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Abstract Rock’s surface micro-topography and geotech-
nical properties’ limits are almost altered, on weathering
progress, to a new form(s) and limits, respectively. The quan-
tification of weathering damage for a given rock is of value,
e.g., to compute weathering rate, weathering intensity, and
rock’s durability to weathering processes and to take a deci-
sion regarding restoration urgency. The current study aims
to examine the variation/constancy of micro-topography and
geotechnical properties’ limits of the sandstone constitut-
ing well-aged wall, at Aachen City, on weathering progress
over short duration (7years of investigation from 2007 to
2014). The micro-erosion meter and Equotip hardness tester
are tools used for micro-topographic and rock’s surface hard-
ness investigations on one hand, and the mercury intrusion
porosimetry has been used for pore size distribution and salt
susceptibility investigations on the other hand. These tools
are accurate, numerical, comprehensive, easily applicable,
and preferable particularly for ancient buildings where sam-
pling is not recommended or prohibited. The wall side under
consideration has been selected as its constructional blocks
present a wide spectrum of weathering forms as well as
rock’s surface micro-topography (over 7years of investiga-
tion) through increasing the weathering forms’ dimensions
and/or creation of new weathering forms. The net result of
the current study indicated a noticeable variation in stone’s
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micro-topography on weathering progress particularly for
stones’ surface with scaling, exfoliation, and a decrease in
stone’s surface hardness. The critical pore size distribution
that has increased rock’s susceptibility to weathering partic-
ularly by salts has been defined.
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Quantification of rock’s weathering

Abbreviations
MEM Micro-erosion meter
EHT Equotip hardness tester
MIP Mercury intrusion porosimetry
PSD Pore size distribution
Ro.R.S Roughness range scale
Re.R Recession range
Ro.C Roughness class
SSH Stone surface hardness
RSSH Relative stone surface hardness
SSI Salt susceptibility index
A.Ro Average roughness

1 Introduction

Weathering is the deformation or decomposition of materi-
als through physical and/or chemical processes, respectively.
It is acting on all subaerial materials, particularly construc-
tional rocks of a given building, deforming or altering its
original topographic and geotechnical (petrophysical and
mechanical) properties’ limits to a dramatic forms and limits,
respectively. Some diagnostic weathering forms can be cre-
ated at stone’s surface characterizing weathering processes,
mechanisms and/or intensity that took place even several
decades ago. The investigation of weathering progress on
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the constructional materials of a given building is of value to
be considered, quantified, and rated particularly before con-
servation decision is made. [1] is considered as a well-known
literature regarding semiquantification of rock’s damage cat-
egories for a given structure that is based on measuring
the weathering forms’ dimensions, frequency, and creat-
ing intensity scale. This is followed by mapping of these
three parameters to finally get the overall rock’s damage
category using the scheme of damage category including
all weathering forms (DCAW Scheme, [2]). The damage
category scale that has been constructed [1] for defining
the damage category of a given building is listed as fol-
lows:

D.C. 0 No visible damage can be observed; D.C. 1 Very
slight damage can be observed; D.C. 2 Slight damage can be
observed; D.C. 3 Moderate damage can be observed; D.C.
4 Severe damage can be observed; and D.C. 5 Very severe
damage can be observed.

The current study has a new target in this regard that can
be achieved by tracing the deformation of stone’s surface
micro-topography and measuring the limits of the sandstone
geotechnical properties on weathering progress at natural
conditions over 7years of investigation. Also, it aims to
correlate the weathering forms with each of rock’s surface
roughness, recession range, relative stone’s surface hardness,
and salt susceptibility index on one hand, and to define the
critical pore size that increases the rock’s salt susceptibility
index on the other hand. This wall has been selected for the
current study as it has a considerable variety of weathering
forms and intensities; also, it is well exposed to direct daily
environmental conditions of solar heating and air humidity
(or rainfall) variation. Some fixed points of hard recently
made cement-based mortar are standing and taken as a ref-
erence points enabling field measurements, particularly by

micro-erosion meter, through profiles crossing the building
stones’ surface with its weathering forms either on 2007 or
2014.

The investigated part of the sandstone wall is located at
Latitude 50◦45′25′′N and Longitudes 6◦4′5′′ and 6◦4′20′′E,
with total length 200m and height range 10–25m above its
surrounding ground level (Fig. 1).

The constructional rock of this wall has almost quartz–
wacke composition with medium to fine size, moderately
sorted, spherical to subspherical quartz grains cemented by
kaolinite and iron oxide; K-feldspar is one of the components
of this sandstone [3]. Such sandstone type has been selected
for the current study, but other blocks with coarse grained,
ill sorted, sandstone (constituting the parts of this wall) have
been denied to avoid misinterpretation of the results due to
varieties in texture or composition of the constructional sand-
stone of this wall. The weathering damage over 7years has
been investigated for this wall following the detailed field
investigation technique of [1,2] to achieve the aims of the
current study.

2 Methodology

The following field and laboratory investigations have been
conducted to achieve the aims of the current study.

2.1 Field Investigations

2.1.1 Tracing Rock’s Surface Micro-topography Using
MEM

Several previous literatures had been concerned with mea-
suring rock’s surface weathering [4] and the equipment(s)

Fig. 1 Location of the study area (left) and general view of a part of the investigated wall (right)
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that can be used for rock’s surface hardness [5]. Over two
separate periods of investigation (2007 and 2014), the defor-
mation (by weathering) of the sandstone blocks’ surface on
microscale (for the wall under investigation) has been traced
using MEM that has been recorded in previous literatures
to be efficient tool for such microscale measurements [6–8].
The MEM used in the current study is composed of 300 thin
pen moving forward–backward on a digital ruler enabling
tracing all micro-topographic changes at the stone’s surface
along a profile of 55cm lengthwith high accuracy of less than
0.1mm. So, it can be used to draw the micro-topography of
the weathered surfaces of the wall under investigation along
profiles shown inFig. 2.TheMEMdata havebeenused to cre-
ate a roughness range scale (Ro.R.S.) and roughness classes
(Ro.C.) regarding this wall side (Table 1). The stone’s surface
irregularities control its weathering susceptibility in the fol-
lowing years where stone’s surface with low roughness class
is expected to have lowerweathering susceptibility than those
with higher roughness class [9,10].

The MEM enables us to compute recession range (Re.R)
that is defined as the range of differences between the same
point on the two roughness profiles of 2007 and 2014. This
might reflect weathering regime (uniform or nonuniform)
at the constructional blocks of the wall under investigation.
The recession range also reflects the equal and/or unequal
weathering intensity either due to rock–mortar interaction or
heterogeneous durability of the rock under investigation. The
rock’s surface backward recession is expected to continue till
the stability of rock’s topography before the recession regime
reverses forming a new topographic feature, e.g., the rock
with domal form may be reversed to create concave form on
weathering progress.

The profiles, on the wall under investigation, for MEM
measurements have been selected to cross all detectedweath-
ering forms at condition of reference points (recently made
hard cement-based mortar) that stands at the two measuring
episodes 2007 and 2014; otherwise, the measuring profile is
canceled. The weathering forms detected and considered in
the current study are as follows: contour scaling, case hard-
ening, granular disintegration into sand, scaled stonemargins
resulting in domal form, scaling at stones’ central part results
in concave form, uniformback-weathering “exfoliation,” sur-
face partly inhibited bymicro-plants, surface partly inhibited
by lichens (Fig. 2).

2.1.2 Measuring of Relative Stone’s Surface Hardness
(RSSH)

The stone’s hardness reflects its durability to deterioration
by internal and/or external stresses, e.g., salt growth within
rock’s pores and/or repeated cycles of weathering by natural
environmental processes, respectively. Also, the same rock
type at each weathering form is expected to have different

limits of geotechnical properties particularly hardness; con-
sequently, its durability toweathering processes do. Formore
explanation, a given rockwith case hardening comparedwith
similar rock but with contour scaling is different in their cur-
rent hardness (durability) as well as to further weathering
susceptibility. As rock sampling for hardness measurement
is almost prohibited for some buildings and as such mea-
surement (e.g., by Schmidt Hammer) require considerably
big-size rock samples in the form of cubes or cylinders [9],
and as we are aiming to keep the weathering forms for further
investigations, then a simple, accurate, and nondestructive
tool named Equotip hardness tester (EHT) has been used in
the current study. This is to measure the stone’s surface hard-
ness (SSH) at each weathering form, as well as at control
(reference) rock surface at this wall side. In turn, this is to
compute the RSSH at each weathering form using the equa-
tion of [11]:

RSSH = Lt/Li

where Lt is the stone’s surface hardness (SSH) at the weath-
ered part of stone’s surface; Li is the stone’s surface hardness
(SSH) measured at un-weathered (control) stone’s surface.

Five measurements of SSH have been taken, to compute
their average value, at each of control and weathered parts of
this wall.

The measuring points have been selected following the
method of [11], i.e., dry, smooth, even surface parts, to
avoid any technical errors during measurements taken on
August 2014. The interpretation of the resulted RSSH, for
the selected parts on this wall, into low, moderate, or high
RSSH will be based on the classification (Table 2) listed
below.

2.2 Laboratory Investigation

The rock’s pore size distribution (PSD) has been reported to
be the main culprit behind rock’s susceptibility to weather-
ing processes particularly by salts [12–14]. Salt solute influx
within rock’s pore system (to or at stone’s surface) [15] in
conjunction with rate of evaporation at stone’s surface [16–
18] might control the resultant weathering form(s) [19,20].
The PSD has been attributed in previous literatures that rocks
with pore radius less than 0.05µ are highly susceptible to
salt weathering [21], while [16] indicated that rock with pore
radius less than 0.1µ is highly susceptible to salt weathering,
and that with pore radius 0.5µ is highly susceptible [22,23]
and that with pore radius range 0.5–5µ is highly susceptible
[15]. Consequently, there is no specific pore radii for all rock
types or salt solutes that ensure high rock’s salt weathering
susceptibility enables salt weathering reaching its ultimate
destructive impact on the host rock.
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Fig. 2 Weathering forms and
profiles considered for MEM
measurements across contour
scaling (a); case hardening (b);
granular disintegration (c);
marginal weathering forming
domal form (d); central
weathering forming concave
form (e); exfoliation (f); stone
surface covered by micro-plants
(g); and stone surface covered
by Lichens (h)

The rock’s pore size distribution (PSD) has been examined
for two control samples as well as one small sample collected
at each of the weathering forms considered in the current
study. All samples have been tested using mercury intrusion
porosimetry (MIP-5900) at low and high mercury pressure
(13000 and 30000Mpa, respectively) to reach all rock’s pore

system. Then, the resultant data have been processed to find
out the PSD and rock’s salt susceptibility index (SSI) for
both weathered and control samples. The data processing,
SSI classification, and interpretation have been conducted
following [18] equation and interpretation (Table 3).
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Table 1 Roughness range scale and roughness classes for the MEM
data of the sandstone wall, Aachen City

Roughness range Roughness
scale “Ro.R.S.” classes “Ro.C.”

More than 1.26 Very high roughness

1.12–1.26 High roughness

1.05–1.12 Moderate roughness

1.03–1.05 Low roughness

1.00–1.03 Very low “negligible” roughness

Table 2 Classification of relative stone surface hardness and its inter-
pretation for weathering grade

RSSH range RSSH class Interpretation

Less than 0.45 Low Severely weathered rock

0.45–0.75 Moderate Moderately weathered rock

More than 0.75 High Slightly weathered rock

Table 3 SSI classification for the sandstone wall, Aachen City [18]

SSI Interpretation

0 ≤ SSI < 1 Extremely salt-resistant

1 ≤ SSI < 3 Very salt-resistant

3 ≤ SSI < 7 Salt-resistant

7 ≤ SSI < 10 Salt-prone

10 ≤ SSI < 15 Very salt-prone

15 ≤ SSI < 20 Extremely salt-prone

SSI = (
Ipc + Ipm0.1

)
(Pm5/Pc)

Ipc is index of total connected porosity; Ipm0.1 is index of
micro-porosity of pores smaller than 0.1µ in radii; Pc is total
connected porosity; Pm5 is micro-porosity of pores smaller
than 5 µ in radii.

A correlation between PSD and SSI will be invented to
detect the critical pore size that increases rock’s susceptibility
to salt weathering, i.e., converting the rock from salt-resistant
to salt-prone or very salt-prone. This increase in SSI enables
higher susceptibility to weathering deforming rock’s micro-
topography onmicro- or mesoscale (quantitatively measured
byMEM) and probably reaching to a catastrophicweathering
state that requires total reconstruction by freshly quarried
dimensional rock.

Based on the inter-relationship between the measure-
ments taken by MIP (PSD and SSI), RSSH, and MEM, the
stone’s surface micro-topographic deformation in the com-
ing decades might be expected if suitable softwares are used
for such extrapolation.

3 Results

3.1 MEM and EHT Results

The backward recession range of rock’s surface has been
computed along the eight profiles crossing the weathering
forms at thewall under investigation (Fig. 2a–h), as the differ-
ence between each pair of points of rock’s surface roughness
over the two periods (2007 and 2014) at this wall side (Fig.
3a–h).

The micro-erosion meter data including roughness (on
2007 and 2014), average roughness, roughness class, and the
computed recession range at the eight profiles under consid-
eration are listed in Table 4. These data enable a numerical
and graphical detection of weathering progress on the sand-
stone exposed to such environmental conditions. This can
throw light on which weathering form(s) has higher suscepti-
bility to weathering than other forms. Domal form highlights
the rock–hydraulic lime mortar interaction represented by
salt attack to rocks’ margins by salts chemically created on
partial alteration of mortar’s carbonate content to salts [3,24]
by acid rain that is expected to dominate in Europe.

The stone’s surface hardness (SSH) has been tested in the
current study (August 2014) using EHT as a nondestructive
tool concerning the weathering forms under investigation as
well as control points (Table 4). Then, the relative stone’s
surface hardness (RSSH) has been computed by dividing the
SSH of theweathered form by the SSH of the control surface.
Simply, on weathering progress, the stone’s surface hardness
decreases on weathering progress creating one or more of
weathering forms, but on detachment of these weathering
forms, slightly weathered to fresh rock’s surface (with higher
RSSH) outcrops. The inter-relationship between weathering
forms and each of roughness classes and RSSH will be dis-
cussedwithin the scope of this study. The RSSH results listed
in table (2) have been graphically plotted in Fig. 4 presenting
a classification (low, moderate, and high RSSH) of weather-
ing forms regarding the RSSH of the stone’s surface holding
these forms.

3.2 MIP Results

The rock’s pore properties have been measured for two con-
trol samples as well as one sample representative for each of
the investigated weathering forms. The results are processed
to get the SSI and its interpretation as well as PSD following
[18]. The two classifications of PSD used in the current study
(that with PSD from<0.01–100µ and that from<0.05µ up
to >5µ where the latter as a detailed sector from the former
one formore clarification of the PSD that controls rock’s SSI)
are of value for more specification of the critical pore radii
characterizing salt-resistant rock from salt-prone or down to
very salt-prone one (Table 5).
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Fig. 3 Graphical representation of rock’s surface roughness on 2007
and 2014 along profile A crossing contour scaling; profile B crossing
case hardening; profile C crossing granular disintegration into sand;
profile D crossing domal form; profile E crossing concave topogra-

phy; profile F crossing exfoliation; profile G crossing rock surface
with micro-plants; and profile H crossing rock surface with lichens
and algae, of constructional sandstone blocks of the wall under investi-
gation, Aachen City
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Table 4 Micro-erosionmeter andEquotip hardness tester resultsmeasured for the eight profiles passing by theweathering formsunder consideration,
sandstone wall, Aachen City, Germany

Weathering
profile

Main weathering
forms

MEM results EHT results

Roughness (Ro) Average roughness Roughness Recession Range Average Classes
in mm (2007–2014) (A.Ro) in mm Class (Ro.C) (Re.R) in mm (2014) RSSH of RSSH

Sandstone wall (South–Southwest facing wall side), Aachen City

A Contour scaling 1.15–1.17 1.16 High 1.8–9.0 0.39 Low

B Case hardening 1.09–1.00 1.05 Low −0.30–4.0 0.86 High

C Granular
disintegration

1.09–1.11 1.10 Moderate 0.6–3.0 0.34 Low

D Domal form 1.31–1.35 1.33 Very high 1.0–4.0 0.63 Moderate

E Concave form 1.08–1.11 1.10 Moderate 1.1–4.6 1.0 High

F Exfoliation 1.20–1.23 1.22 High 1.1–4.0 0.36 Low

G Stone surface
covered with
micro-plants

1.06–1.20 1.13 High 0.8–2.0 0.73 Moderate

H Stone surface
covered with
Lichens

1.07–1.19 1.13 High 0.5–2.0 0.83 High

Fig. 4 Graphical representation of relative stone’s surface hardness and its classes at the weathering forms under investigation

The outcome of this analysis is to get SSI for ranking the
weathering forms based on this parameter as well as to find
out the critical PSD that result in increasing rock’s SSI, i.e.,
to be altered from salt-resistant rock to salt-prone or very
salt-prone on weathering progress in the coming decades.
The inter-relationship betweenRSSHandSSI classes (Tables
4 and 5) has also been investigated. It indicated an inverse
proportional relationwith considerably high correlation coef-
ficient (R2 = 0.7327, Fig. 5).

4 Discussion

The investigation of weathering damage for a given struc-
ture (e.g., Cathedral, Church, building with unique design or
decoration) must be conducted using nondestructive tools or
techniques that require tiny size rock samples to avoid more
deterioration for the structure. The micro-erosion meter data
indicated that the backward recession of stone’s surface is
variable from one form to the other and even on the same
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Fig. 5 Relationship between relative stone surface hardness and salt
susceptibility index for the sandstone blocks holding the weathering
forms under investigation

form but at its different parts (Fig. 3); consequently, it is
expressed as a recession range (Re.R) (Table 4). This Re.R
can be noted to be unequal with the highest range for con-
structional sandstone with contour scaling, due to unequal
recession at the different parts of this scaling, followed by
other weathering forms with high to moderate Re.R. But the
sandstone surface with case hardening presents an excep-
tional case either in A.Ro or Re.R where it does not present
backward recession along the whole profile, but at some
parts of this profile, the stone’s surface, with its consolidat-
ing iron oxide leached out from rock’s body to its surface
by rainfall, protrudes forward resulting in low A.Ro and a
negative value of Re.R (Table 4). On weathering progress,
this hardened stone’s surface will be detached as a whole
solid sheet from the rest of the sandstone block holding it.
Consequently, an abrupt backward recession of this stone’s
surface will be formed outcropping a fresh (un-weathered)
stone surface ready for further weathering (roughening and
recession). Another point that must be addressed is the Ro.C.
and Re.R interrelation, the rock’s surface with domal topog-
raphy has very highRo.C. butwith 3mmRe.R comparedwith
Re.R of contour scaling that reaches 7.2mm and high Ro.C.
(Table 4). The reason behind that is the A.Ro. is the outcome
of dividing the line’s length passing across the profile of the
form by the straight line between the same two fixed points
of measurements. However, the Re.R is the range of mini-
mum andmaximumdifference between each pair of the same
points on the roughness profiles of 2007 and 2014 that seems
to be low (due tomicro-topographic stability for domal form)
compared with contour scaling that still progressing present-
ing considerably high roughness class with the highest Re.R
over these 7years.

Theoretically, there is an inverse proportional relation
between rock’s surface roughness and its RSSH class. This is
almost correlated with the eight profiles including the weath-
ering forms under investigation but with some exceptions,
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e.g., profiles D and H where each has very high and high
Ro.C. but still has moderate and high RSSH class (Table 4).
The interpretation of that is reaching the stone’s surface to
the stability state at almost parts of this weathering form (as
in profile D) or its cohesion by microorganisms hyphae (as
in profile H), consequently, have moderate and high RSSH
respectively although they have very high and high roughness
class respectively (Table 4).

Salt ingress and hydration (for sulfates) within rock’s
pores resulted in an alteration of such sandstone from salt-
resistant (with PSD 1–5µ) to almost very salt-prone (with
PSD in the range of 0.05–0.5µ) (Table 5). Correlating the
classes of SSI (from salt-resistant down to very salt-prone)
with the classes of RSSH (Table 4), clear direct propor-
tional relation can be noted where salt-resistant sandstone
has high RSSH; salt-prone sandstone has low to moderate
RSSH; and very salt-prone sandstone has almost low RSSH.
The variability in SSI of the constructional sandstone of this
wall is a result of alteration of its PSD either by filling its
pore system with salt crystals or secondary minerals (e.g.,
iron oxide) leached from rock’s inside to or at stone’s sur-
face at the prevailing environmental conditions at Aachen
City [19,20]. Then, on reaching to PSD of 0.1–1µ, the salt-
resistant sandstone became salt-prone, and onmore reduction
in pore radii to be almost at the range of 0.05–0.5µ, it became
very salt-prone rock (Table 5). The salts, particularly sulfates
[3], started to hydrate (at the humid cold climate dominat-
ing in Aachen City) exerting efficient stresses on rock pores’
wall as well as along with spread layers at definite depths
below stone’s surface. These stresses result in fragmentation
of rock’s components into particles (granular disintegration
into sand, [25,26]) or separation of thin sheets (exfoliation
and/or scaling, [1]) as noted at this wall (Fig. 2a–h). The
results indicated that MEM, MIP, and/or EHT are almost
correlated together (Tables 4 and 5) with an exception of
concave form that presents high RSSH class, but with PSD
resulting in SSI of salt-prone rock, although it is supposed
to be salt-resistant rock. This can be interpreted as the sur-
face with moderate roughness class and high RSSH only has
pore system filled with salt crystals and/or the leached iron
oxide reducing the pores size from salt-resistant range (1–
5 microns) to the salt-prone range (0.1–1.0 micron) but still
coherentwith highRSSH.On repeated saltweathering cycles
with this pore system, it is expected to present moderate or
low RSSH class particularly at the stone’s surface.

5 Conclusion

The current study aimed to examine and define the defor-
mation (weathering and recession) of the micro-topography
of the sandstone wall at Aachen City exposed to repeated
weathering cycles over 7years of field investigation using

MEM. Not only that but also the alteration in stone’s surface
hardness at the different weathering forms, created byweath-
ering on this sandstone, using EHT. The susceptibility of this
sandstone (particularly each weathering form) to weathering
(almost by sulfate salts hydration) has been examined by
MIP to detect the PSD. The results indicated that noticeable
alteration of rock’s surface micro-topography, hardness, and
PSD (controlling rock’s SSI) has been occurred over this
short duration (7years from 2007 to 2014). The end prod-
uct of this study can be concluded in the following points:
The progress in deformation of rock’s micro-topography is
noticeably increased or decreased based on the resultant
weathering form; the blocks with granular disintegration,
exfoliation, and contour scaling have low RSSH, moderate
to high roughness class, and are classified as very salt-prone
and extremely salt-prone rock surfaces as they have PSD
almost in the range of 0.05–0.5 micron. The sandstone sur-
face with domal form and that covered by micro-plants have
moderate RSSH, high to very high roughness class, and are
classified as very salt-prone and salt-prone rock surfaceswith
PSD ranging from 0.1 to 1.0 micron. The sandstone surface
with concave form, case hardening and that are covered with
lichens have high RSSH and are classified as salt-prone and
salt-resistant rock surfaces with PSD ranging from 0.1 to 1.0
and 1.0 to 5 micron, respectively.
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