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Abstract

Weathering acts with different intensities and rates on natural and artificial stones based on the dominant
environmental conditions at a given area on one hand, limits of geotechnical parameters and durability of a
given rock on the other hand. Recently, the environmental conditions became aggressive resulting in a severe
damage to one of the most valuable and economic sectors at any country “the archaeological sites with its
engraves and paintings”. El-Silsila sandstone is the most commonly used rock for building (in the past) and
restoration (recently) of many archaeological sites in Egypt.
This paper aims to determine damage category of construction sandstone at arid regions taking Seti I Temple
at Qurna “Upper Egypt” that had been built from the Upper Cretaceous sandstone of El-Silsila quarries as a
case study; also, it aims to find out if a detailed field investigations, measuring dimensions of all weathering
forms and field data processing using linear and progressive damage indices equations can in a semi-quanti-
tative form verify the same damage category that can be quantitatively determined using a detailed laboratory
analyses or not. Detailed measurements of weathering forms’ dimensions had been conducted and processed
graphically and mathematically. Laboratory analyses including petrographic investigation, hydrochemical
analysis and geotechnical investigations had been conducted for the rock samples collected from the study
area. Both of field and laboratory investigations revealed that Seti I Temple has severe to very severe damage
category as a whole site, also it revealed that salt weathering severely affect on the lower courses of this site.
In addition, it has been proved that detailed field study and its data processing can to a great extent replace the
laboratory investigations that require rock sampling that might be im-permissible at some cases.
Keywords: Sandstone, salt weathering, arid regions, Egypt, Seti I Temple
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Untersuchungen vor Ort und im Labor, um die Kategorie der Schädigung von Sand-
stein im Wüstenklima festzustellen: Seti I Tempel, Oberägypten; eine Fallstudie

Zusammenfassung

Die Intensität und die Geschwindigkeit der Verwitterung von natürlichen und künstlich hergestellten Steinen
hängt einerseits von den vorherrschenden klimatischen Bedingungen an einem gegebenen Ort ab und ande-
rerseits von Grenzwerten der geotechnischen Eigenschaften und der Beständigkeit eines vorliegenden Steins.
In jüngster Zeit wurden die Umweltbedingungen aggressiver. Das führt zu erheblichen Schäden auf einem
besonders wertvollen und auch ökonomisch bedeutenden Gebiet, nämlich die archäologischen Stätten mit
ihren Skulpturen und Malereien. El-Silsila Sandstein ist der am häufigsten verwendete Naturstein für den
Bau (in der Vergangenheit) und das Instandsetzen von vielen archäologischen Stätten in Ägypten. 

In diesem Beitrag soll die Kategorie der Schädigung von Sandstein im Bauwesen in trockenem Klima als
Fallstudie am Beispiel des Seti I Tempels in Qurna, in Oberägypten, behandelt werden. Dieser Sandstein
kommt vom oberen cretazischen Sandstein der El-Silsila Steinbrüche. Gleichzeitig soll mit diesem Beitrag
festgestellt werden, ob mit einer detaillierten Untersuchung vor Ort, bei der das Ausmaß jeder Form der Ver-
witterung sowie die Auswertung der Messwerte mit Hilfe von linearen und progressiven Schadensindices
herangezogen werden, halbquantitativ dieselbe Schadenskategorie bestätigt werden kann, die man aufgrund
von Laboruntersuchungen quantitativ bestimmt hat. Ins Einzelne gehende Messungen des Ausmaßes der Ver-
witterungsformen wurden durchgeführt and graphisch sowie mathematisch ausgewertet. Analysen im Labor
wie etwa petrographische Bestimmungen, hydrochemische Analyse und geotechnische Untersuchungen wur-
den an Steinproben von der zu untersuchenden Stelle durchgeführt. Die Untersuchungen vor Ort sowie die
Analysen im Labor erbrachten dasselbe Resultat, die gesamte Grabungsstätte des Seti I Tempels fällt in die
Kategorie starke bis sehr starke Schädigung. Es stellte sich außerdem heraus, dass insbesondere die tiefer
liegenden Teile der Stätte von Salzschäden betroffen sind. Schließlich konnte festgestellt werden, dass Feld-
untersuchungen und deren Auswertung Laboruntersuchungen zu denen Probenentnahmen notwendig sind,
die aber in einigen Fällen nicht vertretbar erscheinen, weitgehend ersetzt werden können. 
Stichwörter: Sandstein, Salzverwitterung, Wüstenklima, Ägypten, Seti I Tempel. 
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1 Introduction

Weathering processes act worldwide at all climatic
conditions and environments attacking sub-aerial
natural and artificial building materials (stones,
bricks, concrete ….etc). The duration, number of
cycles and intensity of weathering processes are
controlled by the major and minor changes in the
environmental parameters (particularly air temper-
ature and its relative humidity) at a given area as
well as materials’ physical, mechanical and dura-
bility limits. Previous literatures have been pub-
lished in examining weathering processes, inten-
sity, mechanisms and rate on natural and artificial
building stones [1- 9]. 

It has been noted that weathering processes and
intensity have been varied during the last few
decades due to the major interference of human
being in the environment resulting in raising concen-
tration of all pollutants' types (air and water pollu-
tion, sound pollution, radial pollution ….etc)
[10-13]. It is in turn reflected passively on human
life as well as construction rocks of valuable archae-
ological sites to an unlimited extent of damage
[11-13].

The Seti I temple is one of the few remaining royal
monuments that still intact at Abydos. It has been
constructed in a valley opposite to Luxor City
(Fig. 1 a). Seti I was the father of perhaps Egypt’s
greater rulers, Ramesses II. He ruled Egypt for
13 years i.e. from 1291 through 1278 BC (about

Figure 1: Base map of Egypt presenting location of Seti I Temple (a); and sketch diagram of the Mortuary Temple of
Seti I at Qurna with location of the collected rock samples (b).
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3291 years BP). He started many projects e.g. the
great Hypostyle Hall in the Temple of Amun at
Karnak which his son Ramesses II later finished. At
Abydos, he built perhaps the most remarkable tem-
ple ever constructed in Egypt. His tomb in the val-
ley of Kings is one of the finest and deepest tombs
in this valley. Seti I died before this temple was
completed and his son Ramesses II completed it. It
was as many pharaonic archaeological sites cov-
ered by sand in the valley of Kings. In the begin-
ning of 18th Century (from 1816 – 1817 AC) Gio-
vanni Belzoni was the first to dig in the Valley of
Kings and discovered the tomb of Seti I. Later on,
in the late of 19th Century, the tombs’ of Amen-
hetep II and Tutankhamen were discovered.

Pilot studies have been conducted on pharaonic
monuments in the western bank of the Nile e.g.
Abydos, Temple of Dendara, Medinet Habu Tem-
ple at Qurna, ruin of Merenpetah at Qurna and Hat-
shepsut Temple in Dier El-Bahari as well as on the
eastern bank e.g. Karnak Temple. It was mainly
concerned with history or description of weathering
features and weathering processes to be expected
[8, 14, 15].

The current study aims to quantify damage category
on the natural sandstone used for construction at
such arid regions using detailed field investigation
(including measuring dimensions of weathering
forms to be presented graphically and mathemati-
cally using linear and progressive damage indices
and the damage category scale of [16], and labora-
tory study for rock's  texture and recession in its
limits of geotechnical parameters compared with its
un-weathered sandstone of El-Silsila quarries that
had been tested before [17].

2 Geology and Environmental Con-
ditions at the Study Area

The bedrock on which a given archaeological site
is erected or through which an excavation has been
carried out may have an impact on such site due to
its un-stability [18, 19]. The geology and topogra-
phy at a given area control wind direction, air heat
flow towards or far-away the area …etc and thus
affect the environmental parameters to an extent.
Also, the geology at a given area might throw light
on the source rock used for building or restoration
of the archaeological site at such area. In general, it
is of value to mention the local geology at Seti I
Temple and its surroundings. 

The stratigraphic columnar section of Gebel Qurna
opposite to Luxor is composed of two formations
[20], namely; Esna Shale (55 m of shale with abun-
dant limonitic fossils becoming marly) of late Pale-
ocene-early Eocene (Yepresian), overlied by Thebes
Formation (345m thick of limestone and marl of
variable composition, Fig. 2). Thebes Formation is
composed of two members aligned from base to top:
Hamidat Member and Dabbabia Member. 

The study area is characterized by annual mean
monthly temperature 25.6 oC with maximum mean
in Summer 32.7 oC and minimum mean in Winter
17.3 oC. The maximum mean monthly temperature
is 42 oC (in July) and its minimum mean is 9.6 oC
(in January) [18]. The annual mean relative humid-
ity is 37 %, the rainfall is limited and scarce with an
average 4 – 7 cm/y [15]. So, the study area is con-
sidered as an arid to extremely arid at such limits of
climatic parameters [18, 21].

3 Methodology

To achieve the aims of the current study, site inves-
tigation including field description and graphical
documentation of weathering features at different
parts of this temple has been carried out. Using
Linear Damage index “DIlin” and Progressive
Damage index “DIprog” equations listed below
[16], we can achieve the overall damage category
for each part under investigation at this temple
considering area percentage of each damage cate-
gory at each part. Then, the overall damage cate-
gory of the whole site can be computed as an aver-
age value of damage indices at the examined areas.
It must be known that the damage categories have
been divided into six classes namely; category zero
where no visible damage is recorded; category 1
where very slight damage is recorded; category 2
where slight damage is recorded; category 3 where
medium damage is recorded; category 4 where
severe damage is recorded; category 5 where very
severe damage is recorded [16]. The damage
severity of a given building (particularly construc-
tion rock with its paints and/or engraves) is defined
by the historical importance of the building e.g. up
to 0.5 cm damage in depth of pharaonic engraves
can be considered as damage category 4 or 5,
meanwhile, it is category 1 for historical stones
with no engraves as huge size blocks constituting
the Giza Pyramids [16].
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DIlin =  {(A* 0)+ (B * 1)+(C * 2)+(D * 3)
+(E * 4)+(F * 5)}/ 100 
= {B+(C * 2)+(D * 3)+(E * 4)+(F * 5)}/ 100

DIprog = [{(A * 02)+ (B * 12)+(C * 22)
+(D * 32)+(E * 42)+(F * 52)}/ 100] 
= [{B+(C * 4)+(D * 9)+(E * 16)+(F * 25)}/ 100]

Where   
A  = area (%) – damage category 0

B  = area (%) – damage category 1

C  = area (%) – damage category 2

D  = area (%) – damage category 3

E  = area (%) – damage category 4

F  = area (%) – damage category 5 and  =100

The difference between (DIlin) and (DIprog) is
increased as proportion of higher damage catego-
ries are increased i.e. DIprog ≥ DIlin [16].

Specimens have been collected from the severely
weathered as well as slightly weathered parts of this
temple. It has been petrographically examined
through thin sections and Scanning Electron Micro-
scope (Hitachi 3170S). This is to detect any damage
of rock’s texture on micro-scale and to be compared
with the four types of El-Silsila sandstone quarries
[17] that are expected to be the main source of con-

struction rock to Seti I Temple as well as other
archaeological sites in Upper Egypt. Geotechnical
parameters have been measured for each of
un-weathered, slightly weathered and severely
weathered sandstone using magneto-structive ultra-
sonic as a non-destructive technique, and as an alter-
native to time consuming destructive tools [22]. The
geotechnical parameters to be examined for the col-
lected rock samples are namely; velocity of ultra-
sonic waves “Cp” measured at both directions (par-
allel to and at right angle to lamination or bedding);
and rock’s internal friction “Qc”. The examined
sandstone samples have been prepared as rods of
rectangulars with dimensions 32 x 8 x 6 mm follow-
ing the method of [23]. The samples were excited by
magneto-structive waves which are transformed to
ultrasonic waves in a magnetic field. Then we
record the frequency “f” of the waves and the initial
wave intensity “Ao” as well as the steady wave
intensity “At”. Then, these parameters (Cp and Qc)
have been computed from the following equations:

[(Ao + At) / (Ao – At)] = X

(πn / Qc)= {ln [2 / (1 – X)]}/ (1 + X)

Cp = 2 Lf / n                  

where L is the length of the examined rock sample
“cm”, the echo-form as well as equipment pattern is
clear in figure 3.

Figure 2: Stratigraphic columnar section of Gebel Qurna, opposite to Luxor, Upper Egypt (Said, 1990)
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Hydrochemical analysis has been conducted for the
extracted solutions prepared from the collected
rock samples (following the method of [24]), using
Ion Chromatograph at Aachen University. This is to
get total dissolved salts (T.D.S.) and salts’ type as

well as its percentage for the collected samples, and
this can reflect the role and impact of salts on such
construction rock at this arid region.

Figure 3: A magneto-structive system (a) schematic diagram of the magneto-structive Delay-line system, (b) Ideal
Echo-form at a given mode number and (c) Schematic diagram of the resultant Echo-pattern Display in the
Magneto-structive Delay-line system (after Kapranos et al., 1981)

Table 1: Weathering forms and its dimensions at some parts of Seti I Temple, "abbreviations of weathering forms
based on Fitzner et al., 2002)

Depth (cm) Area (%) Depth (cm)
Covering area 

(%)
L. M. H.

Length

(cm)

Width

(cm)
Density/m2

1
1,5 75 2,5 zero zero 5100 80 M. 80 2 M.

2
1,8 90 2,8 zero zero 6400 93 M. H. 73 1,5 M.

3
2,5 70 3,1 zero zero 9546 65 M. 40 2,1 M.

4
2,1 83 3,5 zero zero 10118 73 M. 46 2 M.

5
3,1 80 3,1 2,7 8 20000 25 L. 40 0,5 L.

6
2,2 72 2,5 3,8 11 18650 20 L. 50 0,6 L.

South facing wall 

side
7 1,3 53 zero 1,2 2,5 10000 60 M. 45 0,9 M.

8
0,6 30 zero 3,1 25 800 7 L. 30 0,5 V.L.

9
0,75 45 zero 2,8 20 1050 11 L. zero zero Zero

        AV is average value of the measuring unit of each weathering form

East facing wall side

         Rh    is clearing out stone components (depth in cm)

         Wo   is Obliteration of ingraves (cm depth, % as covering area/m2)

        Gs    is granular disintegration into sand (mass in gm)

        Tl      is fissures dependent on stone structure (length, width, density)

The Temple Palace

First Court

        hkc   is light-colored crust tracing stone surface (L.- M.- H.)

         bO    is break out due to construction cause (cm3/m2)

36

33,6

18

Ee area (%)

10,1

10,9

28,8

33

Granular disintegration

G3
Fissures   G4

bO (AV.)

volume

(cm3/m2)

Discoloration     G2 

hkc

Gs   (kg/m2)                  (AV.)

tL       (AV.)

Part of investigation
Wall side orientation 

and points of concern

Loss of stone material  G1

Wo     (AV.)

First Court

The Temple

West facing wall side

Weathering forms and its dimensions

First Pylon West facing wall side

East facing wall side

Rh   (AV.)

depth (cm)

aO  (AV.)

         aO    is break out due to anthropogenic impact (depth in cm and area %)

         Ee    is salt efflorescence (area %)

1,4

1,8
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4 Results

The results include a detailed field investigation
for weathering forms reported and measured at
some parts of Seti I Temple as well as laboratory
analyses for texture, micro-weathering features,
rock salt content and limits of rock’s geotechnical
properties.

4.1 Field Study
The Mortuary Temple of Seti I at Qurna is a huge
structure of rectangular shape, its geometry and
internal structure can be noted on the sketch dia-
gram (Fig. 1 b). It is mainly built from sandstone
blocks of average dimensions 120 x 80 x 60 cm. It
has about 24 columns in the temple in addition to
other columns in the first and second pylons as well
as the temple palace. Most of these blocks have
engraves of the Seti I and his son Ramesses II life.
The present day situation of these sandstone blocks
is worth to be reported particularly the blocks close
to and in contact with temple’s floor (basal courses).
The temple is surrounded by small cultivated areas
and some primitive houses that certainly have no
sewage water system but directly inject in the
sub-soil layer reaching this temple. Large area of
the temple’s floor is severely damp while dry parts
of it has thin solid crust of salts that attack the basal
courses of this temple (Figs. 4 and 5). Other parts of
this temple that are not severely attacked by salts
also have weathering features as obliteration of
engraves at heights up to 6 m above ground surface
(Figs. 6 and 7). Some areas (including one or two
parts) have been selected for damage category
investigation at Seti I Temple, these parts have all
weathering forms and damage intensities of this
temple. The weathering forms and their dimensions
at these parts of Seti I Temple (using weathering
form scheme and abbreviations of [16]) are listed in
table 1. Also, the intensities of characteristical
weathering forms at  the selected parts of Seti I
Temple have been classified and presented in
figure 8. A correlation scheme between weathering
forms and damage categories has been created
(Fig. 9) using damage category scale of [16].
These field investigations and its graphical presen-
tations resulted in the computation of the Linear
and Progressive damage intensities (DIlin and
DIprog respectively) at each investigation part of
Seti I Temple for each individual weathering form
through the temple (Table 2). Then, the overall
average damage for each weathering form through
the whole temple has been computed (Table 2) to
give the present damage category. For the determi-

nation of damage category for the whole temple con-
sidering all groups of weathering forms, the DCAW
scheme of [16] has been used (Fig. 10) indicating
that Seti I Temple has damage category 5 (very
severe damage category). This is a quantitative to
semi-quantitative determination of the damage cate-
gory for Seti I Temple using field study and its data
processing.

4.2 Laboratory Analyses
The laboratory analyses have been based on exam-
ining the petrography, limits of geotechnical
parameters and salt content of each of the slightly
and the severely weathered sandstone samples col-
lected from Seti I Temple. This is compared with
same analyses conducted for fresh (un-weathered
El-Silsila sandstone) samples previously examined
[17], to quantify the damage category. Further-
more, the laboratory results are also compared with
the semi-quantitative damage category determined
for this temple based on field investigations.

4.2.1  Petrographic Study
It has been conducted for the sandstone samples
collected from Seti I Temple using a transmitting
polarizing microscope. It revealed that this sand-
stone has arenite texture of quartz arenite to arkose
in composition. It is light brown spotted sandstone
as noted at the study area and it is very similar and
highly matching sandstone type 1 of Gebel El-Sil-
sila. The sandstone blocks in this temple are heter-
ogeneous regarding grain size as examined and
measured by a gratitude eye-piece at the same
magnification power using a transmitting polariz-
ing microscope. One type has quartz grains moder-
ately sorted, sub-rounded to sub-angular with an
average grain size of 0.25 mm (i.e. medium size
sandstone), mostly with point contacts and few
with grain contacts. Silica overgrowth can hardly
be noted on some quartz grains. Its average pore
size is 0.18 mm, mostly as inter-connected pores of
irregular shape involving brown color spots of iron
oxide (Fig. 11). The other type of sandstone consti-
tuting Seti I Temple has also arenite texture, its
quartz grains have an average grain size of
0.11mm i.e. fine grained sandstone, moderately to
well sorted, point grain contacts dominates, notice-
able porosity with concentric to irregular shape
pores having an average diameter of 0.07 mm
involving dark brown iron oxide spots (Fig. 12).
For more details on rock’s texture, scanning elec-
tron microscopic investigation has been conducted
for both sandstone types. It revealed that the
medium size arenite sandstone, consists of euhedral
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quartz grains with silica overgrowth. Pitting and
deformation of silica overgrowth can be traced and
tiny size spherical shaped iron oxide particles that
partially fill rock’s pores, kaolinite can easily be
traced (Fig. 13). At some parts, halite has been

detected (using SEM supported with EDX) cover-
ing most of the rock components (Fig. 14). 

The fine grained sandstone has elongated euhedral
quartz with silica overgrowth that scales off. Fragmen-
tation and tiny pits can be noted on rock’s quartz
grains, kaolinite is easily detected as well as iron oxide
spheres that partially fill most of the rock’s pores

Figure 4: Severely weathered sandstone basal
courses at West facing wall side of the first pylon (parts
of investigation numbers 1 and 2), Seti I Temple.

Figure 5: Severely weathered and damp sandstone
basal courses at East facing wall side of the First Court
(parts of investigation numbers 3 and 4), Seti I Temple.

Figure 6: Moderately weathered East facing wall side
of the Temple (parts of investigation numbers  5 and 6).

Figure 7: Slight to moderately weathered west facing
wall side of the Seti I Temple, parts of investigation num-
ber 8 and 9.
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(Fig. 15). At higher magnification, micro-deformation
of kaolinite texture and its splitting into loose sheets as
well as K-feldspar that is traced at some parts of field
view, halite is detected coating some parts of kaolinite
and K-feldspar (Fig. 16).

4.2.2  Hydrochemical Results
Extracted solutions have been prepared from eleven
rock samples (collected at the weathered parts of
construction rock of Seti I Temple) and three soil
samples (in contact with basal courses of this tem-

ple) following the method of [24]. The samples’
number is limited as sampling from archaeological
sites is restricted, but the collected samples are rep-
resentative for each of the severely and slightly
weathered parts of this temple. Eight samples (two
from each part) of weathered sandstone (parts
number 1, 2, 3 and 4, Fig. 1 b) and three samples of
slightly weathered sandstone (representing parts
number 5, 6, 7, 8 and 9, Fig. 1 b) have been col-
lected. The electrical conductivity (E.C.), cations
and anions (Ca++, Mg++, Na+, K+, Cl-, SO4

- -, CO3 - -,

Figure 8: Intensities of characteristical weathering forms at the selected parts at Seti I Temple
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HCO3
-) have been determined for these solutions

using Ion Chromatograph supported by a computer
system giving the concentration of these elements
as part per million (ppm). Then, the type and per-
centage of the hypothetical dissolved salts have
been computed using the hydrochemical equation;
the results are listed in table 3.
Considerable difference can be noted in limits of
electrical conductivity (E.C.) and total dissolved
salts (T.D.S.) for the extracted solution of the col-
lected sandstone samples. The slightly weathered
sandstone has an electrical conductivity (E.C.) rang-
ing from 9.6 to 12.8 mmhos/cm and total dissolved
salts (T.D.S.) ranging from 18,904 to 23,735 ppm;
the moderately weathered sandstone has an electri-
cal conductivity 16.3 mmhos/cm and total dissolved
salts 21,308 ppm; and that of the severely weathered

sandstone has E.C. ranging from 21.2 to 31.2
mmhos/cm and T.D.S. from 94,156 to 106,225 ppm.
The dominant hypothetical dissolved salts in all
sandstone samples are mostly chlorides (particularly
NaCl salt) followed by sulphate salts (particularly
Na2SO4 and low percentage of CaSO4).

The soil samples have considerable E.C. ranging
from 9.2 to 11.3 mmhos/cm and total dissolved
salts ranging from 10.209 to 11,968 ppm with chlo-
rides (particularly NaCl) as dominant hypothetical
dissolved salts followed by sulphate (particularly
Na2SO4 and CaSO4) salts (Table 3).

4.2.3  Ultrasonic Waves Investigation
The ultrasonic waves’ velocity and rock’s internal
friction (Cp and Qc respectively) are controlled by
any variation in rocks’ porosity either naturally

Figure 9: Correlation Scheme (Intensity classes - damage category) for the examined parts at Seti I Temple
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(change of homogeneity due to textural changes or
variation along direction in the same sample of
laminated rocks as well as due to natural weather-
ing) or artificially (on artificial weathering) [14,
22]. The velocity of ultrasonic waves is increased
and rock’s internal friction is decreased as rock has
better physical nature (less weathered and highly
compact rock). Hence, ultrasonic waves' investiga-
tion as a non- destructive technique has been con-

ducted for eight rock samples: two samples from
part 1 having medium size light brown quartz aren-
ite and two samples of same type from each of
parts 3, 5 and 9. This medium size light brown
sandstone is selected for such investigation as it
dominates as construction rock of this temple, it is
very similar to sandstone type 1 of El-silsila quar-
ries, the results are listed in table 4.

Table 2: Linear and progressive damage indices for the studied areas of Seti I Temple

1 0 0 5 25 70 0 3,65 3,69    4             4 5

2 0 0 5 30 65 0 3,60 3,65    4             4 5

3 0 0 0 25 70 5 3,80 3,83    4             4 5

4 0 0 5 30 65 0 3,60 3,65    4             4 5

5 0 0 10 65 25 0 3,15 3,20    3             3 4

6 0 0 0 50 45 5 3,55 3,60    4             4 5

7 0 10 25 60 5 0 2,60 2,70    3             3 4

8 0 20 55 25 0 0 2,05 2,16   2 2 2

9 0 25 50 25 0 0 2,00 2,12    2             2 2

1 0 0 5 40 55 0 3,50 3,55    4             4 4

2 0 0 5 45 50 0 3,45 3,50    4             4 4

3 0 0 10 35 50 5 3,50 3,58    4             4 4

4 0 0 15 30 55 0 3,40 3,48    4             4 4

5 0 10 5 55 30 0 3,05 3,17    3             3 3

6 0 5 5 45 45 0 3,30 3,39    3             3 3

7 0 15 20 60 5 0 2,55 2,67    3             3 3

8 0 15 55 30 0 0 2,15 2,25    2             2 2

9 0 25 50 25 0 0 2,00 2,12    2             2 2

1 60 40 0 0 0 0 0,40 0,63    0             1 1

2 65 35 0 0 0 0 0,35 0,59    0             1 1

3 55 50 5 0 0 0 0,60 0,84   1              1 1

4 55 40 10 0 0 0 0,60 0,89   1              1 1

5 30 20 45 5 0 0 1,25 1,57   1              2 2

6 25 10 5 40 20 0 2,20 2,66   2              3 3

7 80 20 0 0 0 0 0,20 0,45   0              0 0

8 40 10 5 30 15 0 1,70 2,32   1              1 1

9 45 5 0 25 25 0 1,80 2,51    2             3 3

1 0 0 15 35 50 0 3,35 3,43    3             3 3

2 0 0 5 45 50 0 3,45 3,50    3             4 4

3 0 0 5 50 45 0 3,40 3,45    3             3 3

4 0 0 10 35 55 0 3,45 3,51    3             4 4

5 20 10 45 25 0 0 1,75 2,04    2             2 2

6 15 25 40 20 0 0 1,65 1,91    2             2 2

7 45 20 5 30 0 0 1,20 1,76   1              2 2

8 60 25 15 0 0 0 0,55 0,92   1              1 1

9 55 20 25 0 0 0 0,70 1,10   1              1 1

1 5 10 5 15 50 15 3,40 3,66    3             4 4

2 0 5 15 10 60 10 3,55 3,69    4             4 4

3 5 5 10 20 55 5 3,30 3,51    3             4 4

4 0 10 10 15 55 10 3,45 3,63    3             4 4

5 40 15 25 20 0 0 1,25 1,72   1              2 2

6 45 20 15 20 0 0 1,10 1,61   1              2 2

7 35 10 10 45 0 0 1,65 2,13    2             2 2

8 60 30 10 0 0 0 0,50 0,84   1              1 1

9 65 25 10 0 0 0 0,45 0,81    0             1 1

1 40 20 30 10 0 0 1,10 1,52   1              2 2

2 35 30 35 0 0 0 1,00 1,30   1              2 2

3 45 35 20 0 0 0 0,75 1,07   1              1 1

4 40 30 30 0 0 0 0,90 1,22   1              1 1

5 55 40 5 0 0 0 0,50 0,77   1              1 1

6 50 35 15 0 0 0 0,65 0,97    2             2 2

7 45 30 25 0 0 0 0,80 1,14    2             2 2

8 50 40 10 0 0 0 0,60 0,89    2             2 2

9 55 30 15 0 0 0 0,60 0,95    2             2 2

1 0 5 10 40 45 0 3,25 3,35    3             3 4

2 0 10 5 40 45 0 3,20 3,33    3             3 4

3 0 0 5 20 50 25 3,95 4,03    4             4 5

4 0 0 10 20 55 15 3,75 3,84    4             4 5

5 3 5 10 30 50 2 3,25 3,41    3             3 4

6 0 5 15 15 60 5 3,45 3,58    3             4 4

7 5 10 20 45 15 5 2,70 2,93    3             3 4

8 35 30 20 15 0 0 1,15 1,57   1              2 2

9 40 30 15 15 0 0 1,05 1,50   1              2 2

1 5 5 10 55 25 0 2,90 3,07    3             3 4

2 5 10 10 50 25 0 2,80 3,00    3             3 4

3 5 5 25 50 15 0 2,65 2,82    3             3 4

4 10 5 20 55 10 0 2,50 2,72    3             3 4

5 40 30 30 0 0 0 0,90 1,22   1              1 1

6 35 30 35 0 0 0 1,00 1,30   1              1 1

7 45 40 15 0 0 0 0,70 1,00   1              1 1

8 60 40 0 0 0 0 0,40 0,63   0              1 1

9 65 35 0 0 0 0 0,35 0,59   0              1 1
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Figure 10: Scheme for the determination of damage categories considering all groups of weathering forms "DCAW",
Seti I Temple
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Figure 11: Thin section photo-micrograph presenting
rock texture of medium size sandstone of Seti I Temple.

        S.S.     (40x  mag., plane polarized light) Figure 12: Thin section photo-micrograph presenting
rock texture of fine grained sandstone of Seti I Temple.

         S.S.     (40x  mag., plane polarized light) 
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The difference in ultrasonic waves’ velocity “Cp”
and rock’s internal friction “Qc” for the various
parts of Seti I Temple is a reflection of its relative
weathering intensity to each other on one hand
(Table 4) and to the fresh (un-weathered) equiva-
lent type 1 of Gebel El-Silsila on the other hand
(Table 5). The rock’s limit of an-isotropy index
(computed by dividing Cp measured parallel to
bedding by Cp measured at right angle to bedding
planes) of the examined rock samples compared
with un-weathered similar rock (collected from
El-Silsila quarries) also reflects relative weathering
intensity. Such weathering resulted in weakness
and deformation of rock’s internal texture at a pre-
ferred orientation (parallel to bedding), thus, its
an-isotropy index is increased (Table 4).

5 Discussion

For the first step in quantifying damage category
of Seti I Temple, field investigation included
recording all weathering forms and its dimensions
at each part of the Seti I Temple as presented in
table 1 and figure 8. The damage category over
each wall side can be defined based on the fre-
quency and type of each weathering form where
frequent obliteration of engraves and/or exfoliation
means high damage category, but frequent pitting
at non-ingraved stone might indicate low damage
category. The damage category is not only control-
led by stone type (that is sandstone all over Seti I
Temple) and its properties [25, 26] but also on wall
side orientation that controls number, duration and
intensity of weathering cycles [25, 27-31]. It is
found that wall sides under investigation at Seti I

Figure 13: Scanning electron photo-micrograph pre-
senting micro-fragmentation of silica overgrowth, iron
oxide within rock pores.

Figure 14: Scanning electron photo-micrograph pre-
senting Halite coating most of the sandstone compo-
nents, Seti I Temple.

Figure 15: Scanning electron photo-micrograph pre-
senting fragmentation of silica overgrowth and pitting;
Kaolinite and ball shape iron oxide within pores of con-
struction sandstone.

        330 x  mag              50 microns 

          400x  mag         50 microns 

           1700x                 10 microns 

Figure 16: Scanning electron photo-micrograph pre-
senting deformation in Kaolinite and feldspar texture by
salt crystals, sandstone of Seti I Temple.

                           6k  mag.                             5 microns 
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Temple can be arranged from high damage cate-
gory to low damage category wall side as follows:
East facing wall side then West and South facing
wall sides respectively. The East facing wall side
recieves longer time of solar heating enabling
severe drying of damp-salty construction rock,
hence, salt crystallization (of chloride salts, Table,
3 and Figs. 14 and 16) takes place destroying
rock’s texture on both micro and mega-scale than
other wall sides. The damage on microscale is
reported particularly for minerals with cleavage as
K-feldspar and flaky Kaolinite (Fig. 16).

Table 3: Hydrochemical analysis for extracted solutions prepared from rock samples collected from Seti I Temple and
soil samples at the same temple

Table 4: Velocity of ultrasonic waves and rock’s internal friction of Seti I Temple’s construction rock

Ca++ Mg++ Na+ K+ Cl- SO4-- CO3-- HCO3- KCl NaCl Na2SO4 CaSO4 MgSO4 CaCO3 MgCO3 Mg(HCO3)2

1 1 W.S.S. 31,2 103156 2235 370 56270 1760 30810 11650 0 61 1,7 76,3 16,4 4,3 1,2 0 0 0

2 1 W.S.S. 30,9 100040 2045 420 50178 2110 35249 9640 187 211 2,3 80,7 11,1 4,4 1,2 0 0,3 0

3 2 W.S.S. 28,7 94156 2167 210 49983 1659 27654 12170 94 219 1,9 73,1 19,6 4,4 0 0,3 0 0,7

4 2 W.S.S. 21,2 96361 1996 527 51234 1894 29870 10598 115 127 2 78,8 13 4,1 0 0 1,6 0,5

5 3 W.S.S. 27,1 106225 2170 276 60324 875 32569 9834 60 117 0,8 80,2 14,1 3,9 0 0,1 0,3 0,5

6 3 W.S.S. 29,3 102895 1870 449 56894 935 30976 11450 111 210 0,9 77,1 16,9 3,6 0,5 0 0,4 0,6

7 4 W.S.S. 30 101359 1976 325 58964 769 28765 10560 0 0 0,7 78,3 16,2 3,7 1,1 0 0 0

8 4 W.S.S. 26,9 99910 2015 298 51234 937 33986 11440 0 0 1 79 14,6 4,3 1,1 0 0 0

9 5 S.W.S.S. 12,8 23735 1210 230 8873 116 8743 4563 0 0 0,6 71,4 1,6 13,1 3,3 0 0 0

10 7 M.W.S.S. 16,3 21308 987 179 7970 154 6798 5220 0 0 1 63 20,3 12,1 3,6 0 0 0

11 8 S.W.S.S. 9,6 18904 1120 210 5859 256 7670 3789 0 0 2 71 4,7 17 5,3 0 0 0

12 SOIL 1 SOIL 1 10,1 10209 870 83 4320 76 3210 1650 0 0 0,8 71,2 6,6 18,4 3 0 0 0

13 SOIL 2 SOIL 2 9,2 11968 610 76 6720 102 2765 1599 0 96 0,8 68,2 19,7 9,4 0,9 0 0 1

14 SOIL 3 SOIL 3 11,3 11530 766 91 5433 154 3099 1987 0 0 1,4 66,6 15,7 13,6 2,7 0 0 0

 Anions (ppm) Hypothetical Dissolved Salts %

N.B.      S.W.S.S. is slightly weathered sandstone sample
 M.W.S.S. is moderately weathered sandstone sample
W.S.S. is severely weathered sandstone sample

Sample

number

Part

number at 

Seti I 

Temple

Sample

type and 

state

Cations  (ppm)
E.C.

(mmhos/cm)

T.D.S.
(ppm)

Parallel to 

bedding (Cp1)

at right angle to 

bedding (Cp2)

1 1 1,53 1,38 1,11 8,1

1 2 1,58 1,40 1,13 8,3

3 3 1,50 1,37 1,09 8,4

3 4 1,55 1,40 1,11 8,0

5 5 1,99 1,89 1,05 7,0

5 6 1,92 1,87 1,03 6,5

9 7 2,01 1,93 1,04 6,2

9 8 2,00 1,91 1,05 6,3

Part number 

of sample 

collection

Sample

number

Ultrasonic Parameters

Cp (km/sec)
Anisotropy

index

(Cp1/Cp2)

Internal

friction

"Qc"

Table 5: Limits of physical parameters of sandstone
type one of El-Silsila quarries at different
states (Kamh, 2007)

Cp parallel to 

bedding

(km/sec)

Cp at right angle

to bedding 

(km/sec)

Rock's

internal

friction "Qc"

2,14 2,32 6,6

2,18 2 6,9

1,9 1,71 7,4

1,67 1,55 7,91

q ( , )

5 cycles of soundness test 

using 14% NaCl solution

10 cycles of soundness test 

using 14% NaCl solution

15 cycles of soundness test 

using 14% NaCl solution

Ultrasonic Parameters

Sandstone type 1

Un-weathered
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The correlation scheme (Fig. 9) is a clear and strong
presentation of damage category and intensity class
that is based on dimensions (e.g. area percentage
affected by the weathering form, depth or thickness
of stone surface removed by weathering form, rock
volume detached from the blocks) of each weather-
ing form. For example, a weathering feature as oblit-
eration of engraves (Wo) represent a damage cate-
gory 5 (very severe category) for the wall side or the
whole site if it covers more than 40 % of the total
engraved surface area. This is because Wo is a very
effective weathering form as it directly attach rock's
engraves that give the stone a historical value. The
mathematical computing of damage category (at the
present time DIlin) at each part of Seti I Temple and
the expected damage in the future (DIprog) enable
finding out to which limit of damage does the site is
going to. This is sort of quantifying damage category
at this temple based on the accurate field measure-
ments and this is useful particularly at sites where
sampling is impermissible. 

All result in a conclusion that damage category at
some parts of Seti I Temple reaches up to severe
and very severe damage (as areas including parts
number 1, 2, 3 and 4 regarding granular disintegra-
tion that ends by obliteration of engraves and clear-
ing out of stone components, table 2) and down to
slight and very slight damage category (as areas
including parts number 5, 6, 7, 8 and 9 regarding
break out and fissures, table 2). The overall damage
category for this temple based on field investigation
considering all weathering forms is found to be
very severe damage category (Fig. 10).

The laboratory investigations have been conducted
to reflect an image for rock's texture, weathering
detection on micro-scale on one hand and to numer-
ically quantify rock’s salt content and its geotechni-
cal properties’ limit. All enable quantitative defini-
tion of rock's damage category for that monumental
sandstone at this arid region.

The laboratory investigations revealed similarity of
construction rock (in its texture and composition) to
sandstone (type 1) of El-Silsila quarries that verified
to be relatively durable sandstone compared with
other sandstone types of this huge quarry [17]. The
rock’s texture is mature but still has kaolinite and
K-feldspar that show deformation on micro-scale by
salt crystallization (Halite that has been detected
using SEM and hydrochemical analysis) at such arid
to extremely arid climate. At super-saturated salt
solutions within rock pores, halite is expected to

crystallize in a Whiskers form that was reported to
exert severe pressure on rock’s pores deforming
most of rock types [32 - 34].

The total dissolved salts at the examined parts of
Seti I Temple indicated that some parts have con-
siderably high total dissolved salts (reaching up to
106,225 ppm) compared with the Islamic archaeo-
logical sites in Cairo that are flooded with domestic
water and suffer severe salt weathering (at arid cli-
mate) with T.D.S. reaching up to 142,000 ppm [35].
The near surface groundwater is raised with its dis-
solved salts by capillary force within the lower
courses of Seti I Temple up to heights of 2 m above
ground surface, then moves horizontally to reach
stone surface, water evaporates at such arid climate
leaving salts at and on stone surface deforming
rock’s texture on salt crystallization particularly for
chloride salts.

The recession in limits of geotechnical parameters
for the same rock at the examined parts of the temple
quantifies weathering intensity at these parts relative
to each other and relative to El-Silsila un-weathered
sandstone (type 1). Comparing limits of geotechni-
cal parameters (measured using ultrasonic waves) of
the naturally weathered sandstone type one of Seti I
Temple (Table 4) with that of fresh and artificially
weathered sandstone of El-Silsila quarries (Table 5),
it can be noted that the parts of investigation number
1 and 3 have lower limits of Cp than limits of El-Sil-
sila sandstone (at its un-weathered state and after 15
cycles of intensive artificial weathering). This means
that at such parts, the damage is severe in its inten-
sity. Investigation parts number 5 and 9 have limits
of Cp and Qc very close to limits of El-Silsila sand-
stone type one after its exposure to 5 cycles of
soundness test i.e. it is parts with slight damage cat-
egory. Comparing the semi-quantitative determina-
tion of damage category (through field investiga-
tions and its data processing, Table 2 and Fig. 10)
with the quantitative evaluation defined by labora-
tory measurements (for samples geotechnical prop-
erties, Tables 4 and 5), great compatibility can be
noted between them confirming the validity of using
field investigations to define damage category for a
given monumental site. Also, from the field investi-
gations and laboratory analyses, it is noted that the
whole temple has a very severe damage category,
consequently, it requires urgent plan of restoration
particularly for the parts of investigation numbers 1,
2, 3 and 4.
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6 Conclusions

Detailed field investigations involving measuring
dimensions of weathering forms, using damage
category scale and computing linear and progres-
sive damage indices enable semi-quantifying of
damage category at the selected parts (representing
all weathering forms and damage grades) at Seti I
Temple. It revealed that this site has severe to very
severe damage category regarding obliteration of
engraves and granular disintegration weathering
forms, but slight to very slight damage category
regarding most of the other weathering forms. The
whole site has very severe damage category.
Laboratory investigations have been conducted to
quantify damage category for such construction
rock relative to each other and relative to its
un-weathered El-Silsila sandstone quarries. The
results indicated that it is quartz arenite to arkosic
sandstone similar to sandstone type 1 of El-Silsila
quarries (light brown spotted sandstone), has con-
siderable salt content (particularly at the basal
courses) ranging from 18,904 ppm up to 106,225
ppm (mainly NaCl, Na2SO4 and CaSO4 salts).
Such salts result in deformation (on micro-scale) of
labile minerals particularly K-feldspar and kaoli-
nite constituting this rock. The recession in velocity
of ultrasonic waves “Cp” and the increase in rock’s
internal friction “Qc” reflects damage category par-
ticularly on comparing highly damaged parts with
the moderately or slightly damaged parts on one
hand, and on comparing weathered parts with the
un-weathered and the artificially weathered sand-
stone of El-Silsila quarries. The quantitative labora-
tory investigations revealed an overall severe reces-
sion in limits of geotechnical parameters of Seti I
Temple’s construction rock. These laboratory
investigations confirm that the semi-quantitative
definition of the overall damage category con-
ducted through detailed field study for this site can
safely replace the detailed laboratory techniques
that are based on sampling from such archaeologi-
cal sites that is mostly impermissible.
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