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Rock strength variation
by microclimate: Schmidt
Hammer data of sandstone
outcrops from Tuscany
(Central Italy)
It is well known that climatic factors can influence the degradation of rocks in different geographic environments, thus affecting the durability of natural construction materials. Research
has been carried out to assess the current state of natural degradation of an Oligocene-Miocene lithic greywacke occurring without appreciable lithological and mineralogical variations
from, NW to SE in Tuscany (northern Italy), considering 52 rocky outcrops distributed from
approximately N 44° to N 43°. For each outcrop, the Schmidt Hammer “rebound” values (SH),
which are directly proportional to the rock compressive strength, and the natural logarithm of
the average annual solar radiation by geographic coordinates according to the Italian National
Board for New Technology Energy and the Environment Atlas (ENEA) in M J /m2/y (LN values),
were evaluated. The results showed a significant relationship between the SH and LN: the SH
values decrease significantly when passing from the cold and humid areas to the hottest and
dry ones. Moreover, considering the values of the average air thermal excursion of each year in
degrees centigrade, it is noteworthy that these can be divided into two groups (excursion < 7.8
and excursion >= 7.8 °C) which in relation to the SH give rise to more significant distributions
similar to the relation between the SH and LN. We, therefore conclude that solar radiation, and
thermal excursion, in particular, are responsible for the lower mechanical strength that occurs in
the warmer and drier areas, as opposed to that in the colder and moister northern zones. The
research also demonstrates that sandstone degradation processes due to thermal stress are not
exclusive to arid and semi-arid areas, but they also occur in a reduced form, in temperate areas.
Keywords: Schmidt Hammer. Lithic Greywackes. Insolation weathering. Compressive strength.
Geoindicators.
Titolo italiano. È noto da tempo che le condizioni climatiche possono influenzare lo stato
di degradazione delle rocce nei diversi ambienti geografici, influenzando così la durevolezza
dei materiali da costruzione naturali. Questa ricerca aveva lo scopo di valutare lo stato di
degradazione attuale di una arenaria ( il Macigno Toscano, Grovacca Litica di età Oligocene
–Miocene) che affiora nella Toscana settentrionale senza apprezzabili variazioni litologiche e
mineralogiche da NO a SE, prendendo in considerazione 52 affioramenti rocciosi distribuiti da
circa N 44° a N 43°. Per ogni affioramento sono stati valutati i valori di “rimbalzo” misurati
con il ben noto sclerometro Schmidt Hammer ( valori SH), che sono direttamente proporzionali
alla resistenza alla compressione uniassiale della roccia, e il logaritmo naturale della radiazione solare annuale media espressa, tramite le coordinate geografiche, dall’ Atlante Italiano della
Radiazione Solare(ENEA) in M J / m2 / anno (valori LN). I risultati hanno mostrato una relazione significativa tra SH e LN: i valori di SH diminuiscono significativamente passando dalle zone
fredde e umide settentrionali a quelle più calde e secche meridionali. Inoltre, considerando i valori dell’escursione termica media annuale in gradi centigradi, è interessante notare che questi
possono essere divisi in due gruppi (escursione <7.8 e escursione> = 7.8 °C) che in relazione
ai valori di SH danno origine a distribuzioni significative simili alla relazione esistente tra i valori
di SH e quelli di LN. In conclusione si ritiene che la radiazione solare e l’escursione termica, in
particolare, siano responsabili della minore resistenza meccanica che si verifica nelle zone più
calde e asciutte, contrariamente a quella nelle zone più fredde e più umide del nord. La ricerca
suggerisce inoltre che i processi di degradazione dell’arenaria dovuti allo stress termico non
sono esclusivi delle aree aride e semi-aride secondo quanto risulta dalla numerosa letteratura
scientifica al riguardo, ma si presentano, seppure in forma ridotta, anche nelle aree temperate.
Parole chiave: Sclerometro. Grovacca Litica. Alterazione dovuta alla radiazione solare. Resistenza alla compressione. Geo-indicatori.
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1. Introduction
Climatic factors such as rainfall
and air temperature outline regions
with different types and intensity of
rock weathering (Peltier, 1950). Recent Authors, Goudie (2006), Grab
et al. (2011), and Matthews et al.,
(2016) highlighted for the geomorphology and applied geology fields,
the relevance of an economical and
easy-to-use instrument such as the
Schmidt Hammer ( Sclerometer),
which allows a rapid evaluation
both in the field and in the laboratory, of rock compressive strength
as measured by the rebound of a
steel sphere. The Schmidt Hammer
is commonly used as a proxy for
weathering (Dearman and Irfan,
1978; Hencher and Martin 1982;
Aydin and Basu, 2005; Saptoro et
al. 2013). Given these assumptions,
this research aims to verify whether
the current state of degradation of
a single lithology cropping out in
different microclimate zones of
a Mediterranean region such as
Tuscany, Italy, can be related to
environmental factors. From a climatic and geomorphological point
of view (Regione Toscana, Dipartimento di Agricoltura e Foreste,
1984; Rapetti and Vittorini, 2012),
Tuscany North-western to South
eastern part can be divided into
three bands as results from Table 1.

2. Materials and Methods
The measurements were taken from outcrops of an Oligocene-Lower Miocene lithic
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Tab. 1. Schmidt Hammer values (SH).
Localizzazione degli affioramenti , direzione stratigrafica, stato di alterazione, valori di SH (rimbalzo) , unità di radiazione solare, escursione termica
media della stazione.
Strike Elevation Weatering Status* SH Stan. Solar Radiation Excursion
Location
Geog. Coord.
(m)
units Dev.
MJ/m2/y
(°C)
Cave di Maiano
NW-SE
43°47' – 11°18'
290
FR
29
2.2
7329
7.5
NE-SW
200
FR
33
3.2
7464
7.6
Cecina PT
43°30' – 10°11'
S–N
400
MW
22
3.7
7571
7.6
Montaccollo (PT)
43°33' – 10°37'
E-W
550
FR
42
4.6
7510
7.6
Vellano (PT)
43°37' – 10°21'
E-W
200
FR
50
4.5
7315
7.4
Montemagno
43°53' – 10°21'
NE-SW
400
FR
47
5.5
7636
7.9
Bagni di Lucca
43°06' – 10°36'
NW-SE
200
FR
30
6.8
7308
7.5
Chiesanuova FI
43°42' – 11°24'
NW-SE
520
SW
41
5.9
7565
7.8
Panzano (Chianti)
43°16' – 11°24'
NE-SW
400
FR
36
4.2
7321
7.5
Monte Ceceri, cava Sarti
43°48' – 11°18'
SE-NW
300
SW
30
2.7
7506
7.7
Monte S. Savino
43°19' – 11°43'
N–S
350
SW
29
4.7
7506
7.7
Sinalunga
43°19' – 11°44'
E-W
800
FR
50
6.7
7061
7.2
Sillano (Metello)
44°14' – 10°19'
SW-NE
750
FR
40
4.1
7086
7.3
Castiglione di Garfagnana
44°09' – 10°25'
SW-NE
300
FR
39
4.1
7321
7.5
Monte Ceceri, Cave basse
43°48' – 11°18'
N–S
130
SW
47
6.8
7374
7.5
Massaciuccoli (M. di Balbano)
43°50' – 10°22'
NW-SE
400
FR
35
1.9
7392
7.4
Monte Albano (Loc. Nardini)
43°51' – 10°52'
E-W
600
FR
48
4.8
7133
7.3
Castelpoggio
44°04' – 10°06'
NE-SW
352
FR
45
6.1
7105
7.2
Mulazzo (parco pubblico)
44°19' – 9°53'
NW-SE
600
FR
46
5.1
7073
7.2
Zeri
44°19' – 9°48'
N-S
400
FR
40
4.7
7317
7.4
Gombitelli
43°54' – 10°29'
E-W
200
SW
42
5.1
7673
7.9
Populonia Castello
42°59' – 10°29'
N–S
200
SW
38
4.0
7673
7.9
Populonia Strada
42°59' – 10°29'
NW-SE
250
SW
36
3.2
7707
8.0
Scarlino
42°54' – 10°49'
E-W
300
SW
39
4.3
7725
8.0
Tirli
42°50' – 10°53'
SW-NE
450
SW
31
4.2
7569
8.1
Scansano
42°42' – 11°19'
N-S
10
MW
34
7.6
7700
8.0
Piombino Porto
42°55' – 10°31'
NW-SE
200
SW
37
4.0
7413
7.7
Mercatale
43°28' – 11°33'
NE-SW
550
FR
38
3.4
7445
7.7
Nusenna
43°27' – 11°21'
NE-SW
300
SW
37
5.3
7426
7.7
Gaiole in Chianti
43°28' – 11°25'
NE-SW
175
SW
32
3.3
7609
8.1
Montemerano
42°37' – 11°30'
N–S
237
SW
37
4.0
7256
7.4
Piegaio (Pescaglia)
43°57' – 10°26'
NW-SE
845
SW
33
3.1
7189
7.3
Popiglio (PT)
44°01' – 10°48'
E-W
570
SW
36
4.2
7256
7.4
Madonna del Sasso (S. Brigida)
43°51' – 11°23'
NE-SW
295
SW
37
2.4
7200
7.5
Pomino
43°50' – 11°30'
E-W
400
FR
48
6.1
7154
7.4
Londa
43°51' – 11°34
E-W
400
FR
36
2.7
7271
7.4
Tobbiana
43°57' – 11°02'
NE-SW
350
SW
39
5.1
7240
7.4
Dicomano
43°52' – 11°24'
N–S
255
FR
43
5.0
7147
7.4
San Bavello
43°55' – 11°34'
NE-SW
700
SW
35
2.3
7210
7.3
Montepiano
44°05' – 11°09'
600
SW
39
3.1
7233
7.4
Villa di Baggio
43° 59' – 10°57' NE-SW
700
SW
45
3.1
7201
7.3
Pracchia
44° 03' – 10°54' NW-SE
700
FR
44
2.4
7211
7.4
S. Mommè
44° 01' – 10°53' NW-SE
N–S
1050
FR
35
2.1
7153
7.5
Passo della Consuma
43°47' – 11°36'
NE-SW
850
FR
38
3.6
7192
7.5
Foresta di Vallombrosa
43°44' – 11°33'
NW-SE
600
FR
45
2.5
7209
7.5
Sotto Tosi
43°44' – 11°31'
NW-SE
700
SW
37
3.0
7391
7.7
Palazzo del Pero
43°23' – 12°0'
NW-SE
460
FR
41
4.3
7464
7.9
Cortona
43°16' – 11°59'
NW-SE
500
SW
38
3.8
7405
7.5
Porciano
43°50' – 10°55'
N-S
400
FR
40
2.1
7444
7.5
Pietramarina
43°47' – 10°58'
NW-SE
300
SW
35
2.8
7514
7.8
Tuoro sul Trasimeno
43°11' – 12°02'
NE-SW
450
MW
26
2.8
7602
8.0
Montegabbione 1
42°55' – 12°02'
E-W
400
FR
41
7.5
7603
8.0
Montegabbione 2
42°54' – 12°03'
* FR = fresh; SW= scarcely weathered; MW=moderately weathered
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Photo. 1. Macigno sandstone outcrop from M. te Ceceri, Fiesole (FI).
Affioramento di Macigno nelle antiche cave del M.Ceceri in Comune di Fiesole.

greywacke (Photo), distributed
across a nearly continuous band
oriented, approximately NW-SE
from 44°to 43° latitude and indicated on old maps as Macigno of
Chianti (or Macigno A), which was
putted in place during Pliocene age
(Carmignani et al., 2012). Its mineralogical and geotechnical characteristics are as follows: quartz
= 36%; feldspars = 22%; calcite =
8%; phyllosilicates and others =
34%; bulk density = 2520 kg / m3;
compressive strength = 106 MPa;
flexural strength = 12 MPa; linear
thermal expansion coefficient =
11.4 x 10-6 cm/°C. In the east this
formation laterally grades in a very
similar formation but one of more
recent age (Chattiano-Langhiano)
greywacke, with the following mineralogical characteristics: quartz= 32 %; feldspars= 20%; calcite=
21%; dolomite= 7%; phyllosilicates and others= 20%; bulk density
= 2570 kg /m3; compressive strength = 100 MPa, ( Burresi et al.,
Agosto 2019

1981). This formation is known as
Cervarola Sandstone or, synthetically, as Macigno B, which is, however, distinguished from A only because the occurrence of dolomite
but substantially similar to Macigno A in appearance and geo-mechanical behaviour ( Cipriani and
Malesani, 1964). The two formations, Macigno A and B, crop out
in 2 bands of seismic areas with
Peak Ground Acceleration (PGA)
= 0.05-0.15, and PGA = 0.15-0.25,
respectively (Peruzza and Pessina, 2016). The results from the
two Formations, however, always
in NW-SE approximately parallel
outcropping bands (Fig. 1), were
then together treated. The tool
used on natural outcrops faces in
the countryside was the Schmidt
Hammer L type, marketed in Italy
by the PASI firm in Turin. This
easy-to-use instrument evaluates
the rebound (SH value) of a mass
exerted by an internal spring according to a measurement scale

proportional to the compressive
strength of the examined material.
The measurements were been performed according to the following
criteria: at least 20 non-coincidental bits randomly distributed
on the flat and dry surface 30 x
30 cm approximately large of the
rock, perpendicularly to the tip of
the measuring instrument with effort exerted from top to bottom,
far from joints and fractures; collection of site elevation (m above
sea level); weathering grades of
outcrops (Ollier, 1984) and the flat
geographic coordinates (degrees);
assessment of the average annual
value of solar radiation on a normal surface, in MJ / m2/y, from
the ENEA Atlas of Solar Radiation
for Italy. Fifty two rock outcrops
far from industrialized sites and
with a surface alteration not superior to class 3 according to Ollier
were only considered (Fig. 1). To
account for the influence of rainfall, an empirical relationship was
established with the decimal value
of the latitude and the annual rainfall (126x – 4656, r2 = 0.56, p <
0.01) where x is the value of the
station latitude in decimal, obtained as the twenty-year rainfall
average (1991-2010) proposed by
the Italian Atlas of the Climate and
the climatic Changes (Create-CMA
2016), which therefore allowed a
value to be assigned to each site.
The used relations were obtained
from data show in Table 2. By similar criteria, an empirical relationship was calculated between
the latitude and the mid annual air
temperature Excursion in degrees
Celsius as the difference between
the mid-maximum annual temperature and mid-minimum annual
temperature, for the chronological interval 1981-2010 (excursion
= 32-0.56 x, r2 = 0.63, p < 0.01,
where x is the latitude in decimal
value ). Nevertheless, the relation
between annual rainfall and solar
radiation was not considered in
the research continuation becau-
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Fig. 1. Distribution of the studied sandstone outcrops (Macigno A, Macigno B and lateral passages) in the Tuscany region.
Distribuzione in Toscana degli affioramenti di arenarie delle Formazioni del Macigno A, del Macigno B e dei loro passaggi laterali.
Tab. 2. Average climatic (1991-2010) data obtained from the Italian Atlas of the Climate
and the climatic Changes (Create-CMA, 2016) for 10 Tuscany towns in relation to latitude
in decimal value.
Dati climatici relativi a 10 città toscane elencate in base al valore della latitudine : piovosità
annua, minima temperatura media annua, massima temperatura media annua, escursione
media annua.
Latitude Tuscany Town
Rainfall
Min. Temper. Max. Temper.
Excursion
44.03
Massa
981
8.3
15.5
7.2
43.95
Pistoia
812
8.9
16.6
7.7
43.87
Prato
831
9.7
17.4
7.7
43.83
Lucca
855
8.1
15.6
7.5
43.77
Firenze
840
9.8
17.14
7.6
43.72
Pisa
857
10.6
18.2
7.6
43.55
Livorno
787
11.0
19.0
8.0
43.45
Arezzo
811
8.8
16.5
7.7
43.32
Siena
810
10.0
17.7
7.7
42.75
Grosseto
732
18.6
8.2
10.4

se rainfall resulted strictly linked
to the excursion according to y=
– a x + b, with r2 = 0.98, where y
is rainfall and x is the excursion.
Being approximately 120 km the
distance between more northern
and more southern site, the spatial
resolution was 1,2 km.
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3. Discussion
The rebound values (SH) were
related to the natural logarithmic
of solar radiation(LN radiation)
and to the thermal annual excursion yielding the graphs in Fig. 2
and 3, all significant at p < 0.05.

For a proper interpretation of
the results, some considerations
of the rock mass weathering and
its subsequent degradation over
time, with particular reference to
sandstones, are required. The degradation of sandstones (e.g. the
“review paper” by Turkington and
Paradise, 2005) and the latest one
by Grab et al. (2011), in addition
to the well-known physical-chemical and mineralogical processes
that are likely to degrade rocks
in terrestrial environments, can
also be attributed to the natural
“fatigue” to which the rock has
been subjected since its diagenesis (Hall, 1999; Warke and Smith.,
1998; Warke, 2007; Preisig et al.,
2016). The fatigue is a result of
repeated cycles of stress, such as,
for example, at the regional scale,
seismic events and landslide movements and finally, at local scale,
the contraction and expansion of
constituent minerals, especially in
sub-arid (Hall, 1999) and arid cliAgosto 2019
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mates (Ollier, 1963; Ollier, 1984;
Weiss et al., 2004; McFadden et
al., 2005; Badge and Petros 2011;
Erarslan and Williams, 2012). The
assessment of the rebound values
should consequently measure the
degradation state of the rock from
which the tested random samples
were obtained. Discussing the results, it must be remembered that
the Macigno Formation has been
subjected to both actual and old
degradation. The significant relation between SH values and LN
radiation suggests that solar radiation is affecting the strength of
the rock. In fact, both physical and
chemical-physical processes, as
well as those able to cause natural

fatigue in rocky outcrops, are mostly governed by the sun-emitted
energy (Weiss et al., 2004; Aldred
et al., 2016; Lamp et al., 2017) as
found in most arid environments. Therefore, the hypothesis that
solar radiation is the main factor
explaining the variations of the
SH values along the NW-SE band
in the Tuscany Region appears to
be justified. In addition, according
to Gasc-Barbier et al. (2014), more
than the extreme temperatures
reached, the cyclical variations in
temperature increase the risk of
rock mass instability. Moreover,
considering the relationship SH
vs. excursion, it is possible to identify two point populations with
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Fig. 2. SH values vs. LN Solar Radiation.
Valori di SH in relazione a quelli di LN (logaritmo naturale della Radiazione Solare).

Fig. 3. SH values vs. all values of mean annual thermic Excursion.
Valori di SH in relazione a quelli dell’escursione termica media annuale
in gradi Celsius relativi a tutti i campioni.
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parallel linear trends: the less frequent includes values with excursion > 7.8 °C and the second, represented by a greater number of
outcrops, has values < = 7.8 °C (Fig.
3 and 4): the relationships have a
r2 higher than that of the full population. Applying the Wilcoxon
rank-sum statistic test to the two
populations of measurements, we
obtained a value that rejected the
null-hypothesis. Thus the populations were differently distributed
and the (SH) median of second
group was greater than that of the
first one. Therefore, the following
hypotheses are proposed. The relationship between the SH and LN
of radiation is easily attributable
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Fig. 4. SH values vs. mean annual thermic Excursion >7.8 °C (“warm”
areas).
Valori di SH in relazione ai campioni con escursione termica > 7,8
gradi.
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Fig. 5. SH values vs. mean annual thermic Excursion < = 7.8 °C
(“cold” areas).
Valori di SH in relazione ai campioni con escursione termica < 7,8
gradi.
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Tab. 3. Simplified subdivision of Tuscany region by climatic and geomorphological characteristics. MAT = mean annual temperature; MAR = mean annual rainfall.
Suddivisone semplificata della Toscana in tre zone sulla base dei caratteri climatici e geomorfologici. MAT = temperatura annuale media; MAR = piovosità annuale media.
Climate zone
North-western
Central

MAT
10°-12° C
12°-14° C

MAR
1000-1600 mm
800-1000 mm

Very steep topography

South-eastern

14°-16° C

600-800 mm

Rolling – hilly topography

to the different energy each rock
receives in various micro climatic
zones that change from north to
south: the higher values of the SH
are, in fact, found in the northernmost bands where the irradiation
is less intense and are also reduced
by greater rainfall and lower thermal excursion. The opposite seems
to occur in the southernmost zones where the radiation produces
a more intense dilatation and contraction action on the different
rock minerals, due to the greater
thermal excursion, and the amplification of all well-known physicochemical weathering processes,
which, in the presence of sufficient
water availability, reduce the mechanical strength of the material.
This interpretation is in agreement
with the results of Sumner et al.
(2003), which attributed the physical degradation( thermal fatigue)
of polymineralic rocks in cold or
arid environments to the variation
in temperature, as suggested also
by Paradise (2005), who, in Jordan
found more intense degradation of
the Petra sandstone where solar
radiation is higher than 5500 MJ/
m2 /y, and with the considerations
of Eppes and Keanini (2017) on
the physical weathering of rocks.

4. Conclusion
The results clearly confirm the
influence of solar radiation on the
reduction of the mechanical resistance of the sandstones, most
likely through the fatigue-induced
contraction and dilatation proces-
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ses of the different rock minerals,
during cyclical variations in temperature annually due to a thermic
gradient that is manifested from
NW to SE in Tuscany. These processes produce a reduction in the
mechanical strength of the sandstone from the northern to the
southernmost areas. Examining
the results in detail, we notice a
fair relationship between rebound
values and those of the thermal
excursion, which clearly distinguish the “warm” and “dry” from
“cold” and “moist” areas of sandstone outcrops. The measured rebound values range between 26
and 50 units of the SH with an average value of 38 units which corresponds to an average compressive
strength of approximately 80 MPa,
25% lower than the lab. measured
data. This rock, largely used in past
times for building purposes (e.g.,
the medieval town of Cortona,
Arezzo Province, was completely
built with Macigno sandstone),
in addition to being linked to
azonal weathering factors, is also
conditioned by the geographical
location of outcrops. The research
also demonstrates that sandstone degradation processes due to
thermal stress are not exclusive to
arid and semiarid areas, but they
occur in a reduced form, in temperate areas as suggested by Aldred
et al., (2016), and Eppes and Keanini (2017). Furthermore because
the durability is largely related to
the mechanical properties of the
rock (Bell, 1992; Xeidakis and Samaras, 1996; Theodoridou et al.,
2012) it is reasonable to expect
that the rocks from the norther-

nmost quarries of Tuscany could
be more durable than those from
the southern zones. Finally, considering the continuity of natural
fatigue processes due to thermal
stress, it is perhaps possible that
prolonged observations of the rebound values changing for a ”model” sandstone outcrop, could act
in future as a geoindicator of the
speed of geomorphological processes over short times, according to a
proposal from A.R. Berger, Chairman, IUGS Geoindicators Working
Group, (Berger, 1998).
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