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Abstract 

In this study, physico-mechanical properties and durability of 4 onyx-travertines from Sinincay (Ecuador) were investi-
gated. These onyx-travertines are commonly used for decorative purposes in buildings in the Historic Center of Santa 
Ana de los Ríos de Cuenca. The aim of this work was to characterize these stones and determine the variation of their 
physico-mechanical properties, such as mass loss and water absorption, after being subjected to four durability tests: 
salt crystallization (S-C), freeze–thaw (F-T), thermal shock (T-S) and acid attack (A-A). In addition, Scanning Electron 
Microscopic (SEM) analyses were carried out to record weathering patterns and understand the deterioration mecha-
nism. Results show that these stones’ sedimentary structure is stratified. Two specimens exhibit geometrical features 
consistent with porous laminated facies and the remaining two have slightly porous cryptolaminated ones. Facies’ 
structure orientation is also found to determine mechanical strength, exhibiting the normal to lamination orientation 
the lowest value. As for durability, the statistical interpretation of the results suggests that the level of severity of each 
test follows S-C > F–T > A-A > T-S. In addition, laminated facies are more vulnerable to accelerated aging tests. Impact 
of S-C, F–T and T-S tests is mainly explained by differences in porosity and damage produced by A-A is related to the 
available effective area for the reaction to take place. Thus, the onyx-travertine is more than a wonderful material, it 
represents an interesting case study for development of future research on heritage stone in Ecuador and the world 
by employing normalized tests that are rarely used or published.
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Introduction
As a natural material, the term travertine refers to the 
sedimentary stones produced by intense underwater 
pressure in the presence of carbonate-rich solutions that 
come from various depositional environments of sedi-
mentary basins [1, 2]. This condition explains changes 
in the chemical, physical, mechanical and petrographic 
properties of the stone [3, 4]. For example, Akyol et al. [3] 

divided Denizli travertines into four lithotypes including 
shrub, crystalline crust (onyx), reed, and noche.

Onyx- travertine is commonly formed as a result of the 
pressure achieved due to fast flowing water on a gentle 
slope. Some onyx-travertines consist of the alternation of 
white, red and brown colored layers (the latter two due to 
high iron content in the hot water springs) [5]. They also 
show dense, crudely fibrous and light-colored layers that 
are composed of elongated calcite feathers developed 
perpendicular to the deposit surface [6]. Onyx-travertine 
deposits are strongly linked to the presence of ancient 
volcanic activity. Ecuador is one of the countries of origin 
of the majority of the onyx traded today [7].
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Onyx-travertine is one of the natural stones that has 
been successfully used in the Historic Center of Santa 
Ana de los Rios de Cuenca. It has been used for visual 
effect due to its translucency when polished. The main 
architectural style associated with its use is Neoclassical 
[8, 9]. The city’s urban-architectural image is determined 
by the presence of onyx-travertines in a wide variety of 
colors within walls, sidewalks and squares [10]. Pink 
onyx-travertine predominates, as seen in Fig. 1. Accord-
ing to historical sources, these rocks come from quarries 
in the area of Pumayunga, Sinincay [11–13] and other 
places on the outskirts of the city.

The degradation of a stone is a natural and irreversible 
process. As a result, any building constructed with stone 
is prone to decay, more or less; rapidly, depending on its 
intrinsic properties and the surrounding environment. 
According to several authors [14–20], the main causes of 
deterioration of travertine are the crystallization/hydra-
tion of salts, and the freezing–thawing and acidic envi-
ronments, with the crystallization of salts being the most 
harmful agent of deterioration.

Salt crystallization (S-C) occurs when saline solutions 
infiltrate through the pores of the stone and soluble salts 
precipitate due to changes in humidity and temperature 
[21, 22]. Soluble salts in buildings mainly originate from: 
a) ions leached due the deterioration of rocks, mortars, 
bricks and other building materials, b) soil, c) deposition 
of atmospheric products and d) biogenerated, in which 
the most important sources are human and animal urine 
[23]. Freezing–thawing (F–T) is generally caused by tem-
peratures fluctuating below and above 0 °C in stones con-
taining a certain amount of water [24]. The harmful effect 
of S-C and F–T of water inside the pores or cracks within 
the stones, results from the pressure exerted by the salt 
crystals and ice when their size increases, generating an 
internal pressure that exceeds the strength of the stone 
[25, 26].

On the other hand, acidic environments also affect the 
durability of travertines due to their carbonated nature 
[27]. Previous studies of Iranian onyx-travertines have 
shown that this stone type has a lower effective poros-
ity and higher mechanical properties, such as Brazilian 
Tensile Strength (BTS), Point Load Strength Index (PLSI) 
and P-wave Velocity, in comparison to other lithotypes. 
These studies also reveal that onyx-travertines offer 
greater durability, since they present greater resistance to 
the salt crystallization pressure, having higher effective 
porosity and mechanical properties [28]. Alveolar and 
granular disintegration due to salt crystallization pres-
sure were also observed, but there was no significant loss 
of integrity [29, 30].

All of them have in common that they are selective, 
accelerated and practical tests; however, there is still no 

commonly accepted test protocol, owing to both the 
limitations of current standard methods and the different 
study objectives. At present, there are several standards 
and recommendations (RILEM, UNE-EN, ASTM, DIN, 
CNR…) that do not always take into account all the vari-
ables that affect the test and do not provide criteria for 
the evaluation and classification of the durability of the 
tested material. Thus, in these publications, the conclu-
sions are obtained only by comparison between the dif-
ferent materials tested (relative classification) [31, 32].

The present study is attempt to characterize the physi-
cal–mechanical properties and durability of Sinincay 
onyx-travertine, with special emphasis on the influence 
of both mechanical and chemical weathering agents, 
including the crystallization of soluble salts, frost action, 
thermal shock and acid solutions on the quality of these 
stones, using internationally established methods, to 
facilitate comparative analysis with other similar studies. 
This knowledge is not only useful for proposing preven-
tive architectural conservation measures based on the 
prediction of their behavior over time, but also for the 
selection of the appropriate onyx-travertine to be used as 
building and/or replacement stone in architectural resto-
ration not only in the Historic Center of Cuenca in Ecua-
dor, but also in other parts of the world.

Materials and methods
Materials
The four types of onyx-travertines typically found in 
local heritage buildings (Fig.  1) were obtained from the 
quarry of Sinincay, Pumayunga, located in coordinates 
71° 94′ 41.88′′; 96° 82′ 07.04′′. Specimens were identi-
fied and labeled as follows: (1) PT (pink onyx-travertine), 
(2) YT (yellow onyx- travertine), (3) WT (white onyx-
travertine), and (4) GT (gray onyx-travertine). The char-
acterization and durability tests were performed in two 
orientations, normal and parallel to the lamination. Fig-
ure 2 shows the samples.

The careful selection of samples for obtaining test 
specimens was performed based on visual comparison of 
perceptible color and texture with typical onyx-travertine 
found in buildings of the Historic Center of Cuenca.

Methods
Figure  3 shows the methodological approach followed 
in this work for the physico-chemical characterization 
and durability assessment of these travertines. All pet-
rographic, chemical and physico-mechanical properties 
and durability tests were carried out in the Laboratory 
and Analysis Unit of the National Institute of Cultural 
Heritage of Ecuador, except compression and flexural 
tests, which were performed in the Geotechnical and 
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Fig. 1 Use of onyx-travertines in the Historic Center of Cuenca
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Materials Laboratory of the Faculty of Engineering at the 
University of Cuenca.

Chemical and mineralogical composition
Chemical composition was determined by X-Ray Energy 
Dispersive Spectroscopy (EDS) using an Oxford X-MAX 
20 detector in a variable pressure scanning electron 
microscope (Jeol IT300), at low pressure (40 Pa), acceler-
ation voltage of 20 kV, probe current of 25 mA and work-
ing distance of 10 mm.

The mineralogical composition was determined by 
using an X-ray Diffractometer (XRD) (Bruker Advance 
D8). The powder method was used. Samples were 
crushed in an agate mortar and pestle, then sieved in 
a #240 mesh grit. Analytical conditions were: voltage 
of 35 kV, current of 35 mA, step of 0.6 s, 2Ɵ from 5° to 
72° with increments of 0.021°. Software used for identi-
fication and quantification of the crystalline phases was 
TOPAS, version 4.2.

Petrographic characterization
Thin sections of samples were prepared in two cuts, nor-
mal and parallel to lamination for each type of travertine 
using a diamond saw. Samples were then adhered to a 
glass slide using Entellan™ resin and sanded with silicon 
carbide paper (#400, #1000, #1200 and #1500 grit size), 
and polished using tungsten carbide dispersion powder 
of 150 microns. Specimens were then examined using 

a polarized light microscope (Nikon Eclipse e200) and 
a phase contrast microscope (Zeiss Axioscope A1). The 
microscopic study was complemented by examining 
samples in a variable pressure scanning electron micro-
scope (Jeol IT300) using a back-scattered electron detec-
tor at low pressure (between 30 and 50 Pa), probe current 
of 25  mA, acceleration voltages between 20 and 25  kV, 
and working distance of 10  mm. Observations were 
focused on the analysis of sedimentary structures and 
morphological features. Classification was made accord-
ing to the structure and content of the micritic matrix 
[31]. Finally, a detailed study of pore structure and shape 
in the polished sections stained with methylene blue was 
carried out using an optical microscope with phase con-
trast (Zeiss Scope A1). The classification of Choquette 
and Pray [34] was used, which includes: the basic type of 
porosity, the formation time and the size and volume of 
pores in reference to the total volume of the stone.

Petrophysical properties
The petrophysical properties were studied using water 
immersion test methods. Consequently, pore size distri-
bution and pore shape could not be reported. For open 
porosity, which represents the volume of pores that 
show a certain degree of interconnection with the exte-
rior faces of the sample, the direct measurement was 
made in 3 cubic specimens by size 70 × 70 × 70  mm of 
each type of travertine. Water saturation of specimens 

Fig. 2 According to the lamination, onyx-travertine appearance has two main variations: parallel and normal to lamination. Photographs of 
typical observed surfaces of test specimens are presented: YT (a, b), PT (c, d), GT (e, f), WT (g, h). Parallel to the lamination: a, c, e, g; Normal to the 
lamination: b, d, f, h 
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was carried out by immersion until a constant mass was 
obtained, given by the difference between two succes-
sive weighings not greater than 0.1%. Determination of 
real density and open porosity was achieved based on the 

Spanish standard test method UNE-EN 1936 [35]. Real 
density excludes porosity and is calculated from the ratio 
between the mass of the dry rock and the volume of the 
solid fraction; for which the water pycnometer method 

Fig. 3 Methodology used in this research
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was employed using pulverized samples with a particle 
size of less than 0.063 mm.

Water absorption by capillarity was determined using 
the standard test method UNE EN-1925 [36]. Three cubic 
specimens sized 70 × 70 × 70 mm of each type of traver-
tine were used, which, once dry, are submerged from the 
base until reaching a depth of 3 mm. The time is regis-
tered and the depth is kept constant until the end of the 
test.

Mechanical properties
Strength was the only mechanical property evaluated in 
this work by performing compression and flexural tests. 
Standard test methods of UNE-EN 1926 [37] and ASTM 
99–87 [38] (equivalent to UNE-EN 12372: 2007) were fol-
lowed using a hydraulic universal press (Shimadzu Con-
crete 2000X press). Test conditions were 1 MPa/s applied 
in the compression test and 0.6  MPa/s in the 3-point 
bending test [37, 38]. Six specimens were tested for each 
type of travertine, although the specified number of spec-
imens in the standard procedure in each cut direction 
according to its anisotropic plane is higher. This number 
was modified due to commonly reported high variations 
in stone strength values as a result of variations in inter-
nal structure, material cost, and technical limitations for 
cutting, leveling, sanding and polishing. The specimen 
dimensions were 10 cm × 20 cm × 6 cm.

Ozkul et  al. [39] the unconfined compressive strength 
of travertine varies according to the test directions and 
has higher values in the sedimentary formation parallel 
to the bedding. Texture and mineralogical composition 
are instead the most significant variables. In addition, 
as indicated by Morales et  al. [40], this type of material 
is heterogeneous by nature and is characterized by wide 
ranges of variation in its composition and in its physi-
cal, chemical and mechanical properties. Consequently, 
despite using the number of specimens stipulated in the 
standard test method, results would report significant 
dispersion associated with natural conditions of trav-
ertine formation. Hence, there will be no large differ-
ence in reported values by reducing the number of test 
specimens.

Durability assessment
To assess the durability of onyx-travertines, differ-
ent accelerated aging tests were applied with the aim of 
determining their behavior under different environmen-
tal conditions, such as changes in temperature and expo-
sure to freeze–thaw cycles, saline solutions and acids. 
These environmental conditions are commonly found in 
facades of buildings in the Historic Center of Cuenca.

F-T and T-S tests followed UNE-EN 12371 [41] and 
UNE-EN 14066 [42] standard test methods. The size of 

specimens and cycles for each test were adapted to the 
technical capacities available in the laboratory. Thus, 
the specimens employed were three 35 × 35 × 35  mm 
cubes of each type of travertine. For the F–T test, each 
cycle consisted of a freezing period of 16  h at a tem-
perature of − 8 °C, followed by a thawing period of 8 h, 
in which the specimens were immersed in room tem-
perature water. In the case of the laboratory, 20 ± 2 °C. 
The procedure lasted 80 cycles. In the thermal shock 
test, each cycle consisted of a heating period of 16 h at 
a temperature of 70 °C, followed by a cooling period of 
8 h, in which the specimens were submerged in water at 
a temperature of 20 ± 2  °C for 80 cycles. The objective 
of these two tests was to determine the aging behav-
ior of travertines under changes in temperature, given 
their use in facades of buildings in the Historic Center 
of Cuenca.

The S-C test was carried out according to a modified 
UNE-EN 12,370 [43] standard test method, where two 
14% saline solutions were used:  Na2SO40.10H2O and 
NaCl. Each cycle consisted of an 8 h immersion period of 
the specimens in the saline solution, followed by 16 h of 
drying in an oven (OSK 9500D Electric Oven) at 100 °C. 
The procedure lasted 50 cycles. Three specimens of 
each type of travertine were tested. The specimens were 
35 × 35 × 35  mm cubes. NaCl solution was included in 
the test, since it is very common to find it on facades in 
the form of animal and human urine.  Na2SO4  ·   10H2O 
was used to reproduce the damage caused by incompati-
ble building materials in relation to onyx-travertine, such 
as cement in mortars [44].

The resistance due to the action of  SO2 test, followed 
the UNE-EN 13,919 [45] standard test method, with 
the same type of specimens described above and a 60% 
 H2SO4  solution. This test was carried out to evaluate 
stone degradation due to aggressive environmental con-
taminants, such as the ones present in acid rain [46]. 
The test consisted of placing the specimens (previously 
immersed in water for 24  h) at 100  mm above the acid 
solution with the aid of a support, at a temperature of 
20  °C for 21 days. At the end of the test, the specimens 
were washed with distilled water. Then, water absorption 
analysis was carried out. Three specimens were tested 
for each type of travertine. The specimens measured 
35 × 35 × 35 mm.

Finally, the effect of accelerated aging tests (weather-
related deterioration factors) was evaluated through 
visual examination and water-absorbed determination 
(in percentage) before and after each test by means 
of the analysis of variance (ANOVA) of a single fac-
tor. Calculation of the F factor was used as a measure 
of dispersion. Likewise, visual inspection and scanning 
electron microscopy were used to evaluate weathering 
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patterns in accord with the stone patterns weathering 
classification used in the field of conservation of Cul-
tural Heritage [32].

Results and discussion
Mineralogical composition
Results of the mineralogical analysis of the onyx-trav-
ertines are shown in Table 1. XRD and SEM–EDS ele-
mental analyses were combined for a holistic approach. 
It was determined that samples have calcite as the main 
component. Thus, GT is composed mainly of calcite. In 
PT, calcite has impurities such as hematite, manganite 
and siderite, providing its characteristic pink color. In 
WT, a mixture of calcite  (CaCO3) and relatively pure 
magnesite  (MgCO3) was found, showing a character-
istic white color. Finally, YT is composed of a mixture 
of two polymorphs of calcium carbonate  (CaCO3), cal-
cite and aragonite, with the presence of strontianite 
 (SrCO3), magnesite  (MgCO3) and hematite (in a lower 
concentration than in PT), yielding its yellow color. 
YT is of special interest because the test results have 
contributed to identifying the essential role played by 
strontianite in catalyzing the metastable nucleation of 
aragonite (precipitation of this carbonate polymorph 
from aqueous solution); since calcite is stable at low 
pressure and aragonite at a higher one. The backscat-
tered electron micrograph and microchemical mapping 
(Fig. 4) show strontianite between two aragonite crys-
tals, displaying the growth front of this polymorph and 
demonstrating that only in the presence of strontianite, 
does carbonate precipitate as aragonite. Otherwise, as 
proposed and discussed in previous studies, carbonate 
precipitates at that temperature and pressure only as 
calcite [47–49].

These results show how the presence of metal oxides 
or other colored minerals within the crystalline struc-
ture of onyx-travertine are the product of changes in 
precipitation and chemical composition of the spring, 
leading to the development of various colors [50–52]. 

This explains why onyx-travertine of different colors is 
found within the same mine.

Petrographic description
The four types of onyx-travertine studied show stratified 
sedimentary structures. PT and YT exhibit geometric 
characteristics consistent with porous laminated facies 
(typically 0.05 to 1  cm thick). In contrast, GT and WT 
present slightly porous cryptolaminated facies (milli-
metric layers) [53]. Specifically, YT has a microcrystal-
line texture (> 0.5 mm) [54], low roundness with a matrix 
dominated by hexagonal calcitic crystals perpendicular 
to pressure levels, and radioaxial and dendritic colum-
nar crystals (Figs.  4c and 5b) with micrite, sparite and 
iron oxides cements with different structures: (a) acicular 
crystals in the form of spherules and fans (fibrous radi-
ated) of Aragonite; (b) lamellar crystals of iron oxides 
forming microstromalites; (c) fragments of calcified 
canes or oncoids of considerable size (7–19 mm long and 
0.15 mm wide) (Fig. 5a); (d) micrite peloids presumably 
of bacterial origin; and e) drusic sparite mosaic filling the 
pores.

PT exhibits a macrocrystalline texture (0.5–1 mm) [54] 
(Fig.  5d and e) with the presence of crystalline aggre-
gates arranged in a mosaic configuration and dendrites 
of rhombic crystals (Fig.  5f ) that suggests in  situ com-
petitive growth. It also has a laminated texture with alter-
nating layers of laminar crystals of iron and manganese 
oxides/oxyhydroxides and layers of calcite meso- and/or 
macro-crystals (Fig. 5e). Aggregates of iron oxide crystals 
form wavy or contorted structures (microstromalites). 
The matrix is composed of carbonate crystals cemented 
by micrite, sparite and iron/manganese oxides.

GT has a microcrystalline texture, with acicular, den-
dritic columnar and radial crystals that are narrow at the 
base and widen towards the apical zone with a matrix of 
micrite and sparite (Fig. 5g). It includes cements of mic-
rite, sparite and iron oxides with the following struc-
tures: (a) iron oxide crystals filling the space between 
calcite crystals (Fig. 5h), and (b) circumgranular acicular 

Table 1 Mineralogical composition obtained by XRD

Test Specimen Composition (%)

Calcite
(CaCO3)

Magnesite
(MgCO3)

Aragonite
(CaCO3)

Siderite
(FeCO3)

Strontianite
(SrCO3)

Anhydrite
(CaSO4)

Manganite
(MnO(OH))

Iron oxide

PT 95.02 – – 1.54 – 1.49 0.54 1.41

YT 65.50 9.69 23.91 –  < 0.5  < 0.5 –  < 0.5

GT 99.58 – – – – – –  < 0.5

WT 76.57 22.57 – – – 0.86 – –
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crystals. It also shows laminar bands of alternating layers 
of homogeneous elongated crystals and smaller crystals 
with a micritic matrix and iron oxides that give it a darker 
color (Fig. 5i).

WT exhibits a microcrystalline texture, low round-
ness with hexagonal crystals, radial acicular crystals and 

forming dendrites with micritic matrix (Fig. 5j and l). It 
also shows occluding carbonate cements with the follow-
ing structures: (a) drusic sparite mosaic filling the pores; 
(b) small fragments of calcified or oncoid reeds (Fig. 5k); 
and (c) micrite peloids presumably of bacterial origin. 
Likewise, it presents angular clasts mainly of calcite 

Fig. 4 a Optical micrograph of YT sample, b SEM micrograph of aragonite canes, c Microchemical mapping showing strontium in aragonite crystal 
of YT sample, d SEM micrograph of strontianite crystal, and e EDS spectrum of strontianite crystal
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(Fig. 5j) that were not able to dissolve in the hydrother-
mal fluid and were dragged during the formation of the 
stone.

Petrophysical description
Table  2 shows the results of real density, open poros-
ity and water absorption, which are consistent with 

previously reported information. In general, onyx-
travertine has a real density between 2.5 and 2.9  gr/
cm3, open porosity between 0.06 and 1.95% and water 
absorption between 0.01 and 0.05% [7, 55]. Furthermore, 
in Table 3 the statistical treatment presented shows sig-
nificant differences between the studied onyx-travertine. 
Because, for all the parameters tested, the values of the 

Fig. 5 Optical micrographs for petrographic analysis. In this figure, Cn stands for calcified canes, Dd stands for dendritic crystals, Cy stands for 
crystals, cl stands for clasts and FeO stands for Iron Oxide. a Columnar calcite crystals and calcified canes fragments in YT. b Dendritic crystals in 
YT. c Hexagonal crystals perpendicular to the laminated facies in YT. d Rhombic crystals with high roundness in PT. e Lamellar layers of iron oxides 
alternated with layers of iron oxyhydroxides in PT. f Dendrites of rhombic crystals in PT. g Crystals of different sizes between layers in GT, h Cements 
with iron oxides (red-brown color) covering calcite crystals in GT. i Elongated calcite crystals alternating with layers of small crystals on a micritic 
matrix in GT. j Undissolved angular clasts during stone formation in micritic matrix in WT. k Fragments of calcified reeds in YT. l Hexagonal crystals 
with low roundness in YT
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experimental F test are greater than the critical F value, 
this confirms that these stones are very heterogeneous, 
as previously reported by other authors [30, 56]. On the 
other hand, according to the ASTM C1527/C1527M-1 
[57] standard test method, the studied travertine sam-
ples meet the specifications for being used as architec-
tural/construction material since they do not exceed 2.5% 
water absorption, therefore guaranteeing their quality.

Table  4 shows a summary of porosity classification 
for the studied travertines after Choquette and Pray 
[34]. In the laminated facies, there is greater diversity of 
non-fabric selective porosity produced during travertine 
diagenesis, which is mainly related to the deposition of 
iron oxides. In particular, YT has the highest values of 
porosity, with a predominance of mesopores (Fig.  6a) 
and macropores [34] in the lamellar facies. The effective 
porosity is mainly interparticle and fenestral, formed in 
the aragonite rod-type cements (Fig. 6b and c), which can 
reach millimeter size in length. The non-selective vugu-
lar porosity of different sizes and minimal interconnec-
tion with all the faces of the stone are located mainly in 
the calcified reeds. This is a product of the metastable 

nucleation of aragonite while precipitating in the pres-
ence of strontianite, and its further crystallization and 
cementation [58]. The effective porosity facilitates the 
transport of water to the interior of the stone, which is 
demonstrated by the higher values of absorption and 
capillarity.

PT has less porosity than YT. A predominance of 
macropores is identified in the laminated facies (Fig. 6d) 
formed by recrystallization and drusic mosaic-type 
cementation (Fig.  6f ) that have partially covered the 
pores resulting from initial deposition and subsequent 
diagenesis. The open porosity is mainly interparticle 
selective and is located in the layers of iron oxides and 
oxyhydroxides formed during material deposition and 
in the cracks. To a lesser degree, non-selective vugular 
porosity (Fig. 6e) with sizes between 12 µm and 200 µm is 
present with interconnection.

Finally, WT and GT with cryptolaminated facies 
exhibited the lowest porosity values with the presence 
of sparitic cement filling the primary pores, generat-
ing a higher proportion of micropores (pores < 10 um) 
[34] than in the other travertines (Fig. 6i and l). Selective 

Table 2 Real density, open porosity and water absorption

Samples Type of porosity Real density (gr/
cm3)

Open porosity 
[%]

Capillary water 
absorption 
coefficient
(gr/m 2  s0.5)

Water 
absorption 
[%]

YT Mesopores
and macropores

μ
σ

2.80
0.03

1.08
0.02

1.11
0.01

0.48
0.06

PT Macropores μ
σ

2.53
0.03

0.68
0.05

0.69
0.02

0.17
0.06

GT Mesopores μ
σ

2.70
0.03

0.52
0.05

0.55
0.01

0.08
0.02

WT Mesopores and micropores μ
σ

2.61
0.04

0.26
0.03

0.41
0.03

0.03
0.01

Table 3 Analysis of variance of real density, open porosity and water absorption

Origin of variations Sum of squares Degrees of 
freedom

Average of the 
squares

F Probability Critical 
value 
for F

Real density, (gr/cm3) Between groups 0.11 3 0.04 40.19 3.59E−05 4.07

Within groups 7.20E−3 8 9.00E−4

Water absorption [%] Between groups 0.37 3 0.12 61.16 7.37E−06

Within groups 0.02 8 2.00E−3

Open porosity [%] Between groups 1.07 3 0.36 223.89 4.70E−08

Within groups 1.27E−2 8 1.60E−3

Capillary water
absorption coefficient
(gr/m 2  s0.5)

Between groups 0.83 3 0.28 744.41 3.99E−10

Within groups 3.00E−3 8 4.00E−4



Page 11 of 19Romero Bastidas et al. Heritage Science          (2022) 10:194  

fabric porosity of three types were identified to a lesser 
degree: interparticle, intraparticle, and fenestral (Fig. 6h 
and i). Also, to a lesser extent, irregular cavities that are 
more or less equidimensional and formed by non-selec-
tive dissolution were identified. Most of these porous 
structures have low interconnectivity.

Mechanical properties
For construction and decorative uses, compressive 
strength is a key property to be evaluated in building 
materials [59]. In Table  5, a summary of the mechani-
cal strength obtained for the studied onyx-travertines is 
presented. In general, the strength of the parallel to lami-
nation orientation has an average maximum strength of 
99.75  MPa. Meanwhile, strength of the normal to lami-
nation orientation is 64.41 MPa. This result demonstrates 
that the strength of the parallel to lamination orientation 
is 0.5 times greater than that of the normal to lamination 
orientation. Therefore, parallel to lamination orientation 
could be used for applications with vertical load-bearing 
capacity, such as facades; while normal to lamination ori-
entation could be used for horizontal applications, such 
as flooring, without ignoring the architectural nature of 
the work [59] and the construction culture.

The greater strength of the parallel to lamination 
orientation is explained by pore distribution in the 

heterogeneous parallel bands. Pores are generally found 
in almost planar sections parallel to the stratification. 
Therefore, when loads are supported in the parallel to 
lamination orientation, the effective load-bearing area 
contains reduced porosity. In contrast, in the normal 
to the lamination orientation, the load-bearing area 
contains greater porosity sections leading to a lesser 
load-bearing resistance and failure of the element [53]. 
Consistently, travertines with cryptolaminated facies 
(less porous) show the best mechanical strength. This 
behavior has been reported previously by Akyol et  al. 
[3].

In addition, the four types of onyx-travertine maintain 
constant values in maximum and minimum strength in 
the parallel to lamination orientation. After obtaining 
results from applying the UNE-EN 1926 [37] standard 
test method, the homogeneity and anisotropy typical of 
the variations in the porous system are clearly marked. 
In fact, a quasi- elastic behavior is observed at the par-
allel to lamination orientation and non-elastic behavior 
at the normal to lamination orientation, consistent with 
previously reported behavior of stones that are hydro-
thermally formed [60]. Consequently, the natural rela-
tionship between compressive and flexural strength and 
porous systems are also observed [59]. In the bending 
test, the obtained mean maximum strength in the parallel 
to lamination orientation is 9.66 MPa and in the normal 
to lamination orientation is 9.54 MPa. In any orientation, 
the strength is virtually the same. According to the val-
ues obtained for the four stones, the flexural strength is 
low, despite complying with the ASTM C 880-98 stand-
ard [61].

From these results, it can be seen that porosity is an 
important petrophysical characteristic, since it affects 
in a greater degree the stone’s mechanical strength. For 
example, WT exhibits the best mechanical behavior by 
presenting the lowest porosity. Nevertheless, there are 
other parameters such as mineralogy that also influence 
this result in a lesser degree [62]. This can be shown by 
the fact that onyx-travertines finally demonstrate greater 
strength than would be expected if only porosity was 
taken into account.

Finally, in the compression and bending tests, the dis-
persion of results is high (Table  5). This coincides with 
other studies carried out worldwide for natural stones [3, 
29, 59, 60], explained by their mineralogical characteris-
tics and the difference in stratification and porous struc-
tures. Ultimately, these variations among travertines are 
expected and coincide with previous studies that show 
the same behavior.

From the results shown, it can be observed that onyx-
travertines with higher thickness of layers in lamination/
bedding also exhibit higher porosity values and lower 

Table 4 Type of porosity in specimens following classification by 
Choquette and Pray [34]

Samples Cut direction Porosity

Fabric selective Non-fabric 
selective

GT Parallel to lamina-
tion

Interparticle Vuggy

Intraparticle

Normal to lamina-
tion

Interparticle Vuggy

Fenestral

YT Parallel to lamina-
tion

Interparticle Vuggy

Intraparticle Fenestral

Normal to lamina-
tion

Interparticle Vuggy

Fenestral

PT Parallel to lamina-
tion

Intraparticle Vuggy

Interparticle Fracture

Intercrystalline

Normal to lamina-
tion

Intraparticle Vuggy

Interparticle Growth framework

Fracture

Intercrystalline

WT Parallel to lamina-
tion

Interparticle Vuggy

Normal to lamina-
tion

– Vuggy

Fracture
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compressive strength, predominantly related to fenestral 
porosity. Authors attributed this behavior to its loss of 
layer packing density. Therefore, for the onyx-travertines 
studied, it is established that porosity is directly propor-
tional to the thickness of layers (lamination/bedding) and 
compressive strength is inversely proportional to it.

Durability
The main objective of durability tests is to evaluate the 
effect of different environmental agents on the stones’ 
degradation and to estimate their long-term resistance 
to salt crystallization, freezing–thawing, thermal shock 
and acid attack. Table  6 shows the dry weight loss 

Fig. 6 In this figure, msp stands for mesopore, pf stands for fenestral porosity, map stands for macropore, ar stands for Aragonite, pi stands for 
intercrystalline pore, pv stands for vugular pore, cms stands for drusic mosaic cement, up stands for micropore. a SEM micrograph of Mesopores in 
YT. b Optical micrograph of fenestral porosity (in blue color) in YT. c SEM micrograph of macropores in calcified reeds in YT. d SEM micrograph of 
Aragonite filling macropores in PT. e Optical micrograph of vugular and intercrystalline porosity (in blue) in PT. f SEM micrograph of drusic mosaic 
cements filling the pores in a PT. g SEM micrograph of mesoporosity in bands with iron oxides in GT. h Optical micrograph of fenestral porosity 
perpendicular to precipitation facies in GT. i SEM micrograph of micropores and intercrystalline porosity in GT. j SEM micrograph of mesopores in 
calcified reeds in WT. k SEM micrograph of mesopores between calcite crystals in WT. l SEM micrograph of micropores between calcite crystals in 
WT
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(DWL) and water absorption (WA) before and after the 
accelerated aging tests. In addition, Table  7 presents 
the values of the F test (theoretical and calculated). 
From these results, it can be seen that stability of onyx-
travertines against sudden changes in temperature, 
crystallization of salts, freeze–thaw and acid attack is 
different, not only in comparison with each individual 
analysis, but also when considering the two subtypes 
of onyx-travertines studied (laminated and cryptolami-
nated). These observations are consistent with the fact 
that the two subtypes are materials that have somewhat 
different physical characteristics, such as open porosity, 
type of pores and mechanical strength, as mentioned 
above.

On the other hand, the results presented in Tables  6 
and 7 are consistent with other investigations [14, 16, 17, 
19, 30, 63], which identify S-C and F–T as the deteriora-
tion mechanisms with the greatest impact on durability. 
As can be seen from the values of the F test (calculated 
from the experimental data), they turn out to have the 
highest negative impact in comparison to the other tests 
(S-C: YT = 207 and PT = 131). On the contrary, thermal 
shock shows lower values of calculated F test (YT = 23 
and PT = 9), indicating little negative impact on the 
stone. In addition, a discussion of results of the acceler-
ated aging tests follows.

The calculation of F was not performed for the acid 
attack tests. Water absorption [%] was the same before 
and after the test.

Salts crystallization (S-C)
Results show that laminated facies have higher DWL 
and WA values (F test) than the less porous cryptolami-
nated facies, demonstrating that there is a relationship 
between porosity and stone decay in salt crystallization, 
since porosity controls the ease of entry of saline solu-
tions into the stones’ porous network. Some research-
ers have reported that DWL has a positive correlation 
with effective porosity [30, 64, 65]; however, Akin and 
Özsan [14] found a negative correlation with effective 
porosity. The present study has demonstrated that the 

Table 5 Summary of mechanical strength

YT GT PT WT

Compression test

 Stone’s strength in the parallel to lamination orientation

  Average strength (MPa) 91.83 96.88 93.03 117.26

  Strength standard deviation 
(Mpa)

 ± 30.49  ± 15.07  ± 12.65  ± 13.29

  Strength variation coefficient 0.332 0.155 0.136 0.113

 Stone’s strength in the normal to lamination orientation

  Average strength (MPa) 79.61 83.17 51.09 43.78

  Strength standard deviation 
(Mpa)

 ± 16.82  ± 15.14  ± 12.28  ± 11.98

  Strength variation coefficient 0.211 0.181 0.240 0.273

Bend test

 Stone’s strength in the parallel to lamination orientation

  Average strength (MPa) 10.62 10.61 10.36 7.06

  Strength standard deviation 
(Mpa)

 ± 5.50  ± 1.02  ± 1.21  ± 5.62

  Strength variation coefficient 0.518 0.096 0.116 0.795

 Stone’s strength in the normal to lamination orientation

  Average strength (MPa) 11.70 10.31 6.47 9.69

  Strength standard deviation 
(Mpa)

 ± 6.01  ± 57.59  ± 2.03  ± 2.34

  Strength variation coefficient 0.513 1.527 0.261 0.200

Table 6 Water absorption [in percentage] before and after 
durability tests

Sample Dry weight loss 
[%] (DWL)

Water absorption, 
WA [%]
Before durability 
tests

Water 
absorption, 
WA 
[%]
After 
durability 
tests

Freeze–Thaw (F–T)

 YT − 0.53 0.48 0.72

 PT − 0.29 0.17 0.57

 WT − 0.07 0.03 0.05

 GT − 0.16 0.08 0.18

Thermal shock (T-S)

 YT − 0.43 0.48 0.70

 PT − 0.31 0.17 0.33

 WT − 0.06 0.03 0.04

 GT − 0.15 0.08 0.14

NaCl crystallization

 YT − 0.81 0.48 1.17

 PT − 0.70 0.17 0.67

 WT − 0.11 0.03 0.05

 GT − 0.40 0.08 0.19

Na2SO4 crystallization

 YT − 0.85 0.48 1,14

 PT − 0.67 0.17 0.71

 WT − 0.17 0.03 0.06

 GT − 0.44 0.08 0.20

Acid Attack (A-A)

 YT − 0.41 0.48 0.48

 PT − 0.30 0.17 0.17

 WT − 0.51 0.03 0.03

 GT − 0.42 0.08 0.08
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relationship between these parameters is positive at 50 
cycles for onyx-travertine.

In addition,  Na2SO4 ·  10H2O turned out to be more 
aggressive that NaCl, which is attributed to its differ-
ent hydration phases with different degrees of solubil-
ity [31, 66–68]. These hydration phases, after total or 
partial evaporation of the water, in their crystalline 
growth processes and in the transitions of the different 
hydration states, generate mechanical stresses that can 
deteriorate even the most compact and resistant stone 
materials [32, 69, 70]. Also, the rapid evaporation of 
water with temperature changes results in faster dry-
ing, leading to the appearance of subflorescences and 
thus higher crystallization pressures may occur [71]. 
This phenomenon was found by Celik and Ibrahimo-
glu in turkish travertines [17]. In contrast, the lower 
destructive potential of NaCl in laboratory tests has 
been attributed to its low tendency to supersaturation 
[21, 66] and its high tendency to form efflorescence 

rather than subflorescence [66, 72]. Therefore, it pro-
duces lower crystallization pressures within the pores.

SEM analyses identified similar weathering patterns 
in all samples that involve degradative processes that 
extended to all external surfaces as exfoliation, efflo-
resces, granular desegregations, flaking or detachment. 
However, the intensity of weathering and its effect on 
the properties of onyx-travertines was higher in lami-
nated onyx-travertines. Thus, in laminated travertines, an 
increase in the size of interparticle, intraparticle, vugular 
and fenestral pores was observed (Fig.  7a and b), espe-
cially in acicular crystals of the metastable phase Arago-
nite located in the reeds and in lamellar crystals of iron 
oxides in YT, and in layered calcite crystals with iron 
oxides present as microstromalites in PT. Disintegra-
tion of material was also recorded in vugular porosity, 
leaving larger voids completely empty. These weathering 
patterns are the result of mechanical stresses caused by 
salt crystal growth, which contributes to weight loss and 

Table 7 Analysis of variance for each durability test

Sample Origin of variations Sum of squares Degrees of 
freedom

Average of the 
squares

Calculated F Probability Critical value 
for F tabulated

Freeze–Thaw (F–T)

 PT Between groups 0.24 1 0.24 86.63 7.00E−4

Within groups 0.01 4 2.80E−3 7.71

 YT Between groups 0.09 1 0.08 22.48 9.00E−3

within groups 0.02 4 3.6  E−3

 GT Between groups 0.03 1 0.03 13.35 0.02

Within groups 0.01 4 2.4E−3

 WT Between groups 4.00E−4 1 4.00E−4 3.57 0.13

Within groups 5.00E−4 4 1.00E−4

Thermal shock (T-S)

 YT Between groups 0.07 1 0.07 22.96 8.70E−3

Within groups 0.01 4 3.10E−3

 PT between Groups 0.04 1 0.04 9.04 0.04

Within groups 0.02 4 4.30E−3

 GT Between groups 4.80E−3 1 4.80E−3 3.28 0.14

Within groups 5.90E−3 4 1.15E−3

 WT Between groups 2.00E−4 1 2.00E−3 1.50 0.29

Within groups 4.00E−4 4 1.00E−3

NaCl crystallization

 YT Between groups 0.70 1 0.70 207.02 1.00E−4

Within groups 0.01 4 3.40E−3

 PT Between groups 0.37 1 0.37 131.37 3.00E−4

Within groups 0.01 4 2.80E−3

 GT Between groups 0.02 1 0.02 16.79 0.02

Within groups 4.10E−3 4 1.00E−3

 WT Between groups 6.00E−4 1 6.00E−4 6.00 0.07

Within groups 4.00E−4 4 1.00E−4



Page 15 of 19Romero Bastidas et al. Heritage Science          (2022) 10:194  

increased pore size after testing and were also reported 
by Benavente et al. [15]. Some of the disintegrated mate-
rial is redeposited on the surface as flakes or crusts.

Finally, the results show differences in DWL and 
WA values between laminated and cryptolaminated 
specimens because disintegration depends on some 

petrophysical factors such as effective porosity and 
pore type, since these parameters control the circula-
tion of the solution in the stone. In the case of Sinincay 
onyx-travertine, DWL and WA increase with higher 
porosity and lower compressive strength; in particular, 
in the presence of fenestral porosity.

Fig. 7 Deterioration tests: a Increase in intraparticular porosity after salt crystallization test in PT, b Increase in porosity between hexagonal calcite 
crystals after salt crystallization in YT, c Exfoliation of crystals of calcite crystals after freeze–thaw test in GT, d Increase in intraparticular porosity in 
crystals fiber-radiated with iron oxides after freeze–thaw test in PT, e formation of cavities after the removal of gypsum crusts after acid attack test in 
WT and f dissolution of calcite crystals with the formation of gypsum after acid attack test in GT
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Freeze–thaw (F–T)
The DWL and WA values (F test) exhibit the same trend 
as the salt crystallization test: laminated onyx-traver-
tines were more affected than the cryptolaminated ones. 
After water enters through the pores and temperature 
decreases, freezing occurs, expanding the water volume 
and causing an increase in the size and number of pores 
or microfractures, leading to an increase of the effective 
porosity. These weathering patterns were also recorded 
by means of Guler et al. [73].

The main weathering patterns are flakes or exfoliations 
visible to the naked eye in the normal to lamination ori-
entation. In the SEM study, granular desegregation was 
observed starting in the pores and continuing through 
adjacent structures, generating an increase in pore size. 
Exfoliations of calcite crystals 1 to 5 µm thick were also 
recorded (Fig. 7c) as a result of the deleterious effect of 
these tests on the interparticle porosity of sedimen-
tary structures containing iron oxides (generally hema-
tite), which upon hydration, reduces the bonding forces 
between particles in the pore walls and thus acts as a 
plane of vulnerability under crystallization pressure 
(Fig. 7d). Finally, vugular pores were found to be empty 
due to granular decomposition and were observed not 
to be interconnected, thus not contributing further to 
increasing the effective porosity [74].

This work shows a direct relationship between effective 
porosity and WA, and an inverse relationship between 
these and the durability of onyx-travertine to F–T dete-
rioration. As porosity increases, the stone’s resistance 
to the pressure exerted by ice growth decreases. These 
relationships were previously reported by Zalooli et  al. 
[75]. Their research showed that the effective porosity 
can be used to predict the UCS (uniaxial compressive 
strength), water absorption and durability of travertines 
with high reliability and degree of precision. It was also 
observed that, although the size of the vugular porosity 
can increase, it does not have a significant effect on the 
effective porosity because the interconnection is not tak-
ing place.

Acid attack (A-A)
After samples were subjected to acid corrosion, the for-
mation of gypsum crystals  (CaSO4 ·  2H2O) was observed 
on the faces exposed to the acid vapors due to calcite dis-
solution. As a result, the stone surface was chemically 
and physically eroded, causing some weathering patterns 
that resulted in weight loss. These results are consistent 
with those reported by other authors [27, 76].

In general, cryptolaminated onyx-travertines showed 
the strongest degradative processes and mass loss. SEM 
analysis showed WT as the most affected sample, with 
material detachments in the form of alveolar exfoliation 

between 70 and 250  µm in diameter and 10  µm deep 
(Fig.  7e). Condensation of  H2SO4 occurs in the form of 
droplets on the surface of the stone, promoting subse-
quent reactions with  CaCO3, as the acid preferentially 
attacks the carbonate  (CO3) of the onyx-travertine in low 
pH acidic environments [76]. This pattern of decay has 
been recorded in past studies [29, 30]. It is important to 
point out that GT was less affected by this test, showing 
mainly an increase in roughness. By contrast, in the lami-
nated onyx-travertines, the loss of material due to  CaSO4 
crystallization was recorded inside the pores, promoting 
wall destruction and increasing pore size (Fig. 7f ). Also, 
microfractures in the calcite crystals, especially in canes 
and in fenestral porosity, were established.

The results suggest that less porous cryptolaminated 
facies have more superficial  CaCO3 available to react 
with the acid vapors, so they are more affected by the 
dissolution of  CaCO3, which is distinctly shown by the 
alveolar exfoliation and loss of mass. It is also observed 
that this harmful effect is greater than that produced by 
the loss of material due to gypsum crystallization inside 
the pores.

Thermal shock (T-S)
The results of the T–S test were mainly manifested 
by color change in the onyx-travertine samples. They 
acquired a slightly yellowish tone and, at the same time, 
the DWL and WA values were the lowest in relation to 
the other tests. This may be explained by their calcare-
ous nature, since there is little difference between shrink-
age coefficients when exposed to different temperatures. 
In addition, a previous study has demonstrated that the 
porosity properties of marbles exposed to thermal effects 
do not affect the large or fine grains of calcite minerals 
[77], which are the main constituents of onyx-travertines.

Conclusions
The recognition of construction materials used in cul-
tural heritage buildings through the characterization of 
their physical–mechanical properties and durability has 
defined a relevant framework for appropriate conserva-
tion interventions. However, it is evident that although 
there exist a variety of standards and recommendations 
according to the different variables or study objectives, 
there is still no universally agreed-upon methodology 
and, what is more serious, none of the methods provide 
criteria for classifying the durability of the tested mate-
rial. This is the reality in Ecuador and in several parts 
of the world, which highlights the contribution of the 
present work, which makes use of standardized acceler-
ated aging protocols and two quantitative parameters for 
the evaluation of deterioration, such as DWL and WA, 
as well as the morphometric recording of weathering 
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patterns by SEM images, in order to facilitate the inter-
comparison of the results of the different studies.

From the results of this study, it has been possible to 
determine that onyx- travertines of Sinincay (Cuenca) 
are stones composed primarily of calcite of hydrother-
mal and bacterial origin, characterized by the presence 
of stratification planes with different porosity that cat-
egorize them as porous laminated and poorly porous 
cryptolaminated, which, in turn, define their mechani-
cal behavior and durability against natural and anthropic 
agents.

In general, after being subjected to aging tests, onyx-
travertines showed an unweathered appearance at the 
mesoscale, but some of them experienced different types 
of weathering patterns with low intensity at the micro-
scale. All samples showed surface granular disaggrega-
tion that contributed to weight loss and to the increased 
size of interparticle, intraparticle and fenestrated pores 
that resulted in an increased porosity and water absorp-
tion after durability tests. However, laminated facies suf-
fered greater deleterious impact than cryptolaminated 
ones because the presence of iron oxides in the inter-
particle porosity and aragonite crystals in the fenestral 
porosity reduced the bond strength between pore walls 
and thus acted as a plane of weakness under ice and salt 
crystallization stresses. Thus, the inversely proportional 
relationship between porosity and deterioration resist-
ance of onyx-travertine against these deterioration fac-
tors is demonstrated. Cryptolaminated facies suffered 
the greatest deterioration due to  CaCO3 dissolution 
when exposed to acid attack, generating alveolar exfolia-
tion processes due to the greater effective superficial area 
available for the reaction.

From this investigation, it is concluded that the use of 
onyx-travertines as a construction and building material 
is appropriate. However, special attention must be paid 
to intrinsic factors such as the cut direction of the stone 
from extraction to preparation and the number of con-
stituents (especially if abundant amounts of iron oxides 
are present) for defining its proper application. Other 
relevant factors that need to be taken into consideration 
for such purposes are: (1) the random placement of the 
stone in buildings with strong differences in anisotropy 
and properties; (2) the use of construction materials that 
can produce salts, such as cement or exposure to bio-
logical fluids that, like urine, are also salt producers; and 
(3) environmental factors, which have been impacted by 
climate change, with special emphasis on extremely low 
temperatures and pollution.

Furthermore, these findings also allow for the devel-
opment of a different action framework for the conser-
vation of these materials associated with architectural 
heritage, as well as its use in new buildings. Thus, given 

that the use of these onyx-travertines has defined the 
construction tradition of the city of Cuenca, as well as 
that of other cities around the world, it is important to 
promote their adequate and appropriate future use in 
order to maintain the iconic image of its historic urban 
landscapes.

In accordance with this new knowledge, it is neces-
sary to pursue new perspectives and efforts in the par-
ticular determination of intervention strategies for the 
conservation and restoration of assets that use onyx-
travertines. In addition, construction techniques with 
these materials will be improved by considering char-
acteristics such as: porosity, mechanical strength, vul-
nerability to low temperatures, inappropriate use of 
non-compatible materials and environmental pollution 
in an articulated way. Finally, it is important to recog-
nize that the current knowledge of historical building 
materials of Cuenca’s Historic Center, and those of 
many other cities in Ecuador and Latin America, is lim-
ited and represents a multidisciplinary research niche 
with contributions that can have a great impact not 
only in the heritage field, but also in the construction 
demands of contemporary architecture and its role in 
promoting development.
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