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Abstract

Pores, voids, and cracks reduce the strength and economic value of travertine and limits its use. When used as a building material,
travertine is often filled to increase its strength and extend its service life. The present experimental study investigates the bond
between the pore filler in cement-based filling materials and travertine. For the purpose of the study, five travertine samples were
filled with a cement-based filling material. A polarized microscope was used for the mineralogical-petrographic characterization of
the travertines, while an image analysis software program (CLEMEX) was used to determine pore size and the number of travertines.
A mercury intrusion porosimetry (MIP) technique was used to determine the size and the distribution of pores in the travertine, while
the pore filling was identified and characterized using scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy
(EDX). The pore structure, the bonding of the filler with the pore and the filler performance were then discussed. There was no gap
between the pore filling and the Noche travertine sample. The best pore-fill-travertine bond was formed. An opening at the border of
the pore filling and the travertine was visible in the Yellow travertine sample. Shrinkages and collapses were noted in the applied filling

process, and filing shrinkage was also noted in the Red, Silver and Light travertine samples, preventing the establishment of a healthy

connection between the pore filling and the travertine.
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1 Introduction
Travertine is often used as a building material due to the
ease of cutting and processing, and has seen frequent
use in monuments, as a cladding for modern buildings
and for artistic works. In recent years, travertines of dif-
ferent colors have been used in the Colosseum in Rome,
in the ancient cities of Hierapolis, Laodicea and Tripoli
in Denizli, and in Anitkabir in Ankara [1, 2]. Travertine
is generally cream in color, although colored travertine
deposits (yellow, gray, pink, red and brown) have recently
been discovered [3—6], expanding its use different areas.
Travertine is a chemically precipitated continental lime-
stone that is formed around seepages and springs, and
along streams and rivers, and occasionally in lakes. It con-
sists of calcite or aragonite, has low-to-moderate intercrys-
talline porosity, and often has high moldic or framework
porosity within the vadose zone [7, 8]. Due to its traver-
tine formation characteristics, the pores are characteristic
of all travertines [9]. Its textural diversity can be attributed

to the variations in its pore and sedimentary structural
features [10]. Pores, voids and cracks reduce the strength
and economic value of travertine and limit its use, and so
it is of great importance to define the porosity of traver-
tine, being the ratio of the void volume to the total volume.
That said, it is not easy to quantify porosity [11], although
visual and laboratory methods have been suggested.
The Saturation-buoyancy method, based on Archimedes'
principle (ISRM 2007), is the most common approach to
pore calculations [12], while another common method is
the mercury intrusion pore (MIP) measurement approach,
which is used to determine the pore size distribution curves
of porous stones, as well as the porosity value [13—15].
Porosity has also been measured using nitrogen adsorption
and helium expansion porosimetry methods [16—18]. In the
petrographic image analysis method, porosity is measured
through the dot counting of visible pores on a thin sec-
tion using image analysis software, thus determining total
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porosity, and the size and shape of pores [19, 20]. Porosity,
pore spacing and pore morphology, on the other hand, can
be determined using digital image analysis techniques at
different magnifications from optical or backscattered
electron images [21]. All the above methods have advan-
tages and disadvantages, and so it is necessary to use them
together to determine the porosity of travertine. Filling the
pores in travertine turn it into a strong building material
with an extended service life against atmospheric and bio-
logical effects [22, 23]. The available filling approaches
include epoxy, polyester, ultraviolet, mastic, cement and
surface-protective materials, among which cement is today
the most common method for travertine tiles. There is no
standardized procedure for cement filling among travertine
companies — each uses filling materials comprising dif-
ferent ratios of cement, calcite, stuff and coloring agents,
depending on the structure and color of the stone. After
filling, the material is dried, and the travertine surface is
polished after the appropriate curing time. In recent years,
researchers have come up with alternative filling materials
to improve the appearance and the physical and mechan-
ical properties of travertine, and new repair and applica-
tion techniques have achieved satisfactory results in the
improvement of production quality [24]. Acar's [25] study
of materials for the repair and filling of stones identified
some important points that should be considered in prac-
tice, and examined the economic dimension of repair-fill-
ing applications. Demirdag and Giindiiz [26] reported
a30% increase in the uniaxial compressive strength of trav-
ertine after cement filling. Demirdag [27] used Stuff (ST)
and Polyacrylamide (PA) additives in different proportions
for filling, and examined the collapse of the filling material
from the pores, the optimum curing time, and the change in
the physical and mechanical properties of filled travertines,
and also conducted laboratory experiments to better under-
stand the effect of freeze-thaw and thermal shock cycles in
filled and unfilled travertine samples [28]. Cobanoglu and
Celik [29] used travertine powder instead of calcite in four
different ratios for filling, and determined that the physical
properties of the filled travertine plates changed.

A review of previous literature revealed studies in which
different mixing ratios of filling material were assessed,
as well as the use of different polymer or cement-based
materials, aiming to determine the physical and mechanical
properties of travertines. To date, however, there have been
no studies evaluating the filling of travertine pores with
cement- and polymer-based materials and assessing the
compatibility and performance of the filler with the pore.
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While cement-based fillings are preferred over resin and
polyester fillings, they have some disadvantages related
to the cement in their structure. During curing, shrinkage,
cracking collapse or displacement of the filling occurs,
and the cracking and dislocation of the filling can also be
observed during the polishing process after curing, and also
during its use as a building material. For this reason, it is of
great importance to examine the relationship between the
pore and the filling material in travertine. The present study
investigates the bond between the pore filling materials and
the travertine in five travertine samples with different pore
distributions obtained from different regions after filling
with a cement-based filling material. Petrographic image
analysis and mercury porosimetry methods were used to
determine the size and distribution of pores. A cement-based
filling material was prepared and applied, with filling and
polishing operations carried out at fixed machine parame-
ters. A scanning electron microscope (SEM) analysis was
used to determine the bonding relationship between the pore
filling and the travertine, and the gaps between the filling
and the travertine, and the level of change were discussed.

2 Materials and method

2.1 Materials

For the study, five types of travertine that are widely used
in interior cladding, exterior cladding and floor tile appli-
cations were obtained from quarries in Denizli (Honaz),
Kiitahya (Altintas) and Afyonkarahisar (Emirdag), Turkey
(Fig. 1) [30].

Travertines come in different colors: Denizli travertines
are creamy Yellow and dark; Silver travertine is gray;
and Red travertine is Red and pink. The color of the trav-
ertine depends on the physicochemical properties of the
water in the location: Red comes from water-soluble
iron, Yellow from sulfur, and white or gray from calcium
ions [31]. The chemical composition of the travertine sam-
ples assessed in the study are presented in Table 1.
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Fig. 1 Location map of travertine samples a) Denizli (Honaz),
b) Kiitahya (Altintas), ¢) Afyonkarahisar (Emirdag) [30]
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Table 1 Chemical composition of the travertine samples
(LOL: Loss of ignition)

Table 2 Chemical composition of the White Portland Cement
(LOI: Loss of ignition)

Oxides Red Silver Noche Yellow Light

Trav Trav Trav Trav Trav
SiO, 1.16 1.07 0.95 0.40 0.26
AlLO, 0.14 0.12 0.15 0.95 0.08
Fe,0, 0.44 0.27 0.06 0.30 0.04
MgO 0.30 0.21 1.60 0.44 0.42
CaO 54.70 54.20 53.50 54.30 54.10
Na,O 0.02 0.06 0.03 0.03 0.05
K,0 0.05 0.04 0.02 0.22 0.01
MnO 0.07 0.05 0.02 0.01 0.01
LOI 43.12 43.98 43.67 43.35 45.03

2.2 Method

2.2.1 Filling
The filling process was carried out at a marble factory in
Afyonkarahisar, where White Portland cement (CEM 1
52.5 R), stuff and paint were used as the filling material.
The cement had an average whiteness of 85.2% and a 28-
day compressive strength of 60 MPa, which can be consid-
ered high. The chemical composition of WPC is presented
in Table 2. Stuff is an inorganic material and it is a kind
of powder filling material consisting of a triple mixture
of aluminum silicate, melamine sulfate and salicylic acid.
This type of additive reacts with cement to set early and
increases cohesion and strength values at low temperatures.
To prepare the filling material, the WPC, paint and
stuff were first dry mixed in a tank for 30 minutes (Fig. 2).
The travertine sample surfaces were wetted and fed onto
the band of the filling machine at a band speed of 2-2.5 m/
min without no gaps left between the samples. In the filling
process, the first and second heads are wet (water/cement
ratio approx. 0.20), the third and fourth head are semi dry
(water/cement ratio approx. 0.05) and the final second
hoop is dry (Fig. 2). The filling material was fed to the
hoop, rotating at 1500 rpm, with the help of a shovel, and
the filled samples were then removed from the machine.
The samples were stacked with their filled surfaces facing
each other and allowed to dry for two days. After drying,
all samples were polished using a computer-controlled pol-
ishing machine consisting of two calibers and four abrasive
heads (rotation speed 500 rpm).

2.2.2 Analytical applications

The elements in the samples and the cement were deter-
mined using a Rigaku-brand X-ray fluorescence spectrom-
etry (XRF- Rigaku) device. During the preparation of the
samples for chemical analysis, glass tablets were prepared

Oxides %

CaO 64.5
Sio, 234
Fe,0, 0.30
MgO 1.28
AlO, 4.22
SO, 3.05
K,0 0.38
Na,O 0.44
LOI 2.43
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Fig. 2 Filling application flowchart

by melting a 1/10 by weight sample/Li2B40O7 mixture in
platinum crucibles in a melter, and semi-quantitative per-
cent by weight chemical analysis results were obtained.

Mercury intrusion porosimetry (MIP) is commonly
used to characterize the structure and distribution of pores
in stone [32, 33]. The travertine porosity and pore size dis-
tribution was ascertained in the present study using an
Autopore IV 9500 Micromeritics mercury porosimetry.

A polarizing optical microscope was then used to deter-
mine the mineralogical and petrographic characteristics
of the samples, for which a thin section of each sample
was prepared. The mineral compositions and morphologi-
cal properties of the sample were examined using a Nikon
Eclipse 2V100 POL polarized light microscope. It is of
vital importance to determine the distribution and size
of the pores in travertine before filling, and so the pore
distribution dimensions were measured using a computer
image processing system (CLEMEX) with a polarizing
light microscope. The minerals were analyzed chemically
using an LEO - 1431-VP model scanning electron micro-
scope (SEM) to determine the filling performance of the
samples and to explain the interaction between the filler
and the pores.



3 Results and discussion
3.1 Mineralogical and petrographical characteristics of
the travertines
The distribution and size of pores may cause filling col-
lapses or fractures in the surface of travertine during fill-
ing, or when it is used as a building material. It is of great
importance, therefore, to identify the minerals contained
within the travertine and the distribution and size of the
pores. Fig. 3 shows the samples and the thin sections.
Calcite was the main mineral in all samples. The Noche,
Yellow, and Light travertine samples from Denizli had an
average grain size of 6.14 um, 31.3 pm and 7.78 pm, respec-
tively, while the size and distribution of the pores were
irregular. The Denizli samples were generally composed
of micritic and sparicalcite grains. Sparicalcite crystals
grew as radial crystals on the micritic ground. The sam-
ples had a small amount of melting voids (Fig. 3(h)—(j).
The Silver travertine sample from Afyonkarahisar
(Emirdag) was composed mainly of calcite and had an
average calcite grain size of 10.2 pm and smaller melting
gaps than the Denizli samples. Silver travertines contain
micrite and sparicalcite minerals, while micritic calcite
crystals were uniformly distributed throughout the Red
travertine from Kiitahya (Altintas) (Fig. 3(f)), which had
an average grain size of 15.8 pm. The Red travertine also
had the smallest pore diameter (91 pm) and a sparse pore
distribution, and the lowest number of pores (8.4%), fol-
lowed by the Light (12.1%), Yellow (13.1%), Silver (13.3%)
and Noche samples (13.8%). According to the CLEMEX
data, the particle size and pore diameter varied widely
across the samples (Table 3), which is to be expected given
the formation processes of travertine. Pore structure neg-
atively affects the physical and mechanical properties of
travertine [34], and so the shape and size of pores should
be determined prior to using travertine as a building mate-
rial for structures with an extended lifespan. The perfor-
mance of the filler and the interactions between the pore
and the filler are key in addition to pore sizes.
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Fig. 3 Macroscopic images a) Red travertine, b) Silver travertine,

¢) Noche travertine, d) Yellow travertine, e) Light travertine.
Mineralogical-petrographic photomicrographs (f) Red travertine,
g) Silver travertine, h) Noche travertine, 1) Yellow travertine j) Light
travertine C: calcite, P: pore

3.2 Pore size distribution (MIP) of travertines

Porosity is a physical property that is affected the formation
processes of travertine, and the physical and mechanical
properties of travertine, likewise, depend on the formation

Table 3 Calcite particle size and pore diameter

Pore Degree

Calcite Particle size (um)

Pore diameter (um)

% Min. Max. Avg. Min. Max. Avg.
Red Travertine 8.4 1.9 193.1 15.8 13.9 745 91
Silver Travertine 13.3 1.9 86.2 10.2 16.6 417.0 150.4
Noche Travertine 13.8 1.9 40.1 6.14 82.8 124.6 546.9
Yellow Travertine 13.1 1.9 2443 31.3 61.3 2450.4 500.0
Light Travertine 12.1 1.9 59.4 778 41.8 1828.0 417.7
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process. The greater the porosity and the pore network,
the lower the strength and the higher the degradation in
travertine. Porous structures are exposed to different envi-
ronmental factors (relative humidity and water permea-
bility) throughout their lifetime and cracks can occur as a
result of the deterioration of intergranular bonds in the rock
under the effect of water pressure. As a result, the mechan-
ical properties of the rocks decreases and their strength
decreases in time [35-38].

Filling methods are used to strengthen travertines and
to increase their lifespans, while pore distribution should
be determined to understand the performance of the filler.
Mercury intrusion porosimetry (MIP) was used to deter-
mine the size and distribution of pores in the travertine
samples. The Mercury porosimetry results of the traver-
tine samples are presented in Table 4.

The Silver travertine had the largest average pore diam-
eter (0.22 pm), followed by the Red (0.16 pm), Yellow
(0.09 pm), Noche and Light travertine (0.03 pm) samples.
The Silver, Red, Yellow, Light, and Noche travertines had
median pore diameters of 0.11, 0.08, 0.04, 0.02 and 0.01 um,
respectively. The average pore diameters were different in
volume, being 0.42, 0.29, 0.17, 0.09 and 0.05 pm (in vol-
ume) in the Silver, Red, Yellow, Noche and Light traver-
tines, respectively. The total pore areas were different from
the pore diameters, with the highest and lowest pore areas
noted in the Noche and Silver travertines, respectively.
Although all samples had about the same apparent density,
their porosity ranged from 1.98% to 3.65% (Table 4).

Fig. 4 shows the pore size distribution curves of the
samples, in which the pore distribution curve of the Red
travertine can be seen to have a bimodal distribution in
the range of 0.03 um to 5 pm, while the Silver travertine
sample had a pore size distribution of 0.02 pm to 6 pm;
the Noche travertine sample had a pore size distribution
of 0.004 pm to 10 um; the Yellow travertine sample had
a pore size distribution of 0.01 pm to 9 pm; and the Light

travertine sample had a pore size distribution of 0.008 um
to 4 um. The results revealed the samples to have irregular
and different pore size distributions to which we assigned
classifications. (<0.1 pm; 0.1-1 um; >1 pm). The Light
travertine sample had the highest pore size distribution
(58.73%), whereas the Silver travertine sample had the
lowest pore size distribution (10.99%). The Silver traver-
tine sample had the highest pore size distribution, whereas
the Light travertine sample had the lowest pore size dis-
tribution in the range of 0.1 to 1 pm (28.28%). At >1 um,
the Red and Light travertine samples had the highest and
lowest pore size distributions, respectively.

The mercury porosimetry analysis revealed different aver-
age pore diameters in the samples, and Molina et al. [39],
aside from suggesting that mercury porosimetry does
not examine the shape of pores as it sees them as cylin-
ders, also claim that the number of small pores are over-
estimated in mercury porosimetry. Urosevic et al. [40],
on the other hand, claim that the stone damage resulting
from the scratching of the stone surface by individual crys-
tal grains during polishing could lead to an increase in the
pore count, and so the distribution and shape of the pores in
travertine, as well as the overlapping of the pore chambers
and pore throats, should also be taken into account when
identifying pore diameters.

The mercury porosimetry and the image analysis of
thin sections revealed different porosity and pore diameter
results. Simple linear regression graphs of each parame-
ter were created to determine the relationship between the
porosity and pore diameter measurements of the travertines
and the mercury porosimetry and image analysis method.
When these graphs in Fig. 5(a) are examined, it can be
seen that a linear decreasing relationship (R? = 0.73) with
medium correlation exists between CLEMEX and MIP
for pore diameter. For porosity, a moderately increasing lin-
ear (R? = 0.66) relationship was noted between CLEMEX
and MIP (Fig. 5(b)).

Table 4 MIP results of travertine samples

Red Travertine

Silver Travertine

Noche Travertine

Yellow Travertine

Light Travertine

Total intrusion volume (mL/g) 0.009 0.012
Median pore diameter (area) (Lm) 0.08 0.11

Average pore diameter (4 V/A) (um) 0.16 0.22
Median pore diameter (Volume) (um) 0.29 0.42
Bulk density at 0.52 psia (g/mL) 2.198 2.173
Apparent (skeletal) density (g/mL) 2.242 2.231
Total pore area (m?%/g) 0.23 0.215
Porosity (%) 1.983 2.595

0.017 0.016 0.015
0.01 0.04 0.02
0.03 0.09 0.03
0.09 0.17 0.05
2.134 2.164 2.143
2.215 2.240 2.214
2.421 0.7 1.752
3.652 3.399 3.216
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Although the correlation rates were not low, they would
not be sufficient to estimate different travertine samples
as the pores in each sample were of different shapes and
sizes. In addition, it does not represent all pores due to the
small amount of material used in the mercury porosimeter
measurements. This explains the large difference between
the obtained measurement data and the pore data obtained
from the thin sections.

3.3 SEM analysis following pore filling
In order to better assess the filling process in travertine,
the pore filling performance of five different travertine
samples filled with the same filling material at a constant
belt speed and constant head pressure were analyzed by
SEM. Filling curing, filling collapse and cracks occurring
in the fill were evaluated considering the bonding relation-
ship between the pore fill and travertine of all samples.
Fig. 6(a) shows the SEM image of the cement pore fill-
ing and stone boundary of the Red travertine sample at
100 times magnification, while Fig. 6(b) shows the open-
ing between the pore filling and travertine at 2000 times

magnification. Figs. 6(c) and 6(d) show the SEM-EDX
spectrum of the filling material and the SEM-EDX spec-
trum from one point of the travertine, respectively.

In Fig. 6(a), a boundary line can be observed along the
filled pore boundary, suggesting a microcrack. When the
image of this microcrack area is enlarged, as in Fig. 6(b),
an opening at the border of the pore filling and the traver-
tine can be seen. This gap between the fill and travertine
was measured to vary between 2.472 um and 2.810 pm
(Fig. 6(b)). In the SEM-EDX micro analysis taken from
one point of the filling material, as shown in Fig. 5(c), the
C, O, Al, Si, S and Ca elements in the cement content can
be determined. Similarly; the Ca, C and O elements rep-
resenting the calcite crystal can be seen in the point anal-
ysis of the travertine sample (Fig. 6(d)). In this travertine
example, it can be said that the filling material has not
interacted with the travertine, or that the filling has shrunk
after drying. Fig. 7(a) shows the SEM micrographs of the
Silver travertine sample. The SEM pointed to microc-
racks with a boundary length of 200 pm. Microcracks are
rarely present along the pore boundaries. The length of the
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Fig. 6 SEM images of Red Travertine sample a) 100 magnification, b) 2000 magnification, c) Filling material SEM-EDX, d) Travertine SEM-EDX
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Fig. 7 SEM images of Silver travertine sample a) 100 magnification, b) 2000 magnification, c) Filling material SEM-EDX, d) Travertine SEM-EDX

opening region (the distance between the pore filling and
the travertine), defined as a microcrack in Fig. 7(a), varied
between 3.164 um and 3.980 um (Fig. 7(b)). The density of
the particles in this opening showed that the filling mate-
rial in the pore tended to bond with the travertine. A SEM-
EDX analysis of the filling material revealed O, Al, Si and
Ca (Fig. 7(c)), while an analysis of the travertine revealed
Ca, C and O (Fig. 7(d)).

When Fig. 8(a) of the Noche travertine sample is exam-
ined, no opening can be seen, and the filling material
and the travertine are integrated. Measuring the microc-
racks at only one point revealed the distance between the
filled pore and the travertine to be between 543.5 nm and
632.8 nm (Fig. 8(b)). In a SEM-EDX point microanalysis,
C, O, Si and Ca elements were identified on the fill surface,
and Ca, C and O were noted in the travertine (Fig. 8(c) and
Fig. 8(d)). The presence of elements on the filling surface
is compatible with the presence of elements in the cement,
and the same is true for the travertine. The Noche traver-
tine recorded the best pore filling and travertine bonding
performance among all the travertine samples.

In the yellow travertine sample, the opening between the
pore filling and the travertine boundary is clearly apparent
in the SEM image at 100 times magnification, and the filling
is connected to the travertine only at one point (Fig. 9(a)).
The width of this aperture was measured at approximately
27.92 pum and 26.05 pm at 500 magnification (Fig. 9(b)).
This opening is thought to be a result of the filling being
insufficient for the pore, or the shrinkage of the filling after
curing. As noted in literature, fillers are simultaneously
exposed to autogenous shrinkage at the beginning of the
hydration reaction after placement, and to long-term drying
shrinkage as a result of moisture diffusion [41]. The fac-
tors affecting drying shrinkage include relative humidity,
the water-cement ratio, the cement type and quality, the age
and mixing method [42, 43]. This shrinking phenomenon
confirms this by causing a volume change in the material,
causing cracks and/or opening in the prefabricated joint.

In the SEM-EDX point microanalysis of the travertine
sample, Ca, C and O elements representing the calcite crys-
tal were detected (Fig. 9(c)). In the point analysis of the
filling material, C, O, Al, Si and Ca elements representing



8 8 Cetintas
Period. Polytech. Civ. Eng., 67(1), pp. 80-92, 2023

EHT = 20.00 kV 100pm

Detector = SE1 Mag= 100X
AKU TUAM

Filling EDX (+1)

Element Net unn.C norm.C  Atom. C
[wt-%] [wt-%] [at-%]

o] Catbon 2192 1120 1347 2160
Oxygen 2737 4197 5049  60.77
# Silicon 2121 128 154 105

= si c
6 Calcium 39842 28.68 34.50 16.58
]

]
(- |
2

4 ¢ 6 10
kev

Mag= 2.00KX EHT=20.00kV

Detector = SE1
AKU TUAM

. Travertine EDX (+2)

Element Net unn.C norm.C Atom. (
101 [wt.-%] [wt-%] [at.-%]

Carbon 2091 1099 1157 1899
Oxygen 3000 48.12  50.66 6242
L Calcium 35621 3588 3777 1858

-

il

z i ‘ ] 10
kev

Fig. 8 SEM images of Noche Travertine sample a) 100 magnification, b) 2000 magnification, c) Fill SEM-EDX, d) Travertine SEM-EDX

the cement content were found (Fig. 9(d)). A SEM analy-
sis of the Light travertine sample revealed openings at the
fill-travertine boundary that continued along the pore-trav-
ertine boundary (Fig. 10(a)). The gap decreased at some
points along the pore border, with an aperture width rang-
ing from 7.289 pm to 8.490 pm (Fig. 10(b)). Although traces
of ettringite with characteristic shrinkage cracks were
found at the travertine-filling interface during curing, the
travertine and the filler did not combine well (Fig. 10(b)).
A point SEM-EDX analysis revealed C, O, Si and Ca in the
filling material (Fig. 10(c)), while an analysis of the trav-
ertine revealed Ca, C and O (Fig. 10(d)). The openings at
the porous travertine border will lead these fillings to wear
and fall in a short time, resulting in reduced strength and
a shortened service life.

A microanalysis revealed different tendencies in the
fillings applied to each travertine sample. Many parame-
ters can affect the performance of the filling process, mak-
ing the process complex. Although the machine parame-
ters were kept constant, it was clear that there were still
parameters affecting the filling performance, such as pore
distribution, size and the sample amount. Both the pore

diameter and mercury porosimetry measurements con-
firm this. When travertines are highly porous, it is difficult
to fill the voids resulting in dense filling collapses, which
we believe was the cause of the microcracks. In addition,
as stated in a previous study, if the fluidity of the filling
material is low, it does not fill the entire pore, leading to
filling collapse and fracture [44]. In cement-based fill-
ing processes, the application of a filling material fluid-
ity according to the pore structure of the stone can ensure
both better filling performance and extend the service life
of the filled travertines.

4 Conclusions

The durability of travertine is increase through the filling
of the pores with a cement-based filling material. This fill-
ing material may occur in the use of travertine as a build-
ing material, as filling fall and cracking or collapse and
displacement during the filling process. The following
results were obtained in an experimental study to deter-
mine the pore filling and travertine performance of five
different travertine samples filled with a cement-based fill-
ing material.
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Fig. 10 SEM images of Light Travertine sample a) 100 magnification, b) 2000 magnification, ¢) Fill SEM-EDX, d) Travertine SEM-EDX
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Before the filling process, the mineralogical and petro-
graphic properties of the travertine samples were defined
and the pore distributions of the travertine samples were
measured using the CLEMEX program. Calcite was the
main mineral in all the travertine samples. It was observed
that the pore distribution of the samples obtained from
the Denizli region (Noche, Yellow and Light travertine)
was irregular, with different sizes and fewer melting
voids. Smaller melting gaps were observed in the Silver
travertine obtained from the Afyonkarahisar (Emirdag)
region than in those from the Denizli region. It was deter-
mined that the pore diameters in the Red travertine sam-
ple obtained from the Kiitahya (Altintas) region were the
smallest (91 pm) of all the samples, and the pore distri-
bution was not very dense. Since pore structure and dis-
tribution are of great importance in filling processes, the
mercury intrusion porosimetry technique was used to
determine the pore sizes and distributions of the traver-
tine samples before the filling process. When the pore size
distribution curves of the travertine samples were exam-
ined, the Red travertine samples were found to have a pore
size distribution in the range of 0.03 um to 5 pm, while
the Silver travertine sample has a pore size distribution in
the range of 0.02 um to 6 um. The pore size distribution
of the Noche travertine was most varied, ranging between
0.004 um and 10 pm, while the pore size distribution of
the Yellow travertine ranged from 0.01 um to 9 pm, com-
pared to 0.008 um to 4 um in the Light travertine. When
the measurement results are classified considering the
intervals of <0.1 um, 0.1-1 um and >1 um, the Light trav-
ertine sample (48.64%) had the highest value in the range
of <0.1 pm, while Silver travertine (63.08%) had the high-
est value in the range of 0.1-1 pm. The highest value in the
>] um range in the classification belongs to Red travertine
(29.87%). These results confirm the high irregularity of
pore distributions in the travertine samples.
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