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Abstract
Volcanic tuffs naturally show a strong heterogeneity in their petrography and petrophysical properties. The arrangement of 
the components in tuffs can create a very wide spectrum of porosities and fabrics, which in turn can lead to a highly dif-
ferential weathering behavior. Considerable amounts of clay minerals and zeolites are common and can contribute to a high 
sensitivity to expansional processes and salt crystallization. Understanding the influence of the rock properties on material 
behavior and durability can help to make predictions on future material behavior and evaluate the suitability of the material 
for construction purposes. This study presents the petrographic and petrophysical data of 15 selected tuffs and 513 tuffs from 
the literature used as building stones. Regression analysis show if parameters are comparable and if key parameters can be 
identified. Key parameters can potentially be used for the estimation of the material behavior, without the use of expensive 
analytics or weathering simulations.
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Introduction

Availability, good workability, excellent aesthetic variabil-
ity, as well as favorable insulation properties were always 
convincing reasons for the utilization of volcanic tuffs in 
the architectural and artistic application. Through all cul-
tures and epochs worldwide tuffs have been used as con-
struction material for the creation of buildings, artworks and 
sculptures (Fig. 1). As popular as the material is, however, 

it is often very sensitive to weathering, and the reasons for 
their fast deterioration are manifold and have been the sub-
ject of many studies (e.g., Auras et al. 2000; Çelik and Sert 
2020; Egloffstein 1998; Fitzner and Basten 1994; Pötzl et al. 
2018b; Ünal 2011; van Hees et al. 2003; Wedekind et al. 
2013; Yu and Oguchi 2010). Some of the main culprits are 
the characteristic high porosity, a strong affinity for water 
absorption, low strength values and a frequent abundance in 
swelling clays (see discussions in López-Doncel et al. 2016; 
Pötzl et al. 2018b).

The group of rocks that are under investigation here, 
although they are summarized under the term “tuff”, are 
truly different in every conceivable way. The Interna-
tional Union of Geological Sciences (IUGS) defines tuffs 
as volcaniclastic rocks, that consist of at least 75% vol-
canic ash < 2 mm (Le Maitre et al. 2002). However, com-
monly accepted the term tuff is used as a collective term, to 
describe any volcaniclastic rock with > 75% pyroclasts of 
any size. The term pyroclast refers to any fragment gener-
ated directly as a result of volcanic activity and includes 
individual crystals, glass and rock fragments. Volcanic tuff 
is an extrusive igneous rock formed by the consolidation and 
lithification of volcanic products, which have been ejected 
by an explosive volcanic eruption. Tuff deposits can reach 
thicknesses of hundreds of meters and total eruptive volumes 

This article is part of a Topical Collection in Environmental Earth 
Sciences on “Building Stones and Geomaterials through History 
and Environments—from Quarry to Heritage. Insights of the 
Conditioning Factors”, guest edited by Siegfried Siegesmund, Luís 
Manuel Oliveira Sousa, and Rubén Alfonso López-Doncel.

 * Christopher Pötzl 
 christopher.poetzl@gmx.de

1 Geoscience Centre of the University Goettingen, Goettingen, 
Germany

2 Geological Institute of the Autonomous University of San 
Luis Potosí, San Luis Potosí, Mexico

3 Federal Institute for Geosciences and Natural Resources 
(BGR), Hanover, Germany

4 State Authority of Mining, Energy and Geology (LEBG), 
Hanover, Germany

http://orcid.org/0000-0002-6079-328X
https://orcid.org/0000-0002-5416-9798
http://crossmark.crossref.org/dialog/?doi=10.1007/s12665-021-10114-w&domain=pdf


 Environmental Earth Sciences (2022) 81:10

1 3

10 Page 2 of 29

of many cubic kilometers. They may be formed by a single 
eruptive event or from successive surges from a single erup-
tion or eruptions that were separated by longer periods of 
time.

Volcanic tuffs can have a wide variety of textures, 
depending on the type and amount of pyroclastic content or 
their degree of welding. They frequently show fragmented 
texture: characteristic texture of pyroclastic rocks with a 
mixture of rock fragments, crystals and glass; eutaxitic or 
vitroclastic texture: formed by collapsed pumice and glass 
fragments called fiammes; axiolitic texture: formed by radial 
fibers emerging through a core formed by devitrification; 
or laminar texture: if formed by the fall of volcanic ash at 
different intervals or time-lapses. If the ejected volcanic 
products were hot enough (> 600 °C), they were welded 
together upon impact or compaction. The rock formed from 
this extraordinary hot ejecta is known as a welded tuff or 
ignimbrite (in the case of ash flows).

Tuffs can be classified according to the size of their pyro-
clastic fragments (Fisher 1966) or to the type of pyroclas-
tic fragments (Schmid 1981). Fragment sizes range from 
ash (< 2 mm) and lapilli (64–2 mm) to blocks and bombs 
(> 64 mm). The main fragment types are of either crystal, 
vitric or lithic nature. The total alkali versus silica (TAS) 
classification system after Le Bas et al. (1986) is used for 
the geochemical classification of pyroclastic rocks, since 
the modal content of tuffs cannot always be determined 
accurately with the QAPF diagram (Le Maitre et al. 1989; 
Streckeisen 1978), due to the often cryptocrystalline and 
glassy texture of the groundmass. Usually, volcanic tuff is 
composed of a high percentage of silica  (SiO2) and a great 
amount of the matrix consists of volcanic glass. The for-
mation by explosive eruptions means association with acid 
magmas; hence, minerals like quartz, plagioclase, potassium 
feldspars and mica are often found in tuffs. However, it is 
not uncommon to find volcanic tuffs of intermediate to basic 
composition.

Fig. 1  Volcanic tuffs in building heritage. Top left: the city center of 
San Miguel el Alto, Mexico; top right: the second century Mitla Pyr-
amids, Mexico; bottom right: the twentieth century Temple of Saint 

Anthony of Padua in Aguascalientes, Mexico; bottom left: macro 
photographs of the 15 tuffs investigated in this study
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The main components of tuffs are usually rock fragments, 
ash particles and scoria, that were ejected and deposited by 
violent volcanic eruptions and subsequently compacted and 
welded together to different degrees. Many contributing fac-
tors open the possibility to almost limitless heterogeneity. 
Significant contributing factors are the initial composition 
and cooling rate of the magma, the ratio of the dragged-
along and incorporated components, degassing processes, 
different depositional and reworking environments, as well 
as subsequent alteration processes that may form new min-
erals with high impact on the strength and durability. The 
mineralogical and fabric heterogeneity of tuffs make it very 
difficult to determine reliable durability parameters and pre-
dict material behavior, which in turn is crucial for their qual-
ity assessment. Therefore, the evaluation for the construction 
suitability of tuffs is always associated with comprehensive 
and cost-intensive material characterization and testing.

For any type of geotechnical engineering purpose, like 
construction and mining, typically the rock strength is 
used as one of the basic parameters to classify the quality 
of the material and its suitability for construction purposes 
(Benavente et al. 2004; Siegesmund and Dürrast 2011). 
Together with the pore space properties, it can be used to 
estimate the stone’s durability, which is defined as the abil-
ity to maintain essential and distinctive characteristics of 
the stone over the course of its lifespan. The standardized 
assessment of strength parameters is often linked to a time- 
and cost-intensive destructive testing, which requires a for-
midable amount of sample material. Over the past years, in a 
growing amount of studies the authors were able to estimate 
the material behavior of dimension stones based on petro-
physical data. Many authors were able to identify interrela-
tionships between different rock properties and their particu-
lar influence on their weathering behavior (e.g., Benavente 
et al. 2004; Binal 2009; Bodnár et al. 2011; Davarpanah 
et al. 2020; Germinario et al. 2017; Gioncada et al. 2011; 
González et al. 2019; İnce et al. 2019; Jamshidi et al. 2018; 
López-Doncel et al. 2016; Morales Demarco et al. 2007; 
Mosch and Siegesmund 2007; Pötzl et al. 2018b; Sengun 
et al. 2014; Siegesmund et al. 2000; Snethlage and Wendler 
1997; Sousa 2014; Stück et al. 2013; Teymen 2018; Török 
et al. 2007; Wedekind et al. 2013; Xue et al. 2020). Although 
these studies led to a better understanding and prediction of 
the material behavior, the findings are often limited to cer-
tain types of rock and only applicable for individual cases.

Another observation is the frequent use of relatively small 
datasets and neglect of a deep petrographic investigation, 
which do not allow for general statements about the wide 
ranges of rock types and their parameters. However, some 
authors like Mosch and Siegesmund (2007) or Stück et al. 
(2013) conducted studies on hundreds of data points from 
the literature and were able to establish criteria and systems 
to better qualify plutonic rocks, limestones, and sandstones 

for construction suitability and predict their weathering 
behavior. Stück et al. (2013) were even able to create a qual-
ity catalogue for different types of sandstone, based on their 
textural and compositional maturity.

Various studies on volcanic tuffs present a considerable 
amount of thoroughly treated data (e.g., Auras and Steindl-
berger 2005; Bozdağ and Ince 2018; Çelik and Çobanoğlu 
2019; İnce et al. 2019; Korkanç and Solak 2016; López-
Doncel et  al. 2016; Steindlberger 2004; Teymen 2018; 
Török et al. 2007; Wedekind et al. 2013). To the authors’ 
knowledge, however, no such comprehensive study for tuffs 
exists, that integrates petrographic, technical and durability 
parameters with a larger set of data points. Besides the fact 
that studies on volcanic tuffs as dimensional stones are sig-
nificantly underrepresented in the literature when compared 
to other magmatic building stones, sandstones, or limestones 
for example (Wedekind 2016), the comparability of tuffs 
often turns out to be a challenging task because of their great 
heterogeneity even when looking at small-scale comparison 
of material from the same outcrop (Germinario and Török 
2019; Siedel 2017).

In this study, the petrophysical data of up to 513 tuffs 
from the literature are used to analyze the distribution and 
limits of single rock properties and to identify interrelation-
ships between them, with the goal of identifying key param-
eters for the estimation of their weathering behavior. In addi-
tion, 15 selected tuffs were investigated in more detail, to 
extrapolate to the very comprehensive, but less detailed data-
set from the literature and achieve larger representability.

Materials and methods

A total of 15 volcanic tuffs from Armenia, Germany, and 
Mexico, which are frequently used as building stones 
(Table 1), were investigated in terms of their petrographi-
cal and petrophysical properties, as well as their weathering 
characteristics. This study includes a brief summary of their 
petrography. Please find more detailed descriptions in Pötzl 
(2020). The subsequent section will then present the petro-
physical data of these tuffs. To obtain a more comprehensive 
dataset, the data of the detailed study were complemented 
with additional petrophysical data from 123 literature 
sources, representing a total of 513 tuffs from 21 countries. 
The references are listed in Table 6 in the appendix.

Statistical methodology

Univariate and bivariate statistical analyses were applied on 
up to 528 tuffs from the database with the open software 
‘RStudio’. Box-and-whisker plots (boxplots) were used to 
display the distribution of single rock properties (univariate 
method). They essentially consist of two parts: a box and 
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a set of whiskers. The box displays the interquartile range 
(IQR) in which 50% of the values are present, limited by the 
median of the lower (25% quartile) and upper (75% quar-
tile) half of the dataset. A horizontal line inside the box 
represents the median of the whole dataset and its position 
allows for an estimation of the skewness of the data dis-
tribution. The whiskers are drawn until the minimum and 
maximum values. Their length is limited to 1.5 times of 
the IQR (Tukey 1977) and any lower or higher values are 
plotted as outliers. The data of the 15 representative tuffs 
of this study is included into the big dataset. To visualize, 
however, the representativity of the selected tuffs, the range 
of their single rock properties is presented as a red line, next 
to the boxplots.

Regression analyses investigate the relationship of two 
properties and reveal if the parameters are comparable 
(bivariate method). The data are presented in point diagrams 
with the correlation coefficient r expressing the relation 
between two parameters (Spearman rank correlation coeffi-
cient). The correlation coefficient r varies between 1 and − 1, 
whereby values close to 1 or − 1 describe a significant corre-
lation between the parameters and values close to 0 describe 
a lack of relationship. Under the assumption that the rock 
properties show normal distribution, confidence regions with 
80% probability range are displayed as ellipses within the 
regression analyses.

Difficulties in data comparability

The compilation of a summarizing global overview bears 
certain risks that can potentially lead to an increased scat-
tering of data. First of all, a global compilation of a high 

number of data points can per se lead to a wider scattering as 
a limited dataset (Büttgenbach 1990). The determination of 
technical parameters is usually based on country- or society-
specific norms and standards, like the American Society for 
Testing and Materials (ASTM), German Institute for Stand-
ardization (DIN), Turkish Standards Institution (TSE), or 
International Society for Rock Mechanics (ISMR), to just 
name a few. Although, in the past decades, institutions like 
the European Committee for Standardization (CEN) or the 
International Organization for Standardization (ISO) pro-
moted an international alignment of norms and standards, 
the laboratory testing procedures in many countries are 
still conducted following deviant standards. When compar-
ing results from different international standards Mosch 
and Siegesmund (2007) point out the striking example of 
Peschel (1983), who observed a 10–20% decreased uniaxial 
compressive strength (UCS) of test specimens with a ratio 
of h/d > 2, compared to specimens with a ratio of h/d = 1 
(following DIN EN 1926).

Further substantial influences on the results can be the 
different shape of the test specimens (e.g., cylinders react 
different to stress than cubes), the particular laboratory 
conditions (e.g., increased relative humidity), experimental 
procedure (e.g., different strain rates), and in the end human 
failure during testing, evaluation and documentation. It is 
also important to mention that tuffs, due to their depositional 
conditions and frequent directional fabric, often show strong 
directional dependence, as demonstrated by several authors 
(e.g., Colella et al. 2017; López-Doncel et al. 2013; Martin 
III et al. 1992; Pötzl et al. 2018a; Stück et al. 2008; Weiss 
et al. 2004), which, however, is not considered in many stud-
ies. To maintain a large and representative dataset, the most 

Table 1  Overview of the 15 
investigated tuffs

Classifications according to Fig. 3

Sample ID Origin Age Classification Le 
Bas et al. (1986)

Classification 
Schmid (1981)

Classification 
Fisher (1966)

Blanca Pachuca BP Mexico Pliocene Rhyolite Crystal Ash tuff
Cantera Rosa CR Mexico Oligocene Rhyolite Crystal Ash-lapilli tuff
Cantera Verde CV Mexico Miocene Rhyolite Crystal Ash tuff
Mitla Rosa MR Mexico Miocene Rhyolite Crystal Ash-lapilli tuff
Blue Sevan BS Armenia Cretaceous Rhyolite Crystal Ash tuff
Noyemberyan NB Armenia Cretaceous Rhyolite Crystal Ash tuff
Golden Armenia GA Armenia Cretaceous Rhyolite Crystal Lapilli tuff
Hilbersdorf HD Germany Permian Rhyolite Crystal Lapilli tuff
San Miguel el Alto SMA Mexico Paleogene Rhyolite Vitric Lapilli tuff
Queretaro Blanco QB Mexico Pliocene Rhyolite Vitric Lapilli tuff
Hoktemberyan Red HR Armenia Pleistocene Trachyte Vitric Lapilli tuff
Artik Rosa AR Armenia Pleistocene Trachyte Vitric Tuff breccia
Ani Peach ANI Armenia Quaternary Rhyolite Vitric Lapilli tuff
Loseros LOS Mexico Oligocene Rhyolite Lithic Ash tuff
Weibern WB Germany Pleistocene Trachyte–Phonolite Lithic Lapilli tuff
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commonly published mean values of the technical param-
eters were therefore used for the statistical analyses. How-
ever, like in the previous mentioned studies, the results of 
the additional 15 selected tuffs, which were investigated in 
more detail, illustrate that the mean values are not always 
representative and many technical parameters can differ by 
a multiple when determined parallel or perpendicular to the 
bedding plane. Please note that for most of the 513 tuffs 
from the literature, not all of the technical parameters that 
were obtained in the present study were determined in the 
respective studies. Therefore, the comparability of various 
parameters is limited.

Analyses of the petrography and petrophysical 
parameters

The petrographic analyses were performed on oriented thin 
sections under a polarisation microscope, as well as on a 
scanning electron microscope (SEM) with adjacent energy-
dispersive X-ray spectroscopy (EDX) for mineral identifica-
tion. X-ray diffraction (XRD) of whole rock samples and 
oriented slides of the clay fraction < 2 µm along with X-ray 
fluorescence (XRF) were used for the mineralogical and geo-
chemical characterization. They were supported by analysis 
of the cation exchange capacity (CEC) analyses determined 
after the copper (II) triethylenetetramine method of Dohr-
mann and Kaufhold (2009), modified from Meier and Kahr 
(1999).

The effective porosity, bulk, and matrix densities were 
determined by hydrostatic weighing on sample cubes 
of 65 mm edge length after DIN 772-4. The quotient of 
unforced (atmospheric conditions) and forced (vacuum) 
water saturation was used to determine the saturation degree 
S (Hirschwald 1912). The pore radii distribution of the sam-
ples was determined on sample fragments after DIN 66133 
by mercury intrusion porosimetry (MIP). The specific sur-
face area (SSA) was determined by means of  N2 gas adsorp-
tion based on the Brunauer–Emmett–Teller theory (BET).

The capillary water uptake (w value) was determined 
according to DIN EN ISO 15148 on sample cubes of 65 mm 
edge length in a closed cabinet while weighing over time. 
On sample discs with a diameter of 40 mm and a thickness 
of 10 mm, the water vapor diffusion resistance (µ value) was 
measured using the wet-cup method according to DIN EN 
ISO 12572. The hygroscopic water sorption was measured 
according to DIN EN ISO 12571 in a climate chamber at 
20 °C temperature and relative humidities (RH) between 25 
and 95%. Due to time constraints, the relative humidity was 
increased by 10% every 48 h, while determining the weight 
difference before every humidity increase.

The ultrasonic P-wave velocity was determined via direct 
transmission of the ultrasonic travel time through cylindri-
cal specimens (50 mm length, 15 mm diameter) according 

to DIN 14579, with a frequency of 350 kHz. It was also 
used as a non-destructive tool to obtain the dynamic Young’s 
modulus (Edyn), which is proportional to the rock strength 
(Siegesmund and Dürrast 2011).

By means of the Brazil test (or indirect tensile strength 
test) according to DIN 22024, the tensile strength (TS) was 
measured on disc-shaped specimens of 20 mm length and 
40 mm diameter under dry and water saturated conditions. 
A universal press from Walter and Bai applied a progres-
sive compressional load (increasing 30 N/s). The uniaxial 
compressive strength (UCS) under dry and water saturated 
conditions was determined according to DIN EN 1926 on 
cylindrical samples of 50 mm length and diameter with a 
strain rate of 1000 N/s until failure. To identify anisotropic 
behavior of the tuffs, both TS and UCS were determined 
parallel (X direction) and perpendicular (Z direction) to the 
bedding plane, on a minimum of six specimens per direc-
tion. The static Young’s modulus (Estat) was derived from 
the linear portion of the stress–strain curve of the uniaxial 
compressive strength.

The hydric expansion was measured on cylindrical sam-
ples of 50 mm length and 15 mm diameter under conditions 
of complete immersion in demineralized water, following 
DIN 13009. A displacement transducer with a resolution of 
0.1 µm measured the linear expansion as a function of time. 
The salt weathering resistance was determined by a cyclic 
salt weathering test, inspired by the standard DIN EN 12370 
on sample cubes of 65 mm edge length. For one cycle of 
the test, the dry cubes were put in a 10% solution of sodium 
sulfate  (Na2SO4) for 4 h. The samples were afterwards dried 
in an oven (60 °C) for 24 h and subsequently weighed. This 
process was repeated until a minimum weight loss of at least 
30% was achieved.

Results and discussion

Petrography and mineralogy

Geochemically, most of the 15 investigated volcanic tuffs 
are acid rhyolites or trachytes. Only the Weibern tuff (WB) 
shows an intermediate trachytic to phonolitic composition, 
with low  SiO2 (59.1 wt%) and high  Na2O and  K2O con-
tent (> 10 wt%) (Fig. 2). After the classification scheme of 
Schmid (1981), BP, CR, CV, MR, BS, NB, GA and HD 
can be defined as crystal tuffs. Note that all crystal tuffs are 
clearly acid with  SiO2 content > 70%. SMA, QB, HR, AR 
and ANI can be classified as vitric tuffs and LOS and WB as 
lithic tuffs (Table 1; Fig. 3). Regarding the size of pyroclastic 
fragments (Fisher 1966), the investigated tuffs are mainly 
defined as ash tuffs and lapilli tuffs. Artik Rosa (AR) is the 
only representative of tuff breccia. The crystal-rich tuffs are 
mostly ash tuffs and lapilli tuffs with high ash content. Only 
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the vitric tuffs show higher amounts of lapilli and bombs, 
which are often present in the form of pumice clasts. Most 
of the tuffs show considerable amounts of swelling clays 
and/or an abundance of zeolites (Table 2). The vitric tuffs of 
this study are generally young rocks of Cenozoic age, while 
crystal tuffs may be multiple times older (up to Permian) 
(Table 1). It reflects the fact that, over the course of time, 
the glassy material in the older tuffs, due to its thermody-
namic instability, is often altered to fine clay and zeolite 
crystals (Fisher and Schmincke 2012). The petrographic 

and petrophysical properties of the tuffs are compiled in 
Tables 1, 2 and 3. Supplementary data (e.g., XRF, XRD, 
thin section and SEM photomicrographs) can be found in 
Pötzl (2020).   

The 15 selected tuffs show a high mineralogical heteroge-
neity, with varying amounts of main components and acces-
sory minerals such as swelling clays or zeolites (Table 2). 
Past studies on tuffs highlight the strong impact of swell-
ing clays (in this study: clay minerals of the smectite group 
or with smectitic layers) and zeolites on the strength and 

Fig. 2  Geochemical classification according to the total alkali–silica diagram after Le Bas et al. (1986). The tuffs are colored after their main 
pyroclastic content: red = crystal tuff, blue = vitric tuff, green = lithic tuff

Fig. 3  Tuff classification based on the type of components (Schmid 1981) (left) and based on the size of components (Fisher 1966). The tuffs are 
colored after their main pyroclastic content: red = crystal tuff, blue = vitric tuff, green = lithic tuff
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weathering behavior (e.g., Heap et al. 2018; Kück et al. 
2020a; Lubelli et al. 2018a; Pötzl et al. 2018a, b; Steindl-
berger 2004, 2007; Wedekind et al. 2013; Wendler 2007). 
Except for HD, HR, AR and ANI, swelling clays were identi-
fied in all investigated tuffs. Furthermore, BP, CV, BS, NB 
and WB show partly high quantities of zeolitic material.

In general, the vitric tuffs tend to show lower cation-
exchange capacity (CEC) and specific surface area (SSA) 
than the crystal and lithic tuffs. Please note that in the lit-
erature, Blanca Pachuca (BP) and Cantera Verde (CV) are 
often described as vitric tuffs with high glass content (e.g., 
de Pablo-Galán (1986)). In the BP and CV samples of this 
investigation, the volcanic glass is mostly weathered to clay 

Table 3  Summary of the technical parameter of the crystal (left row), vitric (central row), and lithic (right row) tuffs

Sample ID BP CR CV MRb BS NB GA HDc SMA QBb HR AR ANI LOS WB
9.638.613.532.351.337.648.049.525.127.529.411.515.921.139.41]%lov[ ytisoroP

Bulk density [g/cm³] 1.85 1.78 1.54 2.22 2.06 1.73 2.04 1.94 1.52 1.28 1.62 1.24 1.38 2.07 1.51
Matrix density [g/cm³] 2.17 2.58 2.18 2.61 2.42 2.34 2.60 2.62 2.57 2.40 2.43 2.24 2.14 2.49 2.40
Water absorp�on [wt%] 7 14 16 6 6 13 7 9 17 31 15 23 19 7 20
Satura�on coefficient S 0.86 0.77 0.85 0.92 0.83 0.87 0.64 0.64 0.65 0.83 0.75 0.52 0.73 0.81 0.84

015474730949888197]%[ seroporciM 9 4 5 10 85 14
Capillary pores [%] 21 82 12 6 10 63 53 55 90 91 96 95 90 15 86
Mean pore radius [µm] 0.05 0.20 0.04 0.04 0.03 0.14 0.11 0.18 1.50 0.74 3.93 2.24 0.87 0.04 0.51
Pore radii distribu�on uu bi bi uu bi uu bi bi ue ue ue bi uu bi bi

762571]g/²m[ ASS 8 3 6 8 7 8 1 2 1 12 14
CEC [meq/100g] 12 6 6 5 9 9 3 <1 4 2 1 1 <1 5 5
w-value [kg/m² √(h)]

9.418.02.228.032.342.343.72.16.29.38.05.18.24.98.0X
2.417.03.612.519.031.147.49.07.28.35.06.16.21.78.0Z

µ-value
1.99.724.016.61.84.54.75.115.414.414.412.612.95.79.11X
1.94.311.510.87.92.41.85.115.415.412.410.911.014.81.11Z

Sorp�on 95% RH [wt%] 4.5 2.6 7.9 1.8 2.9 3.5 1.3 1.8 1.2 1.2 0.1 0.1 0.8 2.9 3.2
hydric exp. [mm/m]

65.085.0400.0-40.070.0-70.070.007.093.076.053.040.093.101.017.0X
56.022.110.0-30.031.0-11.032.042.295.067.075.161.086.142.069.0Z
66.087.110.0-40.061.0-11.043.074.746.079.025.261.010.292.041.1xaM

P-wave velocity [km/s]
5.27.39.21.29.26.17.29.27.21.39.38.37.28.23.3X
5.28.23.28.13.23.13.24.27.22.31.37.36.26.22.3Z

dyn. Youngs's modulus [GPa]
982016414116151711322114102X
961759381151810212012191Z

Tensile strength dry ßSZ (MPa)
9.6X a - 3.4 5.8 8.7 5.2 4.7 3.6 3.9a 0.8 3.0 3.8 2.5 6.3a 1.9
9.5Z a - 3.0 5.3 6.4 5.9 4.8 4.0 4.0a 0.7 2.3 3.3 1.8 8.3a 1.5

Tensile strength sat. ßSZ (MPa)
0.4X a - - - 4.4 3.6 3.0 2.0 2.6a 0.7 3.3 3.4 2.8 5.8a 1.6
1.3Z a - - - 3.4 4.1 3.2 2.4 3.0a 0.6 2.5 3.0 2.2 6.7a 1.3

ø strength reduc�on 45 - - - 49 30 35 41 29 12 -9 9 -19 14 15
UCS dry [MPa]

1.66X a - - 76.1 107.7 70.2 59.4 43.9 31.9a 5.6 31.4 46.4 22.7 74.3a 16.0
7.35Z a - - 64.6 142.1 67.8 61.6 42.0 32.6a 4.7 31.7 36.9 22.5 58.0a 17.2

UCS sat. [MPa]
----X 73.7 49.4 42.3 31.9 21.4 4.2 34.0 43.4 14.6 58.1 11.8
----Z 66.5 49.4 42.5 22.1 - 4.0 30.2 28.9 14.9 41.7 11.1

ø strength reduc�on - - - - 44 28 30 37 - 21 -2 13 35 25 31
ø stat. Youngs's modulus [GPa]

9.2-4.39.35.44.1-9.39.43.54.63.6---yrd
7.27.45.25.32.41.20.21.39.35.45.5----tew

0204511456selcyc tlaS d 109d 78d 11 >85 39 >150d 65d >75d 35 -

SSA specific surface area, CEC cation exchange capacity, w value capillary water absorption, µ value water vapor diffusion resistance, TS tensile 
strength, UCS uniaxial compressive strength, uu unimodal unequal, bi bimodal, ue unimodal equal
a From Wedekind et al. (2013)
b From Kück (2019)
c From Pötzl et al. (2018a)
d From Pötzl et al. (2018b)
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minerals and zeolites, so that these tuffs now classify as 
crystal tuffs after Schmid (1981). Also, devitrification in 
Artik Rosa (AR) is already advanced. Figure 4 displays the 
range of aesthetic, compositional and fabric differences of 
tuffs by illustrating macrophotographs, thin section photo-
micrographs and SEM micrographs of four examples from 
the dataset at the same scale.

As described above, distinct petrographic differences 
could be identified between the investigated crystal tuffs 
and vitric tuffs. Since there are only two representatives of 
lithic tuffs within the dataset (LOS, WB), it is meaningless 
to assign them as a separate group. For this study, these 
rocks will be incorporated into the groups with which they 
share the most affinity, which is crystal tuffs for Loseros 
(LOS) and vitric tuffs for Weibern (WB). Only future inves-
tigation of a larger group of lithic tuffs can determine if this 
group shows unique and clearly differential petrophysical 
properties and weathering behavior.

Petrophysical properties and weathering behavior 
of tuffs: univariate analysis

In the previous section, the classification system after 
Schmid (1981) turned out to very effectively concur with 
clear petrographic distinctions of the tuffs, which is also 
reflected in the distinct petrophysical properties and weath-
ering behavior, as will be characterized below.

In this section, two sets of data will be described. First, 
the large dataset compiled from the literature (in which the 
data of the 15 additional tuffs is included) will be displayed 
in the form of boxplots. The according mean and median 
values as well as standard deviation are listed in Table 4. 
Second, the data obtained from the 15 representative tuffs 
of this study will be visualized as red lines next to the plots. 
A summary of the parameters of the tuffs investigated in 
detail is compiled in Table 3. The description of the box-
plot data will proceed from one parameter to the next, while 

Fig. 4  Chromatic, structural 
and compositional variation of 
a crystal ash tuff (Blue Sevan), 
vitric ash-rich lapilli tuff (Hok-
temberyan Red), vitric lapilli 
tuff (Ani Peach) and vitric tuff 
breccia (Artik Rosa), illus-
trated in polished sections (left 
column), thin section photomi-
crographs (central column) and 
scanning electron photomicro-
graphs (right column)
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describing the large dataset first and subsequently the 15 
representative tuffs.

A first observation is an asymmetrical distribution and a 
wide scattering in most of the plotted parameters, which is 
displayed by the high standard deviation (Table 4). Proper-
ties with high standard deviation are often accompanied by 
outliers towards higher values (e.g., water vapor diffusion 
resistance, UCS, or hydric expansion) and show a posi-
tive skew. The only exceptions with negative skew are the 
matrix density and saturation coefficient (Fig. 5). In the fol-
lowing, the median value is considered to be more robust to 
skewed data and gives a more realistic picture of the data 
distribution.

The bulk density of 511 data points is characterized by a 
wide scattering between 0.91 and 2.48 g/cm3, with a median 
value of 1.66 g/cm3 (outliers 0.81 and 2.70 g/cm3) (Fig. 5). 
The median of the matrix density (n = 260) is 2.51 g/cm3, 
with min–max values of 2.05–2.87  g/cm3 and several 
outliers down to 1.82 g/cm3. Note that the crystal tuffs in 
Table 3 are generally characterized by higher bulk densities 
(1.54–2.22 g/cm3) than vitric tuffs (1.24–1.62 g/cm3).

The boxplot displaying the effective porosity of 528 data 
points shows that tuffs typically possess a wide range of 
porosities between 1.5 and 56.5 vol%, with outliers exceed-
ing values up to 64 vol% (Fig. 5). Considering the wide 
scattering of values, the median of 28.0 vol% and mean of 
28.9 vol% are relatively close to each other, indicating a 
symmetrical distribution. The crystal tuffs of this study tend 

to show intermediate to high porosities between 14.9 and 
31.1 vol%, whereas the vitric tuffs exhibit very high porosi-
ties, starting with 33.1 vol% and reaching up to 53.2 vol% 
(AR) (Table 3).

With a median of 0.3 µm, the values of (n = 156) mean 
pore radii show a distinct positive skew, with 50% of the 
data points located in a relatively small IQR between 0.06 
and 0.9 µm (Fig. 5). Including the extreme values, tuffs show 
mean pore radii ranging from the nanometer range (4 nm) 
up to 1.98 µm. Many outliers exceed mean pore radii up to 
10.5 µm. A wide scattering of data can also be observed for 
the fraction of micropores (n = 127), which almost covers 
the whole range from 0 to 100% (min 2.17%; max 94%; 
median 25%; outliers up to 97%). An extreme example is 
the Hoktemberyan Red (HR) with a mean pore radius of 
3.93 µm and 96% of capillary pores (Table 3). Other extreme 
examples are the Blanca Pachuca (BP), Loseros (LOS), Can-
tera Verde (CV) and Blue Sevan (BS) with up to 79–90% 
micropores. In general, the crystal tuffs show much higher 
fractions of micropores (37–94%) and accordingly smaller 
mean pore radii (0.03–0.20 µm) in comparison to the vitric 
tuffs (micropores 4–10%; mean pore radii 0.74–3.93 µm).

Fifteen samples are certainly not sufficient to derive gen-
eral laws, but some clear trends can be noted when char-
acterizing the pore size distribution after the classification 
scheme of Ruedrich and Siegesmund (2006): (1) only vitric 
tuffs show unimodal equal pore size distributions (although 
only slightly sometimes); (2) crystal tuffs are exclusively 

Table 4  Mean, median, and standard deviations of the data distribution from the literature data compilation (references in Table 6)

n number of data points, SSA specific surface area, w value capillary water uptake, µ value water vapor diffusion resistance, TS tensile strength, 
UCS uniaxial compressive strength

Bulk density [g/
cm3]

Matrix density [g/
cm3]

Porosity [vol%] Mean pore radius 
[µm]

Micropores [%] SSA  [m2/g]

n 511 260 528 156 127 66
Median 1.66 2.51 28.0 0.30 25 8.6
Mean 1.68 2.48 28.9 0.87 34 12.6
Std Dev 0.32 0.17 11.4 1.55 27 15.3

TS dry [MPa] TS sat. [MPa] UCS dry [Mpa] UCS sat. [Mpa] P-wave velocity 
dry [km/s]

Dyn. Young’s 
mod. [GPa]

Stat. 
Young’s 
mod. [GPa]

n 150 50 374 63 262 66 80
Median 3.1 2.0 21.0 12.5 2.37 12.4 4.7
Mean 4.0 2.3 30.2 17.9 2.45 14.6 7.2
Std Dev 4.1 1.7 32.2 18.5 0.66 9.8 8.9

Water absorption 
[wt%]

Saturation coeff. 
S [–]

w value [kg/m2√h] µ value [–] Sorption 95 rh 
[wt%]

Mean hydric 
exp. [mm/m]

n 311 92 161 85 60 131
Median 16.1 0.75 11.2 12.4 1.8 0.45
Mean 16.6 0.72 17.4 18.1 2.1 0.78
Std Dev 8.4 0.16 19.0 16.4 1.9 0.99
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characterized by unimodal unequal or bimodal distributions; 
(3) lithic tuffs show bimodal distribution. A bimodal distri-
bution is the most volatile of the three, as it can be observed 
in all three types of tuff (Table 3; Fig. 6).

Under atmospheric conditions, tuffs (n = 311) absorb on 
average 16.6 wt% water (median 16 wt%). However, the 
scattering of the data is wide and water absorption values 
from barely any absorption (0.6 wt%) up to 34.7 wt% are 
within the range of the whiskers (Fig. 5). Outliers display 

Fig. 5  Box–whisker plots of the pore space and total water absorption 
properties from n = number of tuffs (references in Table 6). SSA spe-
cific surface area. The blue dots represent outliers; the red line repre-

sents the range of properties of the 15 tuffs of this study investigated 
in more detail
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tuffs that even absorb up to 47.7 wt% water under atmos-
pheric conditions. The related saturation coefficients after 
Hirschwald (1912) show values starting from 0.34 up to 
0.98, with an average of 0.72 and a median of 0.75 (n = 92). 
Natural stones with S values < 0.75 are considered frost 
resistant, S values > 0.75 and < 0.9 indicate uncertain frost 
resistance, and S > 0.9 is not considered to be frost resistant. 
The average tuff with a saturation coefficient < 0.75 is there-
fore categorized as barely frost resistance after Hirschwald 
(1912) and looking at the boxplot in Fig. 5, many tuffs are 
classified as not frost resistant building material. The Que-
retaro Blanco (QB) is an example of extreme water absorp-
tion under atmospheric conditions (31 wt%). In contrast, 
the Mitla Rosa (MR) and Blue Sevan (BS) show the lowest 
absorption (6 wt%). All of these extreme examples exhibit S 
values > 0.75 (up to 0.92) and are not considered frost resist-
ant. Regarding water absorption and frost resistance, clear 
differences can be observed for both crystal and vitric tuffs 
of this study. While the vitric tuffs tend to a higher water 
absorption (15–31 wt%), crystal tuffs absorb relatively little 
water (6–16 wt%). With the exception of Golden Armenia 
(GA) and Hilbersdorf (HD), all crystal tuffs show high satu-
ration coefficients (S > 0.75), meaning that frost resistance of 
the material is uncertain or not existent (Hirschwald 1912). 
On the other hand, with the exception of Queretaro Blanco 
(QB), saturation coefficients of vitric tuffs indicate frost 
resistance of the material.

The specific surface area (SSA) of tuffs (n = 66), which is 
of particular importance for adsorption processes and reac-
tions on the materials surface, ranges from 0.6 to 29  m2/g 
(median 8.6  m2/g), but also extreme outliers with values 

up to 77.8  m2/g are recorded (Fig. 5). An increased SSA in 
tuffs is often accompanied by increased clay mineral and/
or zeolite content (Kück et al. 2020a). The hygroscopic 
water sorption, water vapor diffusion resistance and cap-
illary water absorption show similar distributions (Fig. 7). 
With a median of 1.76 wt%, most of the hygroscopic sorp-
tion values (n = 60) are between 0.06 and 4.86 wt%, but also 
extreme outliers of up to 7.9 wt% (Cantera Verde (CV)) can 
be observed. Examples of extremely low hygroscopic water 
sorption are Hoktemberyan Red (HR) and Artik Rosa (AR) 
(both 0.1%). The highest values are shown by tuffs that 
are rich in zeolites and swelling clays (compare Table 2). 
As shown in Tables 2 and 3, crystal tuffs tend to higher 
SSA (3–26  m2/g) and CEC values (< 1–12 meq/100 g) than 
the vitric tuffs (SSA 1–8   m2/g; CEC < 1–4 meq/100 g). 
Hygroscopic water sorption of the vitric tuffs is very low 
(0.1–1.2 wt%), while the crystal tuffs of this study show 
values that are multiple times higher (1.3–7.9 wt%).

The values of the water vapor diffusion resistance coef-
ficient µ (n = 85) show a median of 12.4, with most values 
located between 4.8 and 29.5 (Fig. 7). Extreme outliers of 
up to three times the maximum value (93) can be observed. 
The Loseros tuff (LOS) is an example of very high µ value, 
with 27.9 in X direction. The Queretaro Blanco (QB), like 
most vitric tuffs, shows very low resistance against water 
vapor diffusion (4.2 in Z direction). The crystal tuffs show 
moderate resistance towards water vapor diffusion, with µ 
values up to 19. Regarding the capillary water absorption, 
values (n = 161) range between 0.04 and 61.1 kg/m2√h, 
with a median of 11.2 kg/m2√h. Outliers reach w values 
of up to 94.9 kg/m2√h. In this study, high capillary water 

Fig. 6  Representative pore radii distribution types according to Rue-
drich and Siegesmund (2006) observed in three tuffs and schematic 
relation to the fragmental composition of the rock and ratio of capil-

lary pores as observed in the dataset. The arrows display an increas-
ing ratio of capillary pores and crystal content typical for either of the 
pore radii types
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uptake is especially shown by the vitric tuffs, with Queretaro 
Blanco (QB) and Hoktemberyan Red (HR) on the upper end 
(both 43.2 kg/m2√h in X direction), while low values are 
shown by crystal tuffs, with extreme low values by Blanca 
Pachuca (BP), Loseros (LOS), Blue Sevan (BS), and Hilber-
sdorf (HD) (BS lowest with 0.45 kg/m2√h in Z direction). 
A partly pronounced anisotropic behavior of the tuffs, with 
usually higher capillary water absorption and lower water 
vapor diffusion resistance parallel to the bedding plane (X 
direction), indicates a better connection of the pore network 
in this direction.

The ultrasonic velocity of 262 data points ranges between 
0.96 and 4.05 km/s, with a median of 2.37 km/s and outliers 
of up to 4.38 km/s (Fig. 8). Via ultrasonic measurement, the 
dynamic Young’s modulus, which is proportional to the rock 
strength, can be obtained (Siegesmund and Dürrast 2011). 
Tuffs (n = 66) show a median value of 12.4 GPa, with a mini-
mum of 0.9 GPa and maximum of 39 GPa. In this study, 
the lowest ultrasonic velocities and corresponding dynamic 
Young’s moduli are shown by vitric tuffs, especially the 
Artik Rosa (AR) and Queretaro Blanco (QB) (QB down to 
1.3 km/s and 2.8 GPa in Z direction). Particularly, high val-
ues are shown by Loseros (LOS) and crystal tuffs like Mitla 
Rosa (MR) and Blue Sevan (BS) with up to 3.9 km/s and 
31.5 GPa.

Characterizing mechanical properties like the tensile or 
compressive strength are of particular importance for the 
estimation of the rock durability. Compared to other rock 

types, tuff rocks exhibit relatively low mechanical strength 
values (Mosch and Siegesmund 2007). Under dry condi-
tions, the tensile strength of 150 tuffs is between 0.2 and 
8.0 MPa, with a median of 3.1 MPa. Extreme outliers reach 
values up to 25.7 MPa (Fig. 8). Under water saturated condi-
tions, the tensile strength values of 50 data points are nearly 
halved (median 2.0 MPa; min–max 0.1–4.7 MPa). Few outli-
ers reach values up to 8.5 MPa.

The uniaxial compressive strength (UCS), as one of the 
most frequently used parameters for the characterization 
of the rock strength, shows an extraordinary high standard 
deviation under dry conditions (Table 4). With a median of 
21.0 MPa and a mean of 30.2 MPa, the values of n = 374 
tuffs range between 0.7 and 73 MPa. A high amount of outli-
ers exceed these values and reach UCS of up to 245 MPa. 
From the investigated tuffs, Blue Sevan (BS) exceeds the 
maximum UCS with an average of 124.9 MPa. Under water 
saturated conditions, the mean UCS of n = 63 tuffs is sig-
nificantly lowered (0.2–49.4 MPa; median 12.5 MPa; mean 
17.9 MPa). Almost half of the additionally investigated tuffs 
of this study show a strength reduction of more than 1/3 
of their original value, both in TS and UCS measurements 
(Table 3). Extraordinary high strength reduction is primar-
ily shown by the crystal tuffs, especially Blanca Pachuca 
(BP), Blue Sevan (BS) and Hilbersdorf (HD), with a loss 
in strength of almost 50%. Vitric tuffs show less strength 
reduction. Special cases are the Hoktemberyan Red (HR) 
and (in parts) the Ani Peach (ANI) tuff, which show opposite 

Fig. 7  Box–whisker plots of the water transport, retention, and expansion properties from n = number of tuffs (references in Table 6). The blue 
dots represent outliers; the red line represents the range of properties of the 15 tuffs of this study investigated in more detail
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behavior, with slight strength increase due to water satura-
tion. Particularly low strength values in the dataset are pre-
sented by the Queretaro Blanco (QB), with an average tensile 
strength around 0.8 MPa and a UCS of 4.6 MPa. The static 
Young’s modulus, as a parameter for the resistance against 
deformation of (n = 80) tuffs, was obtained from the UCS 

measurements and shows a similar trend. Also, here, the wide 
range of values (0.1–12.3 GPa; median 4.7 GPa) is exceeded 
by extreme outliers up to 50.2 GPa. To sum up, the crystal 
tuffs of this study generally show higher strength values and 
static Young’s moduli than the vitric tuffs, but also higher 
loss in strength due to water saturation (compare Table 3).

Fig. 8  Box–whisker plots of the mechanical and elastic properties from n = number of tuffs (references in Table 6). The blue dots represent outli-
ers; the red line represents the range of properties of the 15 tuffs of this study investigated in more detail
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The characterization of the hydric expansional behavior 
of the tuffs gives a proper estimation about future response 
of the material to changing environmental conditions and 
weathering effects. As the boxplot in Fig. 7 displays, the 
response of (n = 131) tuffs to water immersion is usually 
an expansional process with mean values around 0.8 mm/m 
(median 0.5 mm/m) and a maximum of 2.3 mm/m. Outli-
ers expand up to 5.7 mm/m (Hilbersdorf (HD)), but also 
negative expansion (− 0.1 mm/m) is recorded, e.g., Hok-
temberyan Red (HR), Ani Peach (ANI) and in parts San 
Miguel el Alto (SMA) as well as some Artik (AR) types. 
Some specimens of the Hilbersdorf tuff (HD) expand up to 
7.5 mm/m. A general observation on the tuffs of this study 
is: low hydric expansion (up to contractional behavior) in 
vitric tuffs; high expansion values in crystal tuffs. An impor-
tant characteristic that is shared by all tuffs, is a partly strong 
anisotropic behavior of the material, with higher expansion 
perpendicular to the bedding plane (Z direction) (Table 3).

Salt bursting tests identify the resistance of the material 
to crystallization pressure of salts. Sousa et al. (2018) give 
a detailed overview on controlling factors of salt weathering 
in granitoids. López-Doncel et al. (2016) investigated the 
main factors influencing the salt weathering in volcanic tuffs. 
A critical literature review on salt crystallization tests and 
new ideas to overcome existing limitations can be found in 
Lubelli et al. (2018b). In many investigations, especially in 
timely limited thesis works (e.g., Molina-Maldonado 2016; 
Teipel 2020; Wittenborn 2015), the salt bursting tests are 
not continued after a certain amount of cycles and results are 
extrapolated from the status quo. Individual stones, however, 
may show significant deterioration only after a high amount 
of cycles (e.g., Pötzl et al. 2018b; Sousa et al. 2018). An 
extrapolation of the results may be reasonable within indi-
vidual datasets, but does aggravate the overall comparability 
with the results of other studies. Some studies extrapolated 
after 40 cycles; others stopped testing after 150 cycles. The 
illustration of the range of absolute values in form of a box-
plot is therefore misleading and was consequently not done 
in this study.

Within the dataset of this study, the 15 tuffs show a wide 
range of different responses and resistance towards salt 
weathering (Table 3). An overall trend indicates that, on 
average, crystal tuffs obtain lower resistance (11–109 salt 
cycles; mean 47 cycles) and vitric tuffs higher resistance (39 
to > 150 salt cycles; mean > 83 cycles).

Petrophysical properties and weathering behavior: 
bivariate analysis

In the following, regression analyses of some basic param-
eters typically investigated for building stones are displayed 
and discussed. These correlations can be useful for under-
standing the mutual dependence of the parameters and to 

estimate certain parameters using others (Liu et al. 2019; 
Pappalardo et al. 2017; Vernik et al. 1993) In comprehen-
sive statistical studies on other natural building stones like 
granitoids (Sousa 2014) or sandstones (Stück et al. 2013), 
the pore space properties showed to have a significant influ-
ence on strength values and weathering behavior and are 
therefore of particular interest.

Both bulk density and porosity are two pore space proper-
ties which are fundamental for many investigations on engi-
neering properties of building stones. On 491 data pairs, 
they show a strong negative linear relationship (r = − 0.81), 
meaning that high porosity is related to low bulk density 
and vice versa (Fig. 9). The average value of the 80% con-
fidence ellipsoid amounts to 1.66 g/cm3 bulk density and 
30 vol% porosity. Both bulk density and porosity show a 
strong linear correlation with the water absorption behavior 
under atmospheric conditions of tuffs (r = − 0.92 (n = 299) 
and 0.85 (n = 302), respectively). While at higher bulk densi-
ties, the water absorption decreases, an increasing porosity 
is accompanied by an increasing water absorption (Fig. 9). 
The mean values of the confidence ellipsoids are at 16.7% 
water absorption and a bulk density of 1.67 g/cm3 or a poros-
ity of 27.9 vol%.

Although the (n = 258 and n = 262) data pairs are moder-
ately scattered, both bulk density and porosity show a linear 
relationship with the ultrasonic velocity (r = 0.65 and − 0.56, 
respectively) (Fig. 9). A positive linear relation with a corre-
lation coefficient of r = 0.67 is displayed by 68 data pairs of 
the bulk density and the dynamic Young’s modulus. While 
the mean bulk density of 1.79 g/cm3 amounts to 13.8 GPa in 
the 80% confidence ellipsoid, higher bulk densities correlate 
with increased dynamic moduli of elasticity (Fig. 9).

The relationship of the effective porosity and bulk den-
sity with strength parameters like compressive and tensile 
strength is of exponential nature (Fig. 10). With increas-
ing bulk density, the compressive and tensile strength are 
increasing exponentially, whereas increasing porosity 
is accompanied by an exponential decrease of strength 
(Fig. 10). Correlation coefficients are usually higher for 
regressions against bulk density and therefore display a 
stronger relationship (e.g., bulk density vs. UCS: r = 0.84; 
porosity vs. UCS: r = 0.75). Both bulk density and porosity 
show a less pronounced but still moderate to strong exponen-
tial correlation with the tensile strength (r = 0.68 and − 0.65, 
respectively). The ultrasonic velocity strongly correlates 
with the strength values, showing exponential increase 
of strength with increasing ultrasonic velocity (Fig. 10). 
Its relation, however, is stronger with the tensile strength 
(r = 0.82) than with the compressive strength (r = 0.72). 
Exponential decrease of compressive strength is related to 
an increased capacity of water absorption of the material 
(Fig. 11). The coefficient of correlation for n = 253 data pairs 
is strong (r = − 0.82). 
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Other, weaker and less pronounced correlations can be 
found for some pore space properties with the water trans-
port properties and expansional behavior of tuff (Fig. 11). 
Regression analysis indicates an exponential relationship 
between n = 98 data pairs of the capillary water absorption 
and the fraction of micropores. The correlation coefficient, 
however, describes only a moderate relationship between 
these parameters (r = − 0.56). Between the fraction of 
micropores and the water vapor diffusion resistance, the 
correlation is even weaker (r = 0.49; n = 80), while showing 

a barely linear trend. In contrast, the porosity shows a dis-
tinct negative exponential relationship with the water vapor 
diffusion resistance and a strong correlation coefficient of 
r = − 0.79. However, regarding capillary water absorption 
and water vapor diffusion resistance, the data are fairly scat-
tered and confidence ellipses are wide. Consequently, both 
porosity and fraction of micropores should be used with cau-
tion to estimate general trends of the water transport and 
retention properties of tuffs.

Fig. 9  Regression analysis of different rock properties with trendlines and r values. The grey ellipses predict an 80% probability of the data. Data 
taken from references in Table 6 (data of this study included). n = number of data pairs
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Regarding their expansional behavior, tuffs with smaller 
pore radii tend to show higher hydric expansion values 
(n = 86). The relation between hydric expansion and mean 
pore radius is described by a negative quadratic trend with 
a weak to moderate correlation of r = − 0.42. A negative 
quadratic trend, with weak correlation (r = − 0.35), can be 
observed for the hydric expansion and the resistance against 
salt weathering (n = 59). Increasing hydric expansion is con-
sequently related to a lower mean pore radius and lower resist-
ance to salt weathering (Fig. 11). The relation between the 

cation exchange capacity (CEC) and the hydric expansion of 
53 data pairs is described by a moderate correlation coef-
ficient (r = 0.53), but the data points are widely scattered and 
no clear trend is observable (Fig. 12). The CEC is a proxy 
for swellable clay minerals (Dohrmann and Kaufhold 2010); 
accordingly, their effect on moisture changes and their role in 
the tuffs studied is not as clear as expected. On the other hand, 
5 of the 15 samples studied contain zeolites that do not show a 
significant CEC when measured using Cu-trien, but may react 
significantly upon moisture changes, which may explain the 

Fig. 10  Regression analysis of different rock properties with trendlines and r values. The grey ellipses predict an 80% probability of the data. 
Data taken from references in Table 6 (data of this study included). n = number of data pairs
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poor correlation. It should be noted, however, that many tuffs 
with very low CEC tend to show hardly any expansion. Some 
even show contractional behavior (Fig. 12).

Material behavior of crystal, vitric, lithic tuffs, 
and influence of the pore radius

As the classification of tuffs after the recommended system 
of the IUGS (Schmid 1981) is usually not a part of most 
investigations, scientific data on this information are scarce, 

if not absent, in the literature. This, in part, also applies 
for the characterization of the pore size distributions, since 
their analysis is associated with increased costs and access to 
analytical tools. This section, however, should demonstrate 
the potential that resides in these classification tools. For 
this purpose, the 15 investigated tuffs of this study plotted 
in Figs. 13 and 14, were colored according to their classi-
fication after the main type of pyroclastic content (Schmid 
1981) on one hand, and on the other after their pore radii 
distribution type (Ruedrich and Siegesmund 2006).

Fig. 11  Regression analysis of different rock properties with trendlines and r values. The grey ellipses predict an 80% probability of the data. 
Data taken from references in Table 6 (data of this study included). n = number of data pairs
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Several authors found strong relationships between the 
porosity and water absorption with the UCS for various clay 
bearing tuffs (e.g., Erguler and Ulusay 2009; Teymen 2018), 
which can be confirmed by this work (Figs. 10, 11). Further-
more, significant differences in the strength parameters can 
be observed when looking at the different types of tuff of 
this investigation. In Fig. 13, the relationship of the poros-
ity and hydric expansion with the UCS and the reduction of 
UCS due to moisture saturation are displayed. The nature 
of the relationship between porosity and UCS was already 
described above as exponential (see Fig. 10). However, the 
onset of the exponential growth is mainly observed for tuffs 
with porosities < 10%. As the 15 selected tuffs of this study 
do not obtain porosity values < 14.9%, the relationship of the 
parameters in Fig. 10 would be rather described as linear in 
the investigated range (compare Fig. 13). This demonstrates 
the critical importance of comprehensive datasets when 
determining estimators, since the smaller data set produces 
entirely different predictions.

A strength reduction of tuffs due to water saturation 
is demonstrated by various studies (e.g., Çelik and Ergül 
2015; Erguler and Ulusay 2009; Hashiba and Fukui 2015; 
Kleb and Vásárhelyi 2003; Masuda 2001; Okubo et  al. 
1992; Török et al. 2004; Vásárhelyi 2002; Wedekind et al. 
2013; Yasar 2020). Yasar (2020) reported that already low 
amounts of moisture content, such as 0.2 wt%, can lead to 
serious strength reduction. An overall observation in Fig. 13 
is that tuffs with lower porosity usually show higher UCS, 
but also stronger UCS reduction due to water saturation. A 
more detailed examination identifies the differential mate-
rial behavior by certain types of tuff, which was already 

indicated by the univariate analysis above. A grouping of 
tuffs above and below 30 vol% porosity seems possible (sup-
porting the findings of Pötzl et al. 2018b), since vitric tuffs 
(> 30 vol% porosity) regularly show lower UCS and strength 
reduction than crystal tuffs (< 30 vol% porosity). Because 
unimodal equal pore radii distribution is only represented 
by vitric tuffs of this study and unimodal unequal distribu-
tion mainly by crystal tuffs, a grouping by these two pore 
radii types seems also possible. Thus, unimodal equal pore 
distribution types display high porosity tuffs with lower UCS 
and accordingly lower UCS reduction than the unimodal 
unequal types, which show lower porosities and increased 
UCS, as well as higher UCS reduction due to water satura-
tion. Bimodal pore radii types, however, are scattered over 
the whole range of porosities and strength values and do not 
seem to be suitable for a further differentiation of tuff char-
acteristics. The classification of tuffs according to the type 
of pyroclasts (Schmid 1981) and the pore radii distribution 
type (Ruedrich and Siegesmund 2006) may only be seen as 
a potential proxy for a fast estimation of rock strength, and 
at this point, their utility for this purpose is surely lacking 
validation from comprehensive data.

Looking at the relationship between hydric expansion 
and UCS reduction, it becomes apparent that with increas-
ing hydric expansion, the compressive strength decreases 
(Fig. 13). Therefore, vitric tuffs with typical low expansion 
values experience less strength reduction than crystal and 
lithic tuffs, which typically show increased hydric expan-
sion (Fig. 13). López-Doncel et al. (2018) report similar 
behavior but with the thermal expansion of tuffs. When clas-
sified according to the pore radii distribution type, only the 

Fig. 12  Relationship between 
the cation exchange capacity 
(CEC) and the hydric expansion 
of tuffs (n = 53) with trendline 
and r value. Despite the moder-
ate correlation coefficient, no 
clear trend is observable
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unimodal equal type shows similarities with the behavior 
of the vitric tuffs. The only clear observation regarding uni-
modal unequal pore radii types is a typical high strength 
reduction. Bimodal types again scatter over the whole range 
of expansion values and UCS reduction and do not seem 
suitable for estimating a distinct behavior of the material.

The reduced strength connected to increased expansional 
behavior of certain tuff groups can also be transferred to their 
salt crystallization resistance. Low expanding vitric tuffs 

show higher resistance to salt weathering, unlike the higher 
expanding crystal tuffs, which show accordingly lower resist-
ance (Fig. 14). A grouping after pore radii distribution type 
is again only suitable to a limited extent. As observed above, 
unimodal equal types coincide with the behavior of vitric type 
tuffs. Unimodal unequal types, with typical low to intermedi-
ate hydric expansion, show moderate resistance to salt weath-
ering, while bimodal types show wide scattering. The lowest 
resistance to salt weathering in this study is shown by tuffs 

Fig. 13  Relationship between different rock properties with regard to their pyroclastic content and pore radii distribution type
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of the bimodal type. These results confirm the observations 
in recent studies, where unimodal unequal and bimodal type 
tuffs with high fractions of micropores generally show higher 
susceptibility to salt crystallization (Çelik and Sert 2020; 
Germinario and Török 2019; López-Doncel et al. 2016; Pötzl 
et al. 2018b; Yu and Oguchi 2010). It is widely accepted that 
the generation of high crystallization pressures is facilitated 
by micropores (e.g., Fitzner and Snethlage 1982; Ruedrich 
et al. 2005; Scherer 1999; Steiger 2005a, b; Wellman and Wil-
son 1965). However, it should be noted that various authors 
define different sizes of micropores that facilitate the dete-
rioration due to salt crystallization. Frequent sizes found in 
the literature range between < 0.05 µm and 10 µm (Benavente 
2011; Steiger 2005b). To sum up, the pore size distribution 
may prove useful as an estimator of the salt weathering resist-
ance of tuffs, as does the distinction between crystal and vitric 
type tuff, since the crystal type tuff usually shows lower dura-
bility (Fig. 14).

Summary and conclusions

The goal of this study was to identify key parameters that 
may be useful in the estimation of the strength and durabil-
ity of tuffs by analyzing a dataset of more than 500 samples 
from the literature. Fifteen selected tuffs were investigated 
in more detail, to extrapolate to the very comprehensive, but 
less detailed dataset from the literature and achieve larger 
representability. Tuffs demonstrate to bear great mineralogi-
cal and fabric heterogeneity, and along with this heteroge-
neity, they show a wide range of technical parameters and 
responses to weathering. Especially, the porosity, water 
absorption, and hydric expansion can exceed values mul-
tiple times higher than other rock types (compare Sieges-
mund and Dürrast 2011). Although the analyses in this study 
are accompanied by a partly wide scattering of data, some 
strong correlations can be observed:

Fig. 14  Relationship between different rock properties with regard to their pyroclastic content and pore radii distribution type
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Table 5  Some key differences of crystal and vitric tuffs observed on the set of 15 representative tuffs of this study

Crystal tuff Vitric tuff 

porosity  %05–03~%03–51~

bulk density 1.5 – 2.2 g/cm3 1.2 – 1.6 g/cm3

water 
absorption 

%03–51~%51–5~

Ø pore radius mµ7.0>mµ2.0<

pore radii 
distribution 
type

w-value 0.5 – 10 kg/m2√h 5 – 44 kg/m2√h 

sorption 95% 
RH 

1.3 – 7.9 wt.% 0.1 – 1.2 wt.% 

hydric 
expansion 

0.2 – 7.5 mm/m -0.2 – 0.3 mm/m 

P-wave 
velocity 

s/mk3–3.1s/mk4–5.2

tensile 
strength 

aPM4–7.0aPM9–3

UCS aPM64–5aPM241–24

Ø strength 
reduction 

%53–91-%94–82~

dyn.E-
modulus 

aPG41–3aPG13–01

stat. E-
modulus 

aPG4–1aPG6–3

Ø salt cycles 38>74~

UCS uniaxial compressive strength, w value capillary water absorption
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• Both porosity and bulk density are strongly related to the 
uniaxial compressive strength (UCS) and tensile strength 
(TS), and are therefore reliable estimators to predict the 
strength and durability of tuffs (UCS reduction).

• Both porosity and bulk density have a strong relation to 
the ultrasonic velocity, which in turn shows to be a good 
estimator for the strength of tuffs. This observation is 
not trivial, since tuffs can incorporate huge amounts of 
pumice clasts and lithics, that may considerably influence 
the propagation of the P-wave, e.g., due to increasing 
the pore space. Therefore, an ultrasonic testing device 
can help for a fast and non-destructive assessment of the 
materials’ quality parameters, like it is reliably done for 
more homogenous natural stones and concrete (Sharma 
and Singh 2008).

• The hydric expansion is connected to both strength 
reduction and salt weathering. The higher the hydric 
expansion, the lower the tuffs durability. Similar to the 
observations of Wedekind et al. (2013) and contrary to 
other studies on clay bearing tuffs (Pötzl et al. 2018b) 
or sandstones (Ruedrich et al. 2011), the tuffs of this 
study do not show a clear correlation between the cat-
ion exchange capacity (CEC) and the intensity of their 
moisture expansion. This is possibly because the samples 
partly contain zeolites that may increase the CEC, but not 
actively contribute to the moisture expansion.

• The pore size distribution, categorized in one of the three 
pore radii types suggested by Ruedrich and Siegesmund 
(2006) (type I = unimodal equal, type II = unimodal une-
qual, and type III = bimodal), showed to be helpful in 
estimating general trends of material behavior. In doing 
so, unimodal unequal pore radii types are associated with 
crystal tuffs and unimodal equal pore radii types are asso-
ciated with vitric tuffs. Tuffs with bimodal pore radii dis-
tribution turned out to be the most unpredictable in terms 
of their durability and their pore radii distribution alone 
may not give meaningful prognosis.

• Crystal and vitric tuffs show strongly differential char-
acteristics in their technical parameters and durability, 
and are potentially useful for their estimation. Some key 
observations regarding crystal and vitric tuffs are: (1) 
Vitric tuffs are described by high porosity, with usually 
large mean pore radii and high water absorption. Their 
water vapor diffusion resistance, hygroscopic water 
sorption, and hydric expansion are generally low. The 
influence of water on their strength properties is con-
siderably low and they show typically high resistance to 
salt weathering. (2) Crystal tuffs show typically lower 
porosity, with small mean pore radii and low to moder-
ate water absorption. They often contain high amounts 
of swelling clays and zeolites that are connected to an 
increasing hydric expansion and hygroscopic water sorp-
tion, as well as a high resistance to water vapor diffusion. 

Crystal tuffs show the highest strength values, but also 
the strongest decrease in strength due to water saturation. 
Their resistance to salt weathering is typically lower. In 
the practical applicability, the initial categorization of 
crystal and vitric tuffs after the classification system of 
Schmid (1981) may therefore help to give a broad picture 
of the expected material parameters (see Table 5). These 
observations need validation in future studies, as the lit-
erature does not provide sufficient constraints.

The basic relationships between the individual rock 
parameters found in this study confirm the results of previ-
ous studies on other rock types (Siegesmund and Dürrast 
2011). They also confirm many findings of case studies on 
tuffs with relatively small datasets mentioned in the intro-
duction. The comprehensive dataset of this study, however, 
does finally allow for more general statements, as this study 
provides the highest representability of tuffs so far.

Based on the results of this comprehensive dataset, it 
becomes apparent that the suitability of tuff as building 
stone also highly depends on the environmental (climate, 
exposure) conditions. As an example: tuffs with high 
potential for water absorption and retention in combina-
tion with considerable amounts of swelling clays (in this 
study often represented by crystal tuffs) should conse-
quently not be applied in climatic zones with increased 
relative humidity or in areas that experience many wet–dry 
cycles, as they show a reduced resistance to hydric expan-
sion processes and salt weathering. In dry environments, 
they may, however, be a suitable building material, since 
they typically possess increased strength values. Tuffs with 
predominantly large pore radii, low water vapor diffusion 
resistance, and a lack of swelling clays (in this study often 
represented by vitric tuffs) may absorb more water, but 
since this water is not retained for long and does not induce 
expansion processes or a high reduction of strength, they 
may be a more suitable type of tuff for humid environ-
ments. The application of volcanic tuffs in the base area 
of a building that is in contact with the ground moisture 
should be reconsidered, since the majority of tuffs show 
increased potential of capillary water uptake into the ris-
ing walls (Fig. 7). Many deterioration patterns in Arme-
nian and Mexican tuff facades are associated with this high 
capillarity (Fig. 1). The application of a less porous and 
capillary active material in the base area, such as basalt, 
may significantly reduce/inhibit the water uptake and dis-
tribution of ground moisture.

Appendix

See Table 6.
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