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Abstract

Great efforts had been made to use indirect non-destructive tests in the geo-
technical evaluation of rocks, especially sandstones, employing different em-
pirical equations. However, most of these equations have been derived from
hard and compacted sandstones data; therefore, the focus of this research is
on weak and weakly compacted sandstones, aiming firstly to obtain empirical
equations for estimating their characteristics, secondly to demonstrate and
visualize the correlations between the studied variables, and finally to cluster
the studied samples based on their characteristics. To attain these aims, twenty
oriented block samples were collected from Nubia sandstone, central Eastern
Desert, Golden Triangle area, Egypt. These samples were prepared and tested
according to standard test methods, including uniaxial compressive strength
(UCS), Brazilian tensile strength (BTS), Schmidt rebound number (SRN),
porosity (22), bulk density (p), and ultrasonic P-wave velocity (UPV). The loss
on ignition (LOI) was also employed as a physicochemical test for classifying
the studied samples and indicating pores filling materials. The results re-
vealed that these sandstones are characterized mainly by high n, low p, and
low UPV values and these give an indication of weakly compacted and weakly
cemented sandstone with shallow burial diagenetic conditions. Based on UCS
and elastic modulus values, these sandstones are mainly classified as very low
strength and highly yielding rocks. The results of regression analysis show sa-
tisfactory correlations between physical and mechanical characteristics, indi-
cating the suitability of obtained empirical equations to deduce these proper-
ties. Principal component analysis revealed that the LOI, BTS, SRN, and USC
have a positive correlation to each other and weakly correlated with p and
UPV, which positively correlated to each other and negatively correlated to .
The results of agglomerative hierarchical clustering revealed that the studied
samples can group into three main clusters depending on their USC, LOI,
and n values.
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1. Introduction

Significant efforts had been made to use indirect non-destructive tests instead of
direct destructive tests in geotechnical applications, such as tunnels, dams, rock
excavation or drilling, roads, slope stability assessment, and building. This is due
to the direct destructive tests, such as the unconfined compressive strength (UCS)
test, which are mostly overworked, time consumed and more expensive, as it
requires special sample preparation and depends on rigorous standards (Ceryan
et al., 2013; Ozcelik, Bayram, & Yasitli, 2013).

Moreover, these direct tests are mostly not suitable for weathered rocks, fria-
ble, jointed, foliated, and laminated rocks (Mishra & Basu, 2012). It also may not
be possible in the oil industry (Garia et al.,, 2019) and the historical building
stones evaluation (Dan et al., 2010). Therefore, indirect non-destructive tests are
frequently employed to obtain empirical equations to estimate the mechanical
properties of rocks (Minaeian & Ahangari, 2013). Ultrasonic P-wave velocity
(UPV) test for example is one of the essential non-destructive tests, which is em-
ployed to investigate some properties of rocks, such as degree of rock weathering
(Schmidt, 1951), tensile strength (Hosseini & Shirin, 2015), UCS (Kurtulus et al.,
2018), elastic properties (Abdullah et al., 2019), slake durability index (Hosseini,
2016), and the physical properties of rocks (Kurtulus et al., 2016).

Numerous empirical equations have been obtained for estimating the geo-
technical and physical properties of sedimentary rocks “especially sandstones”
employing different indirect tests (Table 1). Most of these equations have been
derived from hard and compacted sandstone data. Moreover, (Garia et al., 2019)
concluded that the empirical equations derived by various researchers are valid
only to the data set for which the relationship is derived, because of the chemical
and mineralogical composition, pores geometry, grain size, cementing material
not considered when evaluating these equations. For this reason, the loss on ig-
nition (LOI) at high temperature (1000°C) is employed as a physicochemical test
in this work for indicating the nature of pores filling materials, which increase
the strength of weakly compacted (shallow burial) sandstones and reduce their
porosity and permeability. The LOI values are greatly influenced by volatiles
such as sulfur, carbon dioxide, chlorine, and lattice water that forms the pore
filling carbonate minerals (calcite and dolomite), salts, sulfates minerals (Gyp-
sum and anhydrite), and clay minerals (Dabrio et al., 2004). The LOI determina-
tion is simple, inexpensive, and faster than the other geochemical and petro-
graphical analyses, so that the LOI test can be very useful for obtaining empirical
equations, understanding the mechanical behavior of the weak sandstones, and

classifying the studied sandstone.
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Table 1. Equations for predicting some physical and mechanical prosperity of sandstones and other sedimentary rocks from

several areas in the world with their references, input data, units, and regression coefficient (R).

Input data Reference Equation Unit R
UPV & n% (Soroush et al., 2011) n=-7.415In(UPV) + 64.96 m/s 0.78
UPV & p (Soroush et al., 2011) p=-2x10"* UPV?+ 0.0002 UPV + 1.93 g/cm®, m/s 0.71
(Kurtulug et al., 2016) UCS = 8.1 UPV>002 UPV + 31.92 MPa, m/s 0.89
(Kahraman, 2007) UCS =9.95 UPV!2! MPa, km/s 0.69
UPV & UCS (Sharma & Singh, 2008) UCS =0.0642 UPV - 117.99 0.9
(Chary et al., 2006) UCS =0.0144 UPV - 24.856 MPa, m/s 0.71
(Altindag, 2012) UCS = 12.746 UPV! 194 0.79
UPV & TS TS =0.008 UPV + 3.84 0.78
(Kurtulus et al., 2016) MPa, m/s
UPV & SRN SRN = 0.006 UPV + 9.52 0.8
SRN & UCS (Gokgeoglu, 1996) UCS =0.0001 SRN?326% MPa 0.84
(Palchik, 1999) UCS = 74.4¢(-0040) 0.78
n% & UCS MPa

(Kilig¢ & Teymen, 2008) UCS = 147.16(-0-08351) 0.93

(Bradford et al., 2007) UCS =2.28 + 4.1089E UCS MPa, E (GPa) ---
B &UGCs (Lacy, 1997) UCS = 0.2787E2 + 2.4582E E (Mpsi), UCS (kpsi)  0.84

The main aims of this study are first to obtain empirical equations for esti-
mating the physical and mechanical properties of weakly compacted and weakly
cemented sandstone employing Schmidt rebound number (SRN), porosity (1),
bulk density (p), LOI, and UPV measurements. Secondly, to understand and vi-
sualize the correlation between the tested variables using the principal compo-
nent analysis (PCA). Thirdly, to group the studied sandstone samples depending
on their physical and mechanical properties, using cluster analysis (CA).

The present research has a general significance, because most previous work-
ers conduct their studies on hard and compacted sandstone. Besides, Nubia
sandstone has a high variability of sandstone and could represent the most suit-
able bedrock of buildings and infrastructures of industrial, tourism, and new

urban zones in the studied area (Figure 1(a)).

2. Geological Setting and Location

Nubia sandstone (Taref sandstone Formation) is the most widely distributed
sandstone unit having a considerable thickness in the Golden Triangle area, cen-
tral Eastern Desert, Egypt. This area is covered in its western part by clastic se-
dimentary rock successions ranging in age from Upper Cretaceous to Quater-
nary (Said, 1981) (Figure 1(b)). The Nubia sandstone lies unconformably on the
Precambrian basement complex and forms the basal unit of the platform sedi-
ment succession. In the study area, it composed mainly of massive and cross-bedded
sandstone, which was divided into three, four, or five lithologically distinct Fa-
cies (Abbass, 1962; Abdel-Wahab & Turner, 1991; Ghanem et al., 1970; Van
Houten et al., 1984; Mansour, 1985; Ward & McDonald, 1979) with different

nomenclatures and boundaries.
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Figure 1. (a) Location map and (b) Geological map (Conoco, 1987) of the study area (the Golden Triangle area).

According to Van Houten et al. (1984) Taref sandstone Formation consists mainly
of massive and cross-bedded sandstone and can be divided into three lithologically
distinct Facies. The lower Facies consists of a succession trough cross-bedded, fin-
ing-upward sequences composed of kaolinite-rich, very coarse-grained qua-
rtzose sandstone (60 - 70 m thick). The middle Facies consists of thin-bedded,
generally finer-grained deposits (15 to 20 m thick), overlain by three paral-
lel-bedded coarsening-upward sequences (5 to 18 m thick) begin with laminated
greenish-gray claystone and pass upward through silty clay into ripple- and
cross-bedded, fine-grained sandstone. The upper Facies consists of uniform
large-scale, tabular-planar-cross-bedded member (15 to 30 m thick), overlain by
tens meters of ripple-bedded siltstone and mudstone, which grades upward into

Quseir Formation (Van Houten et al., 1984).

3. Materials and Methods
3.1. Materials

A total of twenty oriented block sandstone samples were selected based on pre-
liminary stratigraphic observations to ensuring the representation of each li-
tho-type in Nubia sandstone. Macroscopic descriptions of petrographic features
of the collected samples were listed in Table 2. A representative sample com-
prises three specimens of cylindrical and disc-shaped were prepared according
to ISRM (Bieniawski & Hawkes, 1978; Fairhurst & Hudson, 1999). The axes of
specimens were chosen perpendicular to the bedding planes. The average length
to diameter ratios (L/D) is 2.24 and 0.50 for cylindrical and disc-shaped speci-

mens, respectively. Their average diameter is 4.33 cm.

3.2. Methods

In this work, the p and n values were determined by saturation and caliper

technique, according to ISRM (Brown, 1981). The LOI values were determined
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Table 2. Macroscopic description of petrographic features for the collected block samples.

Block ID Facies Macroscopic description of petrographic features Litho-type
U4 Light brown bedded, oolitic fine sandstone, inter-bedded with siltstone, bonded with clay matrix
and calcareous cement
U3 Dark brown massive fine sandstone, bonded with clay matrix, iron oxides, and calcareous cements
- Upper  Light brown bedded fine sandstone, inter-bedded with siltstone, bonded with clay matrix and Wacke
calcareous cement
Ul Light to dark brown, oolitic fine sandstone, inter-bedded with siltstone, bonded with clay matrix
and calcareous cement
Mé Yellow-dark brown bedded medium sandstone, poorly cemented with silica and iron oxide
cements
M5 Brown-grey fine to medium sandstone, well cemented by iron oxides and very frequent calcareous
cement concentration
M4 White massive fine to medium sandstone, poorly cemented with silica cement
Middle Arenite
M3 Brown-light brown bedded, fine to medium grained sandstone, well cemented by iron oxides
cement
M2 Yellow violet bedded medium sandstone, well cemented with silica iron oxide and calcareous
cements
M1 Dark brown fine sandstone, well cemented by iron oxides cement
110 Yellow-dark brown bedded medium sandstone, poorly cemented with silica and iron oxides
cements Arenite
L9 Yellow fine to medium sandstone, poorly cemented with iron oxides cement
Mottled creamy white-reddish brown fine sandstone, very frequent iron oxide nodules and clay
L8 . . . . Wacke
pockets, bonded with clay matrix and iron oxides cement
L7 Light brown bedded fine to medium sandstone, poorly cemented by iron oxides cement
16 Yellow-light red bedded coarse to medium sandstone, weakly cemented by silica and iron oxides
cements
L Dark violet-yellow bedded fine to medium sandstone, well cemented by iron oxides and silica
L5 ower
cements
14 Dark violet-white bedded fine to medium sandstone, well cemented by iron oxides and silica Arenite
cements
13 Yellow - dark grey bedded coarse to medium sandstone, poorly cemented with Iron oxides and
silica cements
L2 Reddish brown bedded medium to coarse sandstone, with coarse grained small lenses, poorly
cemented by Iron oxides and silica cements
L1 Mottled yellow-violet fine to coarse sandstone, interbedded with siltstone, very frequent iron Wack
acke

oxides nodules, bonded with clay matrix and iron oxide cement

according to Dabrio et al. (2004). The UPV measurements are performed using
V-Meter ™ (Mark III) ultrasonic tester with a 54 kHz transducer, depending on
ISRM standard (Aydin, 2014). UCS of the studied samples was measured using
Impact ™ loading machine (1000 KN, maximum load), according to ISRM
(Fairhurst & Hudson, 1999). The load rate was 0.15 mm/min for most of the
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tested specimens. The tangential elastic modulus at 50% strain (Es) was meas-
ured and calculated for each specimen according to ISRM (Fairhurst & Hudson,
1999). The Brazilian test was carried out according to ISRM (Bieniawski & Hawkes,
1978), using Matest ™ multi-tester (50 KN, maximum load). The Schmidt
hammer test was performed directly at several points on each block sample ac-
cording to ISRM (Aydin, 2009). All tests were conducted in the engineering ge-
ology laboratory of South Valley University, Qena, Egypt.

4. Results and Discussions
4.1. Physical and Mechanical Results

The results of the physical and mechanical characterization are listed in Table 3.

Table 3. The results of physical and mechanical properties, LOL, and their descriptive statics.

UPV P n LOI Log LOI UCS Eis0 BTS
Sample Facies SRN Litho-type
P (m/s) (glem®) (%) (%) (LOI) G. (MPa) (GPa) (MPa) P
U4 1516.70 1.83 28.86 3.35 0.53 G3 30.23 13.66 1.85 1.02
U3 3683.10 2.42 1.47 16.57 1.22 G3 50.67 94.81 14.16 11.53
Upper Wacke
U2 1295.40 1.84 27.88 4.11 0.61 G3 27.08 12.85 1.28 1.51
Ul 1753.10 1.98 22.52 12.44 1.09 G3 30.33 19.31 1.64 191
M6 2917.20 1.88 20.00  2.55 0.41 G2 3444 2473 2.54 2.06
M5 2350.80 1.95 23.08 0.65 -0.19 G2 33.00 21.50 2.14 2.48
M4 2107.40 1.86 29.41 0.20 -0.70 Gl 30.52 16.17 1.93 1.56
Middle Arenite
M3 2234.50 1.94 24.12 1.50 0.18 G2 31.47 17.21 2.03 1.57
M2 2574.30 1.85 28.14 0.08 -1.10 G1 31.64 14.41 2.08 2.41
M1 2286.90 1.98 25.50 1.69 0.23 G2 30.62 14.02 2.67 1.43
L10 2614.30 2.06 20.00 0.58 -0.24 QG2 27.92 12.19 2.16 1.22
Arenite
L9 2457.80 1.98 23.01 055 -0.26 G2 29.64 12.28 2.49 1.41
L8 2667.10 2.31 12.53 4.58 0.66 G3 28.91 14.93 1.17 1.48 Wacke
L7 2229.50 1.97 24.48 0.96 -0.02 G2 26.60 12.03 3.34 0.88
L6 -—- 1.92 20.00 1.95 0.29 G2 22.00 --- --- ---
Lower
L5 2376.10 1.97 22.37 0.82 -0.09 G2 28.86 11.66 2.79 1.73 Arenite
L4 2355.70 1.93 25.04 0.70 -0.15 G2 27.00 9.69 1.96 1.20
L3 2407.90 1.93 22.62 1.75 0.24 G2 23.14 5.57 0.70 0.74
L2 2943.70 1.98 18.17  1.49 0.17 G2 26.31 9.56 2.59 1.91
L1 2944.30 2.29 12.55 4.75 0.68 G3 36.32 23.71 3.94 3.62 Wacke
Min. 1295.40 1.83 1.47 0.08 - - 23.14 5.57 0.70 0.74 -
Max. 3683.10 2.41 29.41 16.57 - - 50.67 94.81 14.16 11.53 -
Mean 2406.10 1.10 21.70 3.12 - - 30.77 18.97 2.81 2.12 -
Std. dev. 539.28 0.17 6.79 4.32 - - 5.71 19.00 2.85 2.36 -
KMO 0.66 0.72 0.69 0.79 - - 0.82 0.80 0.85 0.92 Total (0.786)
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It is obvious that the average n of the middle Facies samples is mainly higher
than that of the lower and the upper Facies, and their average values are 25.04%,
20.08%, and 20.18%, successively. The p values are in the range of 1.84 g/cm® to
2.29 g/cm’® for the studied samples, their average values are 2.03, 1.91, and 2.01
g/cm® for lower, middle, and upper Facies, successively. Anyway, the studied
samples are mainly characterized by low density and high porosity; these give an
indication of weakly compacted and weakly cemented sandstones with a shallow
burial diagenetic condition.

The integration between LOI, litho-types, and macroscopic description of the
studied samples revealed that the LOI values (Table 3) are higher in sandstone
samples which characterized by clay or carbonate minerals cement (low silica
content samples), these samples include L1, L8, and all samples of upper Facies
(U1, U2, U3, and U4). The common logarithmic values (Log) of LOI are used to
classify the studied sample into three groups; the first group (G1), the second
group (G2) and the third group (G3), these groups have the following Log (LOI)
values; “less than - 0.5”, “~0.5 to +0.5” and “more than +0.5”, respectively. Based
on this classification, all wacke litho-type samples belong to G3, while all arenite
litho-type samples belong to G2, except the high silica content samples (low
LOI) belong to G1.

The UPV values of the studied samples are mainly low and ranging from
1295.4 to 3683.1 m/s. Their average values are 2555.2, 2411.9, and 2062.1 m/s for
lower, middle, and upper Facies, successively. The UCS values are in the range of
5.57 and 94.81 MPa, while Et50 values are in the range of 0.7 to 14.2 GPa. Based
on these values, the tested samples are mainly classified as very low strength
rocks (Bieniawski, 1973) with a very low Et50 (Highly yielding), except the U3
sample which is classified as medium strength rock. The BTS values are mainly
low and extend from 0.74 to 11.53 MPa. The SRN values are varying between
23.14 and 50.67.

4.2. Statistical Analysis Results

4.2.1. Regression Analysis
The linear regression between n and p shows a high regression coefficient (R* =
0.87), the linear regression between UPV and n of all samples shows a high re-
gression coefficient (R* = 0.64) and this value increased to be 0.974 for G1 sam-
ples and 0.825 for G2 samples (Figure 2) when each group correlated separately.

The relationship of LOI with UPV and 2 can be explained by the truth of the
LOI values of sandstone, especially surface sandstone, positively correlated with
pores filling materials such as carbonates, sulfates, and clay. These pores filling
materials decrease the porosity of sandstone in a dramatic way, and additionally,
it increases the strength of uncompacted sandstones.

The linear regression between UPV and p does not show a high regression co-
efficient (0.47), because the relation between UPV and p depends on numerous
factors such as rock strength and integrity, effective stress, mineral composition,

granular structure, cementation, porosity, lithology, saturation, micro-cracks,
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Figure 2. Diagram showing the LOI groups of the studied sample and the
correlation between their UPV and n values.

fluid pressure, depth of burial, geological age, and many other factors (Horsfall
et al., 2017). A moderate correlation (R*> = 0.346) is observed between UPV and
UCS, so that the UPV measurement alone does not suitable to predict the strength
and deformability of weakly compacted and weakly cemented sandstone, while
the SRN has a very high regression coefficient (R* = 0.94) with UCS, BTS (R* =
0.78), and Esp (R* = 0.85). There is also a high regression of LOI with UCS (R? =
0.62) and 1 % (R* = 0.59), indicating the suitability of these empirical equations
to deduce these properties. The values of these properties are represented in corre-
lation point diagrams (Figure 3). The most suitable empirical equations with the

highest regression coefficient (R?) are obtained and listed in Table 4.

4.2.2. Principal Components Analysis

To conduct PCA, the Kaiser-Meyer-Olkin (KMO) measurement is firstly per-
formed (Table 3) to assess sample adequacy. The total KMO value is 0.786. This
value gives an indication of sampling adequacy. Secondly, descriptive statics of
the studied variables are calculated, these include mean, standard deviation,
minimum and maximum, their values are also listed in Table 3. Finally, the va-
riables correlation matrix is determined (Table 5) to deduce eigenvalues (Table
6), eigenvectors and factor loadings.

A two-component solution was suggested, based on the correlation between
variables and factors “components matrix” (Table 7). The first principal com-
ponent (F1), which clarifies the largest part of the total variance, has an eigenva-
lue of 6.17 and represents 77.14% of the total variance. The second principal
component (F2) has a variance of 0.94 and accounts for a further 11.77% of the
variance. F1 positively correlated with all variables and negatively correlated on-
ly with n, while F2 is positively correlated with both p and UPV, and negatively
correlated with the other variables.

The principal components plot (Figure 4(a)) helps visualize the relations be-
tween the studied variables. These variables were illustrated as arrows, and the

position to each other explains the relation between them.
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Table 4. The proposed equations for predicting some physical and mechanical prosperity with their input data, units, and

regression coefficient (R).

Input data Empirical equation Regression
All samples n (%) = —10.089 (UPV) + 45.94 0.641
UPY (/) & 11(%) G1 Samples n (%) = -0.002 (UPV) + 35.14 -
G2 Samples n (%) =—-0.008 (UPV) + 43.28 0.825
G3 Samples n (%) =-0.011 (UPV) + 43.59 0.974
UPV (m/s) & p (g/cm®) p =0.2094 (UPV) + 1.4935 0.468
UPV (m/s) & UCS (MPa) UCS = 20.72 (UPV) — 30.899 0.346
SRN & UCS (MPa) UCS = 0.0002 (SRN)*3709 0.944
SRN & Euso (GPa) Etso = 0.4409 (SRN) — 10.755 0.782
SRN & BTS (MPa) BTS = 0.0917¢00955 (SRN) 0.852
n (%) & UCS (MPa) UCS = -26.472 In(n) + 97.264 0.864
LOI (%) & UCS (MPa) UCS = 3.4616 (LOI) + 8.1553 0.619
LOI (%) & 1 (%) 1 (%) = 27.881~0119 @OD 0.589
Table 5. Correlation matrix between the studied variables.
Variables UPV p n LOI SRN UCS Etso TS
UPV 1.000 0.688 -0.801 0.256 0.588 0.588 0.646 0.644
p 0.688 1.000 -0.933 0.596 0.603 0.637 0.650 0.671
n -0.801 -0.933 1.000 -0.661 —0.680 —0.744 -0.742 -0.773
LOI 0.256 0.596 -0.661 1.000 0.689 0.787 0.697 0.760
RN 0.588 0.603 -0.680 0.689 1.000 0.942 0.884 0.928
UCS 0.588 0.637 -0.744 0.787 0.942 1.000 0.958 0.980
Etso 0.646 0.650 -0.742 0.697 0.884 0.958 1.000 0.963
TS 0.644 0.671 -0.773 0.760 0.928 0.980 0.963 1.000
Table 6. Eigenvalues of correlation matrix.
Components F1 F2 F3 F4 F5 Fé F7 F8
Eigenvalue 6.17 0.94 0.57 0.14 0.11 0.03 0.02 0.01
Variability (%) 77.15 11.77 7.12 1.77 1.40 0.37 0.28 0.15
Cumulative % 77.15 88.92 96.04 97.80 99.20 99.57 99.85 100.00
Table 7. Correlations between variables and factors “component matrix”.
Variables F1 F2 F3 F4 F5
UPV 0.736 0.571 -0.305 -0.170 —0.088
p 0.816 0.403 0.347 0.208 0.060
n -0.897 -0.359 -0.218 0.052 0.013
LOI 0.780 -0.389 0.446 -0.177 —0.082
SRN 0.909 -0.229 -0.208 0.187 -0.204
UCS 0.954 -0.254 -0.114 0.000 0.019
Etso 0.940 —-0.155 -0.189 -0.016 0.221
TS 0.965 -0.179 -0.131 -0.016 0.053
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Figure 4. (a) Diagrams showing principal component analysis; (b)
Cluster analyses with clusters based on the physical and mechanical

properties of studied sandstones.

The arrows of LOI, Eis, BTS, SRN, and USC are pointing in the same direc-
tion, so they have a positive relation to each other, and the same for the arrows
of p and UPV. In contrast, the arrow of nis pointing in the opposite direction of
p and UPV, so it exhibits a negative relation to them. The arrows of n, p, and
UPV are stand semi-perpendicular to other variables, so there is a weak relation
between them and other variables.

The studied samples depict as points and the coordinates within the diagram,
in this multidimensional system are calculated via scores, which are based on the

loadings of the components.

4.2.3. Agglomerative Hierarchical Clustering

The results of agglomerative hierarchical clustering (AHC) revealed that the stu-
died samples could cluster into four clusters as shown in the dendrogram (Figure
4(b)). The PCA analyses (Figure 4(a)) help to deduce the factors controlling this
classification. Cluster C1 comprises two samples of lower Facies (L1 and L8), the
common factors for cluster C1 samples are relatively medium strength, com-
bined with relatively high Log LOI and relatively low porosity. Cluster C2 com-
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prises the rest of Lower and all the Middle Facies samples. The common factors
for cluster C2 samples are relatively medium strength, combined with relatively
low LOI and relatively high porosity. Clusters C3 comprise all Upper Facies
samples except one sample (U3) and its common factors are relatively medium
strength, high porosity, and high LOI. While Cluster C4 comprises only one
sample (U3), which has relatively high strength, low porosity, and high LOL

5. Conclusion

Based on the experimental investigation and statistical analysis for physical and
mechanical properties of weak Nubia sandstones, the following conclusions are
drawn:

1) The studied samples are mainly characterized by low density and high po-
rosity, and these give an indication of weak compaction and weak cementation
with shallow burial diagenetic conditions.

2) LOI values are employed to group the studied samples into three groups,
GI1, G2 and G3. All wacke litho-type samples belong to G3, arenite litho-type
samples belong to G2, while very high silica content samples belong to G1. This
LOI grouping is very helpful to easily correlate the physical and mechanical
properties of similar lithological sandstones with each other and to evaluate the
nature of pores filling materials. LOI values are also highly correlated with UCS
(R?2=10.62) and n% (R? = 0.59).

3) The studied samples are mainly classified as very low strength rocks with
low Euso (Highly yielding).

4) Results of regression analysis showed satisfactory correlations between
physical and mechanical characteristics, indicating the suitability of obtained
empirical equations to deduce these properties.

5) The UPV measurement alone is not suitable to predict the strength and
deformability of weakly compacted and weakly cemented sandstone, while the
SRN values are more suitable and highly correlated with UCS (R? = 0.937), BTS
(R?=0.976) and E5o (R? = 0.944) values.

6) PCA results revealed that the LOI, BTS, SRN, and USC have a positive cor-
relation to each other and weakly correlated with p and UPV, which positively
correlated to each other and negatively correlated to n. In addition, there is a
weak relation of n, p and UPV with other variables.

7) The results of AHC revealed that the studied samples cluster into four clus-
ters depending on their USC, LOIL, and 1 %.
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