2.72±0.00 2.69±0.00 0.84±0.02 0.525±0.012 58.32±5.06 

UM2 

Untreated 
(60) 

0.44±0.00 0.30±0.00 2.72±0.00 2.71±0.00 0.68±0.01 0.094±0.000 48.69±2.81 

100 0.45±0.01 0.32±0.00 2.72±0.00 2.71±0.00 0.71±0.01 0.106±0.013 41.50±1.90 

200 0.60±0.02 0.46±0.01 2.72±0.00 2.70±0.00 0.77±0.01 0.166±0.004 36.80±6.70 

300 0.97±0.00 0.83±0.02 2.72±0.00 2.69±0.00 0.85±0.01 0.448±0.022 30.33±0.32 

400 1.39±0.01 1.21±0.01 2.72±0.00 2.68±0.00 0.88±0.00 0.551±0.049 28.92±0.71 

UM3 

Untreated 
(60) 

0.23±0.01 0.18±0.01 2.72±0.00 2.71±0.00 0.80±0.07 0.008±0.001 57.51±1.29 

100 0.34±0.01 0.25±0.00 2.72±0.00 2.71±0.00 0.74±0.01 0.012±0.002 47.69±2.16 

200 0.40±0.02 0.32±0.01 2.72±0.00 2.71±0.00 0.80±0.02 0.029±0.002 36.54±0.78 

300 0.81±0.03 0.66±0.02 2.72±0.00 2.70±0.00 0.84±0.00 0.079±0.004 31.10±3.00 

400 1.17±0.10 0.99±0.11 2.72±0.00 2.69±0.00 0.84±0.03 0.328±0.079 24.64±1.46 

UM6 

Untreated 
(60) 

0.39±0.03 0.35±0.02 2.73±0.00 2.71±0.00 0.90±0.04 0.053±0.002 46.35±2.20 

100 0.46±0.03 0.42±0.03 2.72±0.00 2.71±0.00 0.92±0.05 0.095±0.001 41.91±1.59 

200 0.56±0.02 0.50±0.03 2.72±0.00 2.70±0.00 0.89±0.02 0.154±0.003 31.24±0.99 

300 0.75±0.01 0.71±0.02 2.71±0.00 2.69±0.00 0.95±0.01 0.420±0.006 23.57±1.30 

400 1.29±0.06 1.25±0.03 2.71±0.00 2.68±0.00 0.97±0.02 0.891±0.007 18.78±0.75 

 

 

Fig. 1. The accessible porosity of the marble samples at different temperature.  
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Fig. 2. Photomicrographs of thin sections of the fresh marbles and heated samples at 200 ˚C and 400˚C. The red arrows 
indicate thermally induced microcracks in and between calcite crystals. The photomicrographs of the fresh marble sam-

ples are already published in a previous publication by the author (Ahmad, 2018). 
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The mechanical strength of the marble samples 
was also affected by thermal weathering. An average 
decrease in uniaxial compressive strength of about 
11%, 28%, 37% and 46% was recorded after heating 
at 100 ˚C, 200 ˚C, 300 ˚C, and 400 ˚C respectively. The 
decrease in mechanical strength with increasing 
weathering can be attributed to the development of 
microcracks, which weaken grain cohesion and stone 
structure (Ahmad, 2011). 

The results of ultrasonic velocity measurements 
on the studied marble samples before and after 
thermal weathering are summarized in Table 4. For 

most of the samples, the anisotropy of ultrasonic 
velocity in dry condition shows an increasing trend 
with increasing weathering. This might indicate a 
directional dependence of thermal cracking; a great-
er propagation of thermally induced cracks in the 
direction perpendicular to the z-axis (i.e. parallel to 
the foliation plane). However, the anisotropy of 
sample UM3 decreased with increasing thermal 
weathering. The anisotropy of ultrasonic velocity is 
lower in water-saturated condition than in dry con-
dition for all the samples. This can be attributed to 
the mitigation of cracks influence by water. 

 

Table 4 Ultrasonic velocity in dry and water-saturated conditions before and after thermal weathering 

Sample 
Temp. 
[˚C] 

Dry condition  
A 

Dry 

Water-saturated condition  
A 

Saturated 

ΔV 

(Saturated-Dry) 
Avg. 
ΔV% 

[%] Vpx 

[m/s] 
Vpy 

[m/s] 
Vpz 

[m/s] 
Vpx 

[m/s] 
Vpy 

[m/s] 
Vpz 

[m/s] 
Vpx 

[m/s] 
Vpy 

[m/s] 
Vpz 

[m/s] 

JM1 

UT 5875 5588 5501 6.34 5945 5719 5614 5.54 71 132 112 2 

100 4226 4166 4192 1.44 5431 5431 5415 0.30 1205 1266 1223 29 

200 4241 4075 3871 8.74 5404 5048 4999 7.51 1163 973 1128 27 

300 3052 2870 2725 10.71 4242 4178 4048 4.57 1190 1307 1323 44 

400 3067 2482 2481 19.12 4419 4110 4024 8.94 1351 1628 1543 57 

JM2 

UT 5770 5555 5372 6.90 5921 5708 5625 5.01 151 153 254 3 

100 4420 4274 4164 5.79 5695 5587 5454 4.23 1275 1313 1290 30 

200 4068 3894 3585 11.88 5253 5226 4967 5.44 1185 1332 1383 34 

300 3370 3202 2977 11.64 4778 4575 4434 7.19 1408 1373 1457 45 

400 2788 2658 2458 11.82 4520 4486 4353 3.65 1732 1829 1895 69 

UM1 

UT 5996 5453 4808 19.79 6108 5770 5299 13.21 112 317 491 6 

100 4936 4438 3924 20.46 5616 5516 5224 6.92 680 1078 1299 24 

200 3907 3382 3228 17.16 5056 4595 4542 10.15 1149 1213 1314 35 

300 3619 2943 2569 29.04 5015 4759 4452 11.22 1396 1816 1884 58 

400 3011 2447 2170 27.54 4679 4572 4405 5.81 1668 2126 2234 82 

UM2 

UT 4252 4040 3311 22.18 5354 5267 4819 9.98 1102 1227 1508 34 

100 3759 3581 3398 9.61 5236 5084 4810 8.15 1477 1503 1412 41 

200 3040 2901 2561 15.77 4041 3933 3759 6.98 1001 1032 1198 38 

300 2640 2573 2170 17.79 3622 3516 3197 11.75 982 943 1026 40 

400 2492 2336 1918 23.03 3563 3484 3546 0.48 1071 1148 1628 59 

UM3 

UT 5956 5761 5310 10.84 6010 5767 5422 9.79 54 6 112 1 

100 5009 4611 4300 14.16 5199 5192 4708 9.44 190 581 409 9 

200 4149 3751 3568 13.99 4893 4878 4579 6.41 744 1127 1011 25 

300 3153 2857 2880 8.65 4504 4419 4369 3.00 1351 1562 1488 50 

400 2440 2286 2282 6.55 4133 3946 3891 5.86 1693 1660 1609 71 

UM6 

UT 4501 4039 3922 12.88 4763 4530 4463 6.31 262 491 541 11 

100 4058 3652 3528 13.08 4261 4047 3957 7.13 203 395 429 9 

200 3402 3007 2908 14.47 3903 3576 3473 11.02 501 569 565 18 

300 2771 2584 2401 13.36 3359 3139 2978 11.44 588 555 577 22 

400 2302 2004 1951 15.25 3047 2790 2651 13.16 745 786 700 36 

 
The ultrasonic velocity of the untreated samples in 

water-saturated condition showed a small increase 
by 2%, 3%, 6%, 1% and 9% compared to dry condi-
tion for the samples JM1, JM2, UM1, UM3, and UM6 
respectively. The increase of ultrasonic velocity in 
water-saturated condition can be explained by the 
presence of some pre-existing cracks in the fresh 
marble samples. The presence of such cracks in fresh 

crystalline rocks is usually expected (Siegesmund et 
al., 2000). Sample UM2 showed, however, a greater 
proportion of pre-existing cracks in the untreated 
condition, as indicated by the greater variation (34%) 
in ultrasonic velocity between dry and water-
saturated specimens. This sample exhibited already 
a higher level of deterioration and it is actually not 
that fresh. 
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The variation in ultrasonic velocity between dry 
and water-saturated condition increased significant-
ly with increasing thermal weathering to 57%, 69%, 
82%, 59%, 71% and 36% for the samples JM1, JM2, 
UM1, UM2, UM3 and UM6 respectively at the end of 
the test. This can be attributed to the development of 
microcracks with increasing thermal weathering. 
Microcracks act to significantly decrease the ultra-
sonic velocity in dry samples, whereas their influ-
ence on ultrasonic velocity in water-saturated sam-
ples seems to be mitigated by the crack-bridging 
caused by water (Ahmad, 2011; Rodrigues, 1982). 

On examining possible correlations between mar-
ble properties upon weathering, strong correlation 

could be found between accessible porosity and the 
velocity of ultrasonic longitudinal waves in the dry 
marble samples (Fig. 3). The functional relationship 
between ultrasonic velocity and accessible porosity 
takes the form of a power function (Vp=2.5243x(Nt)-

0.495). For simplicity, this correlation could be approx-
imated, and the following equation can, thus, be 
proposed for the relationship between ultrasonic 
velocity and accessible porosity. 

𝑉𝑃 =
2.5

√𝑁𝑡
  (7) 

Where 𝑉𝑃= Ultrasonic velocity in dry marble 
[Km/s] and 𝑁𝑡= Accessible porosity [%]. 

 

Fig. 3. The relationship between ultrasonic pulse velocity and accessible porosity.  

This relationship is almost similar to that devel-

oped by Köhler (1991) (𝑉𝑝 = √12 𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦⁄ ). Howev-

er, it seems to fit the obtained results much better as 

shown in Fig. 4, which plots the measured results, 
the proposed correlation and Köhler’s correlation. 

 

 

Fig. 4. The measured results, the proposed correlation, and that of Köhler as a function of accessible porosity. 
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The validity of the proposed relationship was as-
sessed using experimental data from relevant litera-
ture. Fig. 5 shows a comparison between the pro-
posed relationship and Köhler’s correlation against 
experimental data from several literature sources 
(Luque et al., 2011; Martínez-Martínez et al., 2011; 
Murru et al., 2018; Ruedrich et al., 2013; Sassoni & 
Franzoni, 2014; Sheremeti-Kabashi, 2002; Ugur et al., 
2014; Weiss et al., 2000; Yavuz et al., 2010). It can be 
seen that the proposed relationship is in good 
agreement with experimental data, particularly for 
weathered marble with porosity higher than 1%, and 
it fits them better than that of Köhler (1991). The 
small discrepancy found between calculated and 
experimental data for marble with lower porosity 
could be attributed to differences in the experimental 
procedures and testing methods used to obtain the 
data. For example, the porosity value of stone meas-
ured by mercury intrusion porosimetry (MIP) tech-
nique may considerably be different from that 
measured by water absorption method (Cnudde et 
al., 2009; Hall & Hamilton, 2016). Sheremeti-Kabashi 
(2002) reported differences up to 140% between the 
results of marble porosity obtained by these two 
methods, and attributed this variation to the smaller 
sample size required for MIP technique, which can-
not be sufficient to represent the local inhomogenei-
ty of marble. Consequently, such discrepancy can be 
expected, particularly for very low porosity marble 
where small changes in porosity might correspond 
to significant changes in microstructure and meas-
ured ultrasonic velocity. This effect can clearly be 
seen in the experimental data from Sassoni & 
Franzoni (2014) and Murru et al. (2018), where the 

porosity of Carrara marble measured by MIP tech-
nique were seemingly overestimated. Since the rela-
tionship between ultrasonic velocity and porosity 
takes the form of an inverse power function, the var-
iation between predicted and experimental data will 
be greater for the lower values of porosity. There-
fore, the experimental values of the unweathered 
less porous marble are shifted further right from 
their predicted positions in Fig. 5, whereas the shift 
was less significant for the larger porosity values of 
the thermally weathered marble, which almost coin-
cide with the predicted curve.  

The data from Sheremeti-Kabashi (2002) have also 
contributed to the reported discrepancy in the range 
of low porosity values. This study followed a stand-
ard test method for measuring porosity that requires 
drying the samples before measurement at 105±5 °C, 
which is clearly higher than the aforementioned crit-
ical crack initiation temperatures for marble and 
could therefore be responsible for the larger porosity 
values measured in untreated marble samples. Fur-
thermore, the used literature data were almost ob-
tained for Carrara marble and other marble types 
that mostly do not belong to important historical 
marbles widely used in antiquity (see Antonelli & 
Lazzarini (2015)). Unfortunately, there is only lim-
ited published literature that contains both porosity 
and ultrasonic velocity data for important historical 
marbles used in antiquity, other than Carrara. Fur-
ther experimental research on this topic is therefore 
recommended. Notwithstanding all these limita-
tions, the calculated results are generally in good 
agreement with experimental data, which confirms 
the validity of the proposed relationship. 

 

 

Fig. 5. Comparison of the proposed relationship and Köhler's correlation against experimental data from the literature. 
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Based on this proposed relationship between ul-
trasonic velocity and accessible porosity, the follow-
ing classification system (Table 5) can be developed 
to evaluate the deterioration level of marble. The 
description of the deterioration state was given 
based on visual inspection and examination of the 

physical and mechanical properties of the marble 
samples. Similar terms to those adopted in previous 
publications (Akoglu et al., 2019; Köhler, 1991; 
Simon, 2001) were used to describe the deterioration 
state of marble. 

Table 5 The proposed classification system for assessing marble condition 

Vp 
[Km/s] 

Nt 
[%] 

Damage 
Class 

Color Description 

> 5.0 < 0.25 1 Green Sound - unweathered 

3.5– 5.0 0.25 – 0.5 2 Cyan Increasing porosity 

2.5 – 3.5 0.5 – 1.0 3 Yellow Granular disintegration 

1.5 –2.5 1.0 – 3.0 4 Magenta Danger of breakdown 

< 1.5 > 3.0 5 Red Complete structural damage 

 
The classification system developed here is not far 

from that developed by Köhler (1991), but it pro-
vides a better approximation to measured velocities. 
It can be considered as an improved form of Köhler’s 
system, at least for the studied marble varieties and 
those sharing similar characteristics. The obtained 
results confirm that marble deterioration can effec-
tively be assessed using the ultrasonic velocity and 
porosity correlation alone. This result seems to 
contradict earlier findings (Rüdrich, 2003; Ruedrich 
et al., 2013; Siegesmund, 1996; Siegesmund et al., 
1999; Weiss et al., 2001, 2000), which emphasize the 
importance of rock fabric parameters in the charac-
terization of marble damage and doubt the reliability 
of damage assessment based only on correlations 
between ultrasonic velocity and porosity of marble. 
According to Weiss et al. (2000), the reduction in ul-
trasonic velocity with increasing weathering can be 
related to the geometry of induced cracks defined by 
crack thickness or aspect ratio (ratio of the small axis 
to the large axis of the ellipsoidal crack). Model cal-
culations based on the theoretical approach of 
O’Connell & Budiansky (1974) revealed that ultra-
sonic velocity can strongly be decreased with only a 
small increase of marble porosity when the induced 
cracks are very thin; having an aspect ratio of about 
0.005 (Weiss et al., 2000). However, Shearer (1988) 
showed that the reduction in ultrasonic pulse veloci-
ty of rocks is less important for thin cracks with as-
pect ratios below 0.005. Furthermore, Ruedrich et al. 
(2013) believe that this hypothetical model applies 
for marble with purely mechanical crack formation. 
They pointed out that marbles with crack geometry 
in form of pitting corrosion may follow the empirical 
velocity-porosity relationship developed by Köhler 
(1991). These authors attributed the decrease in ve-
locity with increasing weathering of marble to the 
progressive increase in density and width of cracks, 

without ignoring the importance of crack type and 
distribution, which can be correlated to certain fabric 
parameters and grain shape fabric (Ruedrich et al., 
2013).  

It is true that the composition and rock fabric pa-
rameters influence the tendency of marble to mi-
crocracking and its deterioration in terms of direc-
tion and magnitude (Shushakova et al., 2013; 
Siegesmund et al., 2000; Weiss, Rasolofosaon, et al., 
2002). Nonetheless, good evaluation of marble dam-
age can still be achieved using only the velocity-
porosity correlation. The development and expan-
sion of microcracks with progressive weathering act 
to increase the porosity of marble. This increase of 
porosity seems to cause a corresponding decrease in 
ultrasonic velocity. Consequently, the deterioration 
level of marble, regardless of its fabric parameters, 
can reliably be evaluated based only on the relation-
ship between ultrasonic velocity and porosity of 
marble as proved empirically in this study. The con-
sideration of rock fabric parameters helps provide a 
more comprehensive characterization and interpre-
tation of marble damage; but failing to consider 
them seems not to ruin the sufficiency of the veloci-
ty-porosity correlation for assessing marble condi-
tion as has been debated.  

It should be noted that the classification system 
proposed here is developed based on ultrasonic ve-
locity measurements on dry marble samples. There-
fore, it is important to consider the drying state 
when applying this system to evaluate the damage 
of marble objects. Water present in the pore space of 
marble can significantly affect the velocity of ultra-
sonic velocity and may thus lead to misleading eval-
uation of marble deterioration. This fact has already 
been highlighted in many previous studies (e.g.: 
Ahmad et al. (2009) and Ruedrich et al. (2013)). 
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4. CONCLUSIONS 

This paper has investigated the deterioration of 
marble as a result of artificial thermal weathering for 
the aim of developing an improved classification 
system for assessing marble deterioration based on 
non-destructive ultrasonic velocity measurements. 
Historical marble samples from Jordan were selected 
and subjected to four heating cycles at different tem-
peratures. The induced changes in the microstruc-
ture and physico-mechanical properties of the mar-
ble were examined and correlated with ultrasonic 
wave velocity measurements.  

The physical and mechanical properties of the 
marble samples were significantly influenced by 
progressive thermal weathering due to the devel-
opment and expansion of microcracks. However, the 
effect of thermal weathering seems to be particularly 
greater on the marble samples heated at tempera-
tures higher than 200 ˚C as confirmed by microscop-
ic investigation on thin sections.  

Most of the studied marbles showed directional 
dependence of thermal cracking as indicated by the 
increase of the anisotropy of ultrasonic velocity in 
dry samples with increasing thermal weathering. 
The decrease in ultrasonic velocity with increasing 
thermal weathering is clearly evident for dry marble 
samples compared to water-saturated ones. The ef-
fect of thermally induced microcracks on ultrasonic 
velocity of water-saturated samples seems to be mit-
igated by water. 

Strong correlation has been found between the ve-
locity of ultrasonic longitudinal waves in dry condi-

tion and porosity of marble. The validity of the pro-
posed correlation has been confirmed using experi-
mental data from the literature. Consequently, a 
classification system for assessing the deterioration 
level of marble by ultrasonic velocity measurements 
has been developed. This allows for conducting effi-
cient assessment of marble deterioration in a simple 
and non-destructive way. The proposed correlation 
and classification system provide a better approxi-
mation to measured values than previously devel-
oped ones. However, it should be noted that the 
classification system is developed using ultrasonic 
velocity measurements on dry marble samples. It is, 
therefore, necessary to consider the drying state of 
marble when applying this system. Disregarding the 
drying state of marble may lead to inaccurate as-
sessment of its condition. 

In general, the results of this study provide addi-
tional support for the idea that a reliable evaluation 
of marble deterioration can be achieved based only 
on a porosity–velocity correlation. Failing to consid-
er the fabric parameters of marble seems not to ruin 
the validity of this correlation to provide reliable 
assessment of marble deterioration as has been de-
bated. However, one should not underestimate the 
importance of rock fabric parameters, which are 
helpful for providing a more comprehensive charac-
terization and interpretation of marble damage. Fur-
ther research using a wider marble variety and a 
greater number of samples is recommended to vali-
date the findings of this study. 
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