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Abstract
Several new settlements have been constructed in the desert areas of Egypt. These new settlements are composed of many
new types of problematic formations that creating many geological and engineering challenges. One of the most problematic
formations is weak sandstones that are characterized by low mechanical strength and bearing capacity as well as high
deformability and fracturing. The physico-mechanical characteristics of these sandstones are the most crucial parameters in
design and stability evaluation of any surface and underground engineering structures. The determination of these
parameters is complicated, di�cult and time consuming as well as is required a great accuracy in sample preparation and
testing procedure, and is considered as expensive testing. The objective of this study is analyzing the shallow marine weak
sandstones to determine the best and signi�cant correlations of petrographic characteristics and physical engineering index
properties that may be useful for estimating uncon�ned compressive strength (UCS), uniaxial pore volume compressibility
(mv), compressional P-wave velocity (Vp) and dynamic constrained modulus (Es). As well as predicting the UCS and mv from
compressional P-wave velocity test and estimating the petrographic parameters from the physical engineering index
parameters. The present study revealed that the studied samples are high to very high porous sandstones with very low to
moderate density, and classi�ed as extremely weak to weak rocks with very high deformability and very low wave velocity. In
this study, the physical properties form non-signi�cant linear relations with UCS, Vp, and Es as well as there are moderately
strong to strong correlations between P-wave velocity, constrained modulus, uncon�ned compressive strength and
compressibility characteristics. Based on the regression analysis, the dolomite cement and matrix contents, quartz and rock
fragments contents, packing density and proximity, sorting, roundness, mean grain size, and grain to cement contact
exhibited weak to strong statistical correlations with mechanical properties of the studied sandstones. These relationships
revealed that due to the mineralogical, textural, and microstructure variations of the studied recycle origin sandstones, the
non-signi�cant to signi�cant relations are resulted. In this study, the backward multiple regression was applied to predict the
UCS, mv, Vp and Es of the studied sandstones by selecting some physical and petrographic characteristics which exhibit
statistically signi�cant correlations with them. The results of this study were presented in the form of predictive models and
equations.

Introduction
Several new settlements have been constructed outside of Nile delta region through the desert areas east of Greater Cairo,
Egypt. These new settlements are mainly composed of many new types of problematic formations that creating many
geological and engineering challenges to understand, evaluate and treatment of these new problematic formations. One of
the most problematic formations is extremely weak to weak sandstones whereas these sandstones are characterized by low
mechanical strength and bearing capacity as well as high deformability and fracturing. The physico-mechanical
characteristics of these sandstones are the most crucial parameters in design and stability evaluation of any surface and
underground engineering structures as dams, tunnels, roads and highways, and cut slopes.

Olivera (1993) revealed that the weak rocks are characterized by four relevant properties which are poorly cementation
particles, high void percentage between particles, weathering and tectonic disturbance, and immature mineral composition.
According to ISRM (1981) the extremely weak and weak rocks have compressive strength ranging between 0.25 MPa and
25.0 MPa, and according to Egyptian code (2007) the extremely weak and medium weak rocks have compressive strength
less than 12.5 MPa. The poor cementation bonding, as well as present of potential percentages of cavities and fractures or
discontinuities are the main factors for low strength values of these weak rocks (Nassif, 2003). Therefore, the undisturbed
sampling of these weak rocks for laboratory testing such as compressive strength and deformation tests is considerably very
di�cult.

The laboratory testing of these properties is complicated, di�cult and time consuming as well as is required a great accuracy
in sample preparation and testing procedure, and is considered as expensive testing. For these reasons, the prediction of
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these expensive and time-consuming mechanical parameters of weak sandstones from simple, indirect, non-destructive,
cheap and reliable methods by using statistical empirical equations is mostly applied for preliminary studies.

Due to the different cementation and diagenesis process during sedimentation and burial history of sandstones, the
mechanical properties as compressive strength, young’s modulus, poisson’s ratio and pore volume compressibility are widely
varied. These variations in mechanical characteristics have been attributed to the variations in petrographic characteristics of
the different sandstones (Bell, 1978; and Fahy and Guccione, 1979). The mechanical characteristics of a rock are affected by
mineralogical composition, texture, microstructure, moisture content, porosity, density, temperature-pressure conditions and
deformation rate (Bell, 1983). Meng et al. (2006) suggested that the mechanical properties of the weak sandstone rocks are
mostly in�uenced not only by external factors as surrounding geological and stress/strain conditions but also are strongly
in�uenced by the environment of deposition as well as burial history and diagenesis process including mineral composition,
microstructures and textures.

Many researchers investigated the correlation of petrographic characteristics and ultrasonic wave velocity with mechanical
parameters of sandstone rocks and had come out with some interesting viewpoints (Bell, 1978; Vutukuri et al., 1978; Fahy
and Guccione, 1979; Doberenier and De Freitas, 1986; Shakoor and Bonelli, 1991; Ulusay et al., 1994; Bell and Lindsay, 1999;
Chen and Ye Hu, 2001; Jeng et al., 2004; Singh et al., 2005; Meng et al., 2006; Sharm and Singh, 2008; Moradian and Behnia,
2009; Sarkar et al., 2012; Heidari et al., 2013; Ktena and Sabatakakis, 2013; Nefeslioglu, 2013; Khandelwal, 2013; Kurtuluş et
al., 2016; Azimian and Ajalloeian, 2015; Abu Seif, 2016; Yar et al., 2017; and Othman and Ali, 2017).

Bell (1978) studied the impact of petrographic parameters on mechanical properties of sandstones and suggested that the
strength and elastic characteristics of sandstone increase with increase packing density (PD), in addition to there is no
signi�cant relations of quartz content (Qz%) and other mineralogical composition of sandstones with their strength. On the
other hand, Howarth and Rowlands (1986) revealed that the microstructure and texture parameters including packing density
(PD) had moderate correlations with several mechanical properties of sandstones.

Fahy and Guccione (1979) demonstrated that the mean and median grain sizes, percent of quartz grains and sphericity of
calcareous sandstones have strong negative correlations with uncon�ned compressive strength (UCS), while the total percent
of carbonate content and percent of straight grain contacts have strong positive relations with UCS. Doberenier and De
Freitas (1986) concluded that the weak sandstones mostly have low packing density and the increasing of some types of
grain contacts and decreasing of grain size were mostly related to increase the mechanical strength of the studied weak
sandstones.

The sandstones with high density, low absorption and pore volume, and high percentage of suture contacts mostly have high
values of compressive and tensile strengths and young’s modulus, in addition to low values of poisson’s ratio. On the other
hand, the sandstones with abundance of grain to void contacts, grain to matrix contacts and straight contacts have low
values of mechanical strength parameters (Shakoor and Bonelli, 1991). They also revealed that the degree of sorting (Sr),
mean grain size (mgs), packing density (PD), packing proximity (PP) and sphericity (Sph) had moderately signi�cant to non-
signi�cant correlations with mechanical characteristics of studied sandstones.

Ulusay et al. (1994) founded that the textural characteristics of sandstones are more important than their mineralogical
composition in predicting the engineering parameters. They suggested that the sandstones with high percent of sutured
contacts and angular grains have high strength as well as the sandstones with abundance of grain to grain contacts and
high values of packing proximity exhibited high young’s modulus and low poisson’s ratio. They founded that the PD, PP, and
roundness have moderately signi�cant to signi�cant correlations, while the Sph, Sr, mgs, contact types, Qz%, rock fragments
(RF%), matrix%, number of contacts and other types of grain to grain contacts as point, straight and concave-convex contacts
have non-signi�cant to moderately signi�cant correlations with mechanical properties of studied sandstones.

Bell and Lindsay (1999) studied the �ne to medium grained arkosic sandstones and demonstrated that few petrographic
parameters have a notable in�uence on the mechanical properties whereas the increasing of clay content leads to decreasing
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the UCS while the increasing of Qz% tends to enhance it. They also reported that the cement%, total contact types, PP, PD, Sr

and median size have no impact on UCS while the effective porosity (ϕ) has high signi�cant inversely relationship with UCS,
Brazilian strength and point load index of studied sandstones. On the contrary, Chen and Ye Hu (2001) revealed that the
increasing of Qz% and water content, and decreasing the porosity mostly accompanied with decreasing of UCS, wave
velocity and slake durability of the studied weak sandstones.

Jeng et al. (2004) studied the tunnel squeezing occurred during tunneling through Tertiary sandstones in northern Taiwan
and they demonstrated that the geotechnical properties of sandstones differ from one to another due to wetting softening
phenomena. They suggested that the grain area ratio and porosity are considered the key parameters to predict the dry UCS
and strength reduction due to wetting whereas the high porosity and low grain area ratio resulted in signi�cant wetting
softening. Meng et al. (2006) examined the impact of depositional environment of clastic rocks on their mechanical
properties and they revealed that the detrital and quartz contents have greatly effects on the mechanical parameters, where
when the detrital and quartz contents exceeded 50.0% and 40.0%, respectively, the UCS and elastic modulus had dramatic
increasing while the decreasing of grain size is accompanied with increasing these mechanical parameters until the peak
value at grain size 0.177mm after which these parameters reduced dramatically as grain size decrease due to grain diameter
softening effect.

Heidari et al. (2013) studied the relationships between petrographic characteristics and engineering properties of sandstones
located in west Iran by using simple linear regression and stepwise multiple linear regression analyses. They founded that the
PD, ϕ, PP and percentage of long contacts appeared the signi�cant relations with engineering properties. They also
suggested that the textural criteria of sandstones are more important than mineralogical composition whereas the
mineralogical composition has no relationships with density, porosity, strength and tangent modulus.

Ktena and Sabatakakis (2013) suggested that the increasing of Qz%, PD and grain area ratio, and decreasing matrix% were
resulting in increase in strength parameters of studied sandstones; on the contrast Abu Seif (2016) demonstrated that the ϕ
and density (ℽ) had been considered as the key parameters in�uencing the ultrasonic wave velocity, UCS, and point load
index. Yar et al. (2017) suggested that the modal composition, sorting and grain size appear to be controlling the strength the
sandstones.

Ultrasonic compressional velocity, Vp, is widely used in prediction of mechanical and dynamic characteristics of intact rocks,
where this technique is simple, non-destructive and easy to apply in both site and laboratory conditions as compared to the
static properties of these intact rocks.

Vutukuri et al. (1978) and Sharm and Singh (2008) suggested that the ultrasonic wave velocity of rock mass is mostly
impacted by several factors include modal composition, texture, density, porosity, pore water, weathering and alteration,
bedding plane, joint properties and con�ning pressure. The ultrasonic wave velocity also depends on the degree of
compaction of earth materials whereas the well compacted rock has a high velocity as the all grains are mostly in good
contact while the poorly compacted rock is mostly having a high percentage of voids that dampen the passage of waves
through the rock and reducing the wave velocity (Singh et al., 2005). Therefore, the wave velocity of intact rocks depends on
density, chemical composition and hardness of rock materials.

Moradian and Behnia (2009) and Nefeslioglu (2013) predicted the UCS and static elastic modulus of various intact
sedimentary rocks from non-destructive ultrasonic technique and proposed some practical simple and accurate equations
that can be used in practice for engineering purposes with acceptable accuracy. On the same manner, Sarkar et al. (2012)
investigated the impact of compressional wave velocity on the index geomechanical parameters of thirteen different igneous,
sedimentary and metamorphic rocks and they showed that the compressive wave velocity has strong positive correlations
with density, slake durability index, and UCS with correlation coe�cient (R) greater than + 0.951.

Khandelwal (2013) established empirical relations of P-wave velocity with UCS, young’s modulus, tensile strength, punch
shear, slake durability index, density, poisson’s ratio, impact strength index and Schmidt hammer rebound number for
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different rock types and founded that the P-wave velocity has very strong linear correlations with different physico-
mechanical properties with very high correlation coe�cient values “R > + 0.91”. Also, Azimian and Ajalloeian (2015)
developed empirical relations between P-wave velocity and physico-mechanical parameters of marly rocks; the results of this
study indicated that there are strong signi�cant correlations of P-wave velocity with density, weight percentage of water
absorption, porosity, slake durability index, UCS and modulus of elasticity with correlation coe�cient values above 0.94.

Kurtuluş et al. (2015) and Abu Seif (2016) investigated the relationships of wave velocity with physico-mechanical
parameters of different sedimentary intact rocks and developed new strong correlations between them with correlation
coe�cient values more than 0.70. On the other hand, Othman and Ali (2017) studied the correlations of some dynamic
properties of very weak to medium strong sandstones as compressional and shear wave velocities, modulus of rigidity,
young’s and bulk moduli, and poisson’s ratio with their physical and mechanical properties. They founded that; the dynamic
parameters have strong to moderately signi�cant correlations with static parameters with correlation coe�cient values lager
that 0.5.

The land subsidence problems in sandstone rock mass are created/introduced due to dewatering processes through high
porous very weak to weak sandstone rocks during mining and tunneling operations, aquifer water extraction and dewatering
system of soaked foundation sandstone layers under infrastructures of dams and buildings. This land subsidence is caused
mostly by withdrawal of �uid and resulting in collapse of underground openings (Nikraz et al., 1995 and 2012). Deformations
of these weakened sandstones due to water pressure decline are either elastic or non-elastic deformations, the elastic
deformations are mostly negligible and being only of importance in respect to the variation of water �ow rate. On the other
hand, the non-elastic deformations are mostly due to compaction or migration of rock components that are depend on
characteristics of the soaked rock and the extent of dewatering. The compaction mostly causes regional subsidence, while
the migration of rock components causes local displacement (Nikraz et al., 1995 and 2012).

One of the most measuring land subsidence techniques is predicting the porous rock substance or formation compaction
due to �uid withdrawal from laboratory compressibility data (Teeuw, 1971). In this technique the vertical compaction of
porous rock is derived from hydrostatic one-dimensional compaction data. For this one-dimensional vertical compaction,
Geertsma (1966 and 1973) suggested that the vertical deformation of a prism of the porous rock can be expressed by the
following equation:

∆h = Cm*h*∆P

Where

Cm: is the one-dimensional compaction coe�cient, ∆h: is the change in the prism height, h: is the prism height, and ∆P: is the
change or reduction in pore �uid pressure.

The vertical deformation equation was adapted by Teeuw (1971) with respect of poisson’s ratio of the porous rocks as the
following:

Ԑz = Cm*∆P = (1/3 (1+�)/ (1- �)) *e

Where

Ԑz: is the uniaxial compaction “relative change in height”, : is poisson’s ratio, e: is hydrostatic volumetric compaction
“relative change in bulk volume”.

Nikraz et al. (1995 and 2012) evaluated the compaction associated with dewatering of weak sandstone rocks as an aid to
surface subsidence prediction by using triaxial test technique which allows the strata compacted under triaxial loading with
zero lateral strain. They performed a series of triaxial compaction tests to determine the compressibility and in situ behavior
of the studied weak rocks. They founded that the rock degradation was observed and quanti�ed by the weight of particles
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washed out from specimen, as well as the saturated tensile strength was reduced with about 12.0% and fracturing of the
studied sandstones was observed during simulated dewatering. They also suggested that the majority of volume changes
occurred within the �rst eight hours and 82.0–86.0% of specimen volume change occurred within the �rst twenty minutes
during the �rst loading cycle.

The objective of this study is analyzing the shallow marine weak sandstones collected from new settlements north of Cairo-
Ismailia road northeast of Grater Cairo, Egypt, to determine the best and signi�cant correlations of petrographic
characteristics and physical engineering index properties of the studied sandstones that may be useful for estimating
uncon�ned compressive strength (UCS), uniaxial pore volume compressibility (mv), compressional P-wave velocity (Vp) and
dynamic constrained modulus (Es). As well as predicting the UCS and mv from non-destructive, simple, cheap compressional
P-wave velocity test and estimating the petrographic parameters of the studied sandstones from the physical engineering
index parameters. In this study, the data were subjected to linear and non-linear regression analyses to obtain the best curve
�ts with highest correlation coe�cient (R). Finally, the predictive empirical models, based on multiple variables statistical
regression backward iteration method by using IBM SPSS statistics computer’s software package (V.25) which has capability
to extract the in�uence of key parameters one by one, were developed employing the most key parameters to estimate the
mechanical, compressibility and ultrasonic properties of studied weak sandstones.

Material And Experimental Setup
Twenty-one different shallow marine pale to dark yellowish orange sandstone samples were collected from the foundation
bedrocks of some buildings and exposed outcrops through new constructed settlements north of Cairo-Ismailia road,
northeast of Greater Cairo, Egypt. Stratigraphically, the area north Cairo-Ismailia road is made up of Miocene to Quaternary
formations. The Miocene sedimentary sequence is divided by many researchers (Shukri, 1953; Shukri and Akmal, 1953; El-
Belasy, 1968; Said, 1990; Swedan 1991; and Abu-Zeid et al., 2004) into marine Miocene rocks “lower to middle Miocene age”
and non-marine Miocene sand “upper Miocene age”. The lower-middle marine Miocene comprises two subunits, the lower
Miocene subunit is made up of sandstone at the base and algal dolomitic limestone at the top and interbedded with silty
clay. The sandstone rocks are weak to moderately hard and fragmented in some places, �ne to very coarse grained, poorly
sorted, calcareous to highly calcareous and argillaceous in some places, fossiliferous (algae, molluscs, and echinoids) and
occasionally cross bedded (Abu-Zeid et al., 2004). The dolomitic limestone is mostly sandy and fossiliferous, hard and
porous, as well as the top most part of this layer composed of thin carbonate conglomeratic layer. The upper Miocene
subunit is composed of hard, porous, fractured and fossiliferous dolomitic limestone to dolostone interbedded with claystone
layers in some places (Abu-Zeid et al., 2004). The non-marine upper Miocene unit is made up of white to grey coarse-grained
quartz sand intercalated by gravel beds with abundance of silici�ed wood (Swedan, 1991).

The Miocene sediments exhibit great facies variation and have large number of unconformities re�ecting the nature of
tectonically formed basins whereas these basins form a neritic marginal zone which was intermittently covered by the sea, as
well as the sediments are thin and are mostly made up of shallow deposits (Said, 1990).

Abu-Zeid et al. (2004) studied the lower Miocene sandstone rocks in El-Obour City, north of Cairo-Ismailia road and revealed
that these rocks are classi�ed as carbonate sandstone to calcareous muddy sandstone, mostly poorly sorted with �uvial to
shallow marine origin. They also suggested that the studied rocks were diagenetically affected by compaction cementation,
dolomitization, replacement and dissolutions. The dolomitization of calcite cement and fossils resulted in extensive
corrosion of quartz grains at their borders and dissolution processes led to produce the vuggy, moldic and fracture porosity
“intraparticles and interparticles porosity”.

The Quaternary sediments are represented by wadi alluvial and aeolian sand dune deposits.

Structurally, the area is affected by faults, folds and unconformities. The faults have two main sets, the �rst set is east-west
normal faults forms step fault blocks as well as horst and graben blocks while the second set is northwest-southeast normal
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faults. The folds are nearly symmetrical and mostly have dominant east-northeast to northeast orientation, where the large-
scale folds are mostly doubly plunging while the small-scale folds are of the drag type associated with diagonal faults.

Free visible defects twenty-one sandstone blocks with visual difference in their texture were collected and cored in laboratory
to obtain 2.5cm diameter cores with a length to diameter ratio (L/D) of 2.0. The two ends of core cylindrical specimens were
lapped parallel and polished to measure uncon�ned compressive strength (UCS) and ultrasonic compressive wave velocity
(Vp).

The physical index parameters as dry density (ℽd) and speci�c gravity (Gs) were determined in accordance with ASTM
standards where these index physical properties have been shown to be closely related to mechanical and wave velocity
through the studied sandstones. The permeability (k) and porosity (ϕ) of the studied sandstones were measured during
determination of pore volume compressibility (mv) for the studied sandstone core samples according to the test procedure
that described by Teeuw (1971) to measure the rock compaction from triaxial test with zero lateral deformation. This test
procedure was carried out in Egyptian Petroleum Research Institute (EPRI).

The studied cored sandstone samples with polished two ends are subjected to ultrasonic pulse velocity measurements by
using PUNDIT PLUS device that generates suitable mechanical pulses and accurately measures the time of their
transmission “with a precision of 0.1us” through the tested samples according to ASTM procedure (D 2845, 2003). The
samples were tested at room temperature and in dry condition with suitable signal frequency “50 kHz” to reduce scattering
and poorly de�ned �rst arrivals according to ISRM (2007), as well as the jell was used as an ultrasonic couplant to improve
surface contact between the transducers and tested sample interfaces that resulting in improvement of measured signals
(Starzec, 1999). The mechanical pulses generated by the instrument are travelled from transmitter piezo-electric transducer at
one end and received at another end of core specimen by receiver piezo-electric transducer. The wave velocity was calculated
from the measured travel time and the distance between the transmitter and receiver. The ultrasonic compressive P-wave
velocity, Vp, was measured three times for each sandstone sample and the average value is considered as the representative
value. The constrained modulus (Es) or P-wave modulus was calculating using the following equation according to Fratta
and Santamarina (1996):

Es = ℽd * (Vp)

The sandstone core samples that used in measuring the P-wave velocity were then subjected to the uniaxial compressive
strength (UCS) tests in laboratory. The UCS test was carried out on the studied sandstone samples by using universal testing
machine according to ISRM suggested technique (Brown, 1981), and Egyptian Code (2007). UCS is normally determined by
statically loading a cylinder of rock to failure, the load being applied across the upper and lower faces of the rock sample.
The results obtained are in part a function of the length breadth ratio of the sample. The measured value of uniaxial
compressive strength is determined as follows:

UCS = P/A
Where UCS: measured uniaxial compressive strength; P: maximum applied load; A: cross section area.

One thin section was made for each of the twenty-one sandstone core samples subjected to UCS test. These thin sections
were examined by using a petrographic optical polarizing microscope to investigate their petrographic characteristics
including mineralogical composition, mean grain size (mgs), packing density (PD) and packing proximity (PP), degree of
sorting (Sr), grain shape including sphericity (Sph) and degree of roundness (Rd), alteration degree, extinction, and degree of
grain interlocking including types of grain to grain contacts and number of contacts per grain, in addition to textural maturity.

According to the described method by Hutchinson (1974), the mean grain size of each sample was measured by an eye-piece
micrometer. The average of two perpendicular dimensions passing through the center of each grain provides the grain size,
the average of grain size for one-hundred randomly selected grains per thin section is considered the mean grain size for the
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studied sample. The degree of grain sorting for each studied sample thin section was measured based on the visual
classi�cation chart developed by Compton (1962), ten �elds of view per each thin section were evaluated to measure this
petrographic parameter where each �eld of view contains 50 to 100 grains. The degree of sorting for each studied sample
was classi�ed with numerical value according to Folk (1974) from 0.0 to greater than 4.0 “very well sorted to extremely poorly
sorted, respectively”.

The degree of roundness of clastic grains was expressed by the sharpness of their edges and corners that measured
according to the comparison chart developed by Powers (1953), with rho roundness scale ranging from 0.0 for very angular
grains to 6.0 for well rounded grains according to Folk (1974). On the other hand, the sphericity of clastic grains showing the
degree of which the shape of grain approaches as a sphere. The sphericity of grains was measured in thin section according
to Folk’s classi�cation system (Folk, 1974) whereas the sphericity is the ratio of short axis to the long axis. The grain shape
parameters for each thin section were quanti�ed for 50 randomly selected grains according to the recommended method by
Pettijohn et al. (1987).

The grain packing arrangements “packing density” and spacing between grains “packing proximity” as well as the degree of
grain interlocking including the percentage of types of grain to grain contacts, such as point, concavo-convex, straight and
sutured contacts, and the number of contacts per grain “ such as percentage of grain to grain, grain to voids, grain to cement,
and grain to matrix” were determined along ten traverses per thin section according to the methods proposed by Kahn (1956)
and Blatt (1982) as shown in �gure (1).

The modal composition analysis was made on 150 randomly selected points according to point-count method mentioned by
Hutchinson (1974) to determine the mineral composition such as contents of quartz, feldspars, rock fragments, iron oxides,
dolomite and calcite cement materials, and silt and clay matrix. Finally, textural maturity of the studied sandstone samples
was determined according to concept assumed by Folk (1974).

Results And Discussion Of Simple Regression Models

Physical and mechanical index properties of studied sandstones
Table (1) provides the summary of the physical and mechanical parameters of the studied sandstone rock samples. The dry
density (ℽd) of the studied samples is determined according to ASTM procedure (D 7263-09, 2018) and is ranging between

1.41 gm/cm3 and 2.43 gm/cm3 with an average of 2.08 gm/cm3. These density values indicated that the studied sandstones
ranging from very low density to moderate density rocks according to International Association of Engineering Geology (IAEG,
1979). These low-density values for the studied sandstone are mostly in�uenced by the porosity percentage in addition to the
cement and matrix materials occupying these pore spaces, packing density and diagenetic processes (Tucker, 2003). The
speci�c gravity (Gs) of the studied samples is measured according to ASTM (D 854, 2003), the Gs values of the studied
samples are ranging from 2.65 to 2.81 with average value of about 2.71.

The total porosity (ϕ) and permeability (k) are calculated during measuring the pore volume compressibility (mv) for the
studied sandstone samples according to Teeuw (1971). The porosity and permeability of the studied samples are ranging
from 16.1–33.2% with an average of about 22.08%, and from 1.0 millidarcy to 2467.0 millidarcy with average of about
404.96 millidarcy (md), respectively. According to IAEG (1979) the studied sandstone samples are classi�ed as high to very
high porous sandstone.

Table (1)

The physical and mechanical index properties of the studied sandstones.
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S. No. Density
(gm/cm3)

Speci�c
gravity

Total
porosity
(%)

Permeability
(md)

Uncon�ned
compressive
strength
(MPa)

P-wave
velocity
(m/s)

Constrained
modulus
(GPa)

Pore volume
compressibility
mv (Psi− 1)

1 1.82 2.67 24.50 46.00 0.34 379.82 0.26 0.0000405

2 2.03 2.67 23.60 71.00 1.38 309.20 0.19 0.0000329

3 1.99 2.68 24.00 33.00 1.47 332.50 0.22 0.0000345

4 2.43 2.72 22.80 4.80 1.03 497.31 0.60 0.0000137

5 2.11 2.73 23.20 1.00 2.47 431.48 0.39 0.0000193

6 2.09 2.72 23.60 4.00 2.83 416.17 0.36 0.0000270

7 1.81 2.78 33.20 1073.00 0.34 482.01 0.42 0.0000565

8 1.93 2.78 30.50 2467.00 2.93 577.69 0.64 0.0000152

9 1.95 2.81 30.60 490.00 3.25 703.70 0.96 0.0000105

10 2.30 2.66 18.70 1744.00 1.72 586.99 0.79 0.0000350

11 1.41 2.65 25.70 1761.00 0.50 269.67 0.10 0.0000286

12 1.93 2.67 25.50 2.90 0.50 213.97 0.09 0.0000327

13 2.40 2.71 18.80 25.00 2.76 456.24 0.50 0.0000496

14 2.23 2.69 17.10 12.00 4.13 526.41 0.62 0.0000271

15 2.22 2.71 17.70 193.00 4.38 607.57 0.82 0.0000183

16 2.11 2.69 18.35 154.50 2.39 470.45 0.47 0.0000488

17 2.21 2.69 18.00 119.00 2.77 633.65 0.89 0.0000284

18 2.18 2.68 18.70 190.00 2.01 361.66 0.28 0.0000691

19 1.99 2.72 16.10 21.00 6.89 672.88 0.90 0.0000172

20 2.29 2.73 16.40 6.00 4.91 670.44 1.03 0.0000214

21 2.28 2.73 16.70 86.00 3.19 506.71 0.58 0.0000382

Average 2.08 2.71 22.08 404.96 2.48 481.26 0.53 0.00003165

The dry density of the studied sandstones shows indirect linear relationships with total porosity and permeability with
correlation coe�cient values R = -0.622 and − 0.433, respectively (Tab., 2).

The uncon�ned compressive strength values of the studied sandstones (Table 1) show that the UCS varies from 0.34 MPa to
6.89 MPa with an average of about 2.48 MPa. According to IAEG (1979), ISRM (1981) and Egyptian Code (2007)
classi�cations, the studied sandstones are classi�ed as extremely weak to weak rocks. The values of ultrasonic P-wave
velocity (Vp) and constrained modulus (Es) of the studied sandstones are varied from 213.97 m/s to 703.7 m/s with an
average of 481.26 m/s; and from 0.09 GPa to 1.03 GPa with an average of 0.53 GPa, respectively (Table 1). According to
IAEG (1979) classi�cation, the studied sandstones are considered as very low velocity with very high deformability.

The physical properties of the studied rocks form non-signi�cant linear relations with UCS, Vp, and Es with correlation
coe�cient values ranging from ± 0.25 to ± 0.58, (Table 2), where these parameters increase with an increase of Gs and ℽd

and with a decrease of ϕ that agree with many researchers as Escartin et al. (2001), Sabatakakis et al. (2002), Yasar and
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Erdogan (2004), Christensen (2004), Diamantis et al. (2009), Yagiz (2011), Altindag (2012), Azimian and Ajalloeian (2015),
and Abu Seif (2016).

To improve these relationships, the non-linear exponential, logarithmic, polynomial and power regression models were
executed and the approximation equations with highest correlation coe�cients were determined for each regression as
shown in �gure (2).

Uniaxial pore volume compressibility (mv) values for the studied sandstones are ranging from 10.54*10− 6 Psi− 1 to 69.12*10− 

6 Psi− 1 with an average value of about 31.65*10− 6 Psi− 1 (Table 1). Newman (1973) divided the sandstone rocks according to
their compressibility by using a qualitative rock-typing system into consolidated or hard rocks, friable rocks and
unconsolidated rocks. The consolidated or hard rocks are characterized by their thin edges couldn’t be broken off by hand
with mv values ranging from 1.5*10− 6 to 20*10− 6 Psi− 1, the friable rocks are characterized by their thin edges could be

broken off by hand with mv values ranging from 2.5*10− 6 to 45*10− 6 Psi− 1, and the unconsolidated rocks are fall apart under

their own weight with mv values ranging from 5.5*10− 6 to 85*10− 6 Psi− 1. Based on this classi�cation, seventeen studied
sandstone samples are considered as friable sandstone rocks and other four studied samples are classi�ed as
unconsolidated sandstone rocks which indicated that these studied sandstones are considered as high deformability rocks.
The mv forms weak linear inverse correlations with physical parameters of studied sandstones with correlation coe�cient
values lower than − 0.35 (Table 2).

Plotting the relations of UCS with Vp and Es parameters of the studied sandstones revealed that, there are strong positive
simple linear relations with correlation coe�cient values R = + 0.72 and + 0.73, respectively (Table 2, and Fig. 3) as the
following equations.

UCS = 0.0086(Vp) − 1.6759 R = + 0.72

Es = 0.127(UCS) + 0.2148 R = + 0.73

Where

USC: uncon�ned compressive strength (MPa), Vp: P-wave velocity (m/s), and Es: constrained modulus (GPa).

These relations are expected because these parameters are depended on the same factors as mineralogical composition,
texture and structure, density, porosity, alteration and weathering degree parameters as well as they are indicators for the
elasticity of the studied rocks. These relations agree with Abdel-Aaal et al. (2004), Yagiz (2011), Khandelwal (2013), Azimian
et al. (2014), Azimian and Ajalloeian (2015), and Abu Seif (2016).

The pore volume compressibility has inverse moderate to strong relations with UCS, Vp, and Es with correlation coe�cient
values ranging from − 0.43 to -0.52 (Table 2, and Fig. 3). So that, the compressibility of extremely weak to weak shallow
marine sandstones can be predicted from the other simple and cheap experimental tests as the following equations.

mv = 7*10− 5*e− 0.002(Vp) R = -0.52

mv = 4*10− 5*e− 0.125(UCS) R = -0.43

mv = 5*10− 5*e− 1.294(Es) R = -0.52

Table (2)

Correlation Coe�cient matrix of index physico-mechanical, ultrasonic wave velocity, and petrographic parameters of studied
sandstones.
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UCS: uncon�ned compressive strength, Vp: P-wave velocity, Es: Constrained modulus, mv: pore volume compressibility, k:
permeability, ϕ: porosity, Gs: speci�c gravity, ℽd: dry density, D.C: dolomite cement, Mat.: matrix, Qz: quartz, R.F: rock
fragments, Qz.RF: quartz + rock fragments, SubR: subrounded, SubA: subangular, Rd: roundness scale, Sr: sorting scale, mgs:
mean grain size, Sph: sphericity, PD: packing density, PP: packing proximity, G.C: grain-cement contact, G.V: grain-void
contact, G.G: grain-grain contact, Tot. Cement: total cement, Tot. Detritus: total detritus.

*Large Sig. (2-tailed) values implies non-signi�cant relations and small correlation coe�cient (R)values and vice versa. 

Petrographic Characteristics, Classi�cation And Provenance Of Studied
Sandstones
The petrographic aspect of the studied sandstones was identi�ed through the determination of mineralogical composition,
textural and microstructure characteristics under the optical polarizing microscope. In the present study, the studied
sandstone samples were classi�ed mineralogically according to Folk (1974) and classi�ed tectonically according to the
tectonic discrimination �elds described by Ingersoll and Suczek (1979).

Compositionally, the main detrital fraction of the studied sandstone is made up chie�y of quartz (from 25.5–78.5% with an
average of about 50.33%), with lesser amounts of rock fragments (0.5–27.0% with an average value of 7.43%), silt and clay
matrix (1.0–17% with average of 5.45%) and feldspars (microcline and plagioclase, 0.5–5.0% with average of 1.82%),
(Table 3). 

In all studied sandstone samples, the cement materials are made up mainly of microsparite subhedral to euhedral crystalline
zoned dolomite with ferron nuclei (10.0–35.5% with average of 18.97%), some iron cementation materials mostly hematite
and glauconite (0.5–10.0% with average value of about 2.5%) and subhedral to euhedral sparry calcite cement crystals that



Page 12/32

present only in one sample (S. No. 10). The skeleton fragments (pelecypod and algae) are generally rare in eleven samples
with percentage ranging between 0.5% and 12.0% with an average of 3.78%, these skeleton fragments are mostly replaced by
microsparite dolomite crystals (Table 3).

The petrographic porosity that is discernable during the petrographic analysis under the optical polarizing microscope is
generally ranging between 2.0% and 37.0% with an average of 12.7% (Table 3), the porosity in the studied sandstone samples
is mostly categorized under fracture and interparticle porosity types with less intraparticle and vuggy porosity types.

The quartz grains in the studied sandstone samples are mostly monocrystalline and display unit and undulose extinction,
while the polycrystalline rock fragments composed mainly of stretched subhedral to anhedral quartz crystals with suture
contacts and undulose extinction. These detrital grains are characterized by frosted and fracturing surface features. So that,
these characteristics of quartz and rock fragments indicated that these detrital grains are derived mainly from the Oligocene
quartizite rocks which exposed south of study area and transported by wind “eolian transportation” to the depositional basin.

The quartz grains and rock fragments are �oated in dense to very dense equigranular size crystals “uniform crystals” of
euhedral to subhedral rhombic microsparite dolomite cement that corroded their peripheries. This indicated that the calcite
cementation materials precipitated during the deposition of detrital sediments (Figs. 4 and 5) and the corrosion of detrital
grains peripheries begin during dolomitization process. This appearance may be attributed to the growth of the cement
forceful wedging a part of the detrital grains and corrosion of grains showing the presence of irregular and embayed contacts
between cement and detrital grains (Waldschmidt, 1941).

According to Folk’s classi�cation (1974), the studied sandstones are classi�ed as sublith-arenite, quartz arenite, litharenite,
subarkose, and quartz wacke (Table 3).

The presence of algae and pelecypod skeleton fragments as well as glauconite pellets in the studied sandstones indicated
that these rocks deposited under shallow marine environment. According to Ingersoll and Suczek (1979), the majority of the
studied sandstones “17 samples” have recycle orogen and the other “4 samples” have craton interior orogen (Table 3). This
tectonic setting classi�cation revealed that, the studied sandstones were derived mainly from highly active tectonically areas
south of Cairo-Ismailia road during late Oligocene time. The highly active tectonic sedimentary quartizite were eroded,
weathered and recycled during early to middle Miocene time and deposited in shallow marine environment. This recycling
origin evidenced by high alteration degree and surface feature of detrital grains in studied sandstones (Figs. 4 and 5, and
Table 3).

Texturally, the mean grain size was determined in thin sections by using an ocular with millimeter scale. The mean grain size
in the studied samples are ranging from 0.181mm to 0.591mm with an average value of about 0.278mm (Table 3) which
indicated that the size of detrital grains in the studied sandstones are ranging from �ne to coarse sand size with majority of
medium sand size, therefore the studied sandstones are considered as medium grained sandstones that agree with the study
carried out by Abu-Zeid et al. (2004).

The detrital grains in the studied sandstones are of very elongated to equant sphericity with majority of sub-elongated grains,
according to Folk (1974) the sphericity values ranging from 0.49 to 0.734 with average value of 0.647.

Table (3)

Petrographic parameters of the studied sandstones. 
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According to Power’s (1953) classi�cation, the majority of grains in the studied samples are ranging from subrounded to
subangular with values range from 15.0–85.0% with an average of 44.07% and from 14.5–85.0% with average of 52.65%,
respectively. The rounded grains are recorded only in six studied samples with values 3.0–25.0% with average of 11.79%
(Table 3). According to Folk’s roundness scale, the roundness logarithmic rho scale for the studied sandstones is ranging
from 2.65 to 3.55 with an average of 3.05.

According to Folk’s classi�cation (1974), the sorting scale for the studied samples are ranging between 0.36 and 0.89 with an
average value of about 0.673, therefore the most of the studied sandstones (17 samples) are considered as moderately
sorted to moderately well sorted, while the other samples (4 samples) are well sorted (Table 3).

In sandstone, the packing is the mutual relationships between the detritus grains. According to Kahn (1956) these
relationships can be assessed in term of grain to grain contact or spacial relationship that expressed in term of packing
proximity, in addition to closeness or spread grains or arrangement relationships expressed in term of packing density which
de�ned as the occupied space of grains in a given area. The values of packing density (PD) and packing proximity (PP) are
presented in table (3), where the PD values ranged from 20.0–88.0% with an average of 55.87% while the PP values ranged
from 3.0–35.0% with an average value of 11.98%. The lower values of PP indicated that, the detritus grains are mostly
�oated through the cement and matrix surrounding materials (Figs. 4 and 5).

Taylor (1950) was one of early researchers that measured the interlocking characteristics of grains in sandstones. She
suggested that there are two measurements of grains interlocking which are number of contacts per grain “including grain to
cement, grain to matrix, grain to grain, and grain to voids”, and types of grain to grain contacts “including point, straight,
concavo-convex, and sutured contacts”. She also mentioned that the �oating grains through cement and matrix materials
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and point contacts were due to original packing during depositional processes, the straight contacts due to original packing,
overburden pressure, and cement precipitation; while the sutured and concavo-convex contacts were due to high overburden
pressure. In this investigation, the grain to cement, grain to voids, and grain to matrix contacts are considered the most
common types of grain contacts as shown in table (3) and �gures (4 and 5); while the grain to grain contacts was the less
common grain contact type with most common point and straight grain to grain contact types, respectively. These results
revealed that the studied sandstones are characterized by �oating or non-contacts grain interlocking with point and straight
grain to grain contacts as well as the diagenesis processes of cementation were active during the early lithi�cation stage
(Table 3, and Figs. 4 and 5) which agree with the study of Bell and Lindsay (1999). The sutured contact type was observed
only in rock fragments detritus grains which indicated that these rock fragments were derived mainly from metamorphic
rocks. The concavo-convex was measured only in four samples (S.No. 1, 11, 12, and 21) which indicated that these samples
in�uenced by notable overburden pressure.

According to Folk (1974), the texture maturity depends on matrix proportion, sorting degree and roundness characteristics of
sandstones. The high content of matrix and moderately sorting and low roundness parameters of studied samples revealed
that the majority of these studied sandstones are texturally immature and sub-mature (Table 3) that may be due to recycling
of mixed sources “recycling of Oligocene quartizite and sand deposits as well as recycling of upper Eocene sandstone from
south of the study area”.

The petrographic characteristics of the studied sandstones were correlated with their physical and mechanical index
properties by using regression analysis (Table 2). Because of the small amounts of skeleton fragments, feldspars and types
of grain to grain contacts in the studied sandstones, they were not involved in this correlation analysis. The physical index
properties as speci�c gravity, dry density, porosity and permeability exhibited weak to strong correlations with petrographic
parameters where the speci�c gravity exhibited strong inverse relations with quartz contents and packing density with
correlation coe�cient (R) values − 0.625 and − 0.783, respectively, as well as exhibited moderate negative relations with
packing proximity, roundness and grain to grain contacts with R values of -0.391, -0.299, and − 0.314, respectively (Table 2).
Also, the strong positive correlations of speci�c gravity with matrix content and sorting as well as moderate positive relation
with dolomite cement content are represented in this study with R values + 0.511, + 0.554 and + 0.391, respectively (Table 2).
The dry density exhibited moderate relationships with matrix content and sphericity with R values of + 0.383 and − 0.374,
respectively, while the porosity exhibited moderately inverse correlations with packing proximity, packing density and grain to
cement contact as well as moderately positive relation with grain to void contacts (Table 2, and Figs. 6 and 7). The
permeability had the inverse weak relation with packing density and inverse moderate relations with quartz and matrix
contents, and grain to cement contact. On the other hand, it exhibited positive correlations with grain to voids contacts and
petrographic porosity (Table 2, and Figs. 6 and 7).

Based on the regression analysis, the petrographic parameters of the studied sandstones as dolomite cement and matrix
contents, quartz and rock fragments contents, packing density and proximity, sorting, roundness, mean grain size, and grain
to cement contact exhibited weak to strong statistical correlations with mechanical properties with R values ranging from ± 
0.21 to ± 0.534 as shown in table (2) and �gures (8 and 9). These relationships revealed that due to the mineralogical,
textural, and microstructure variations of the studied sandstones that had recycle origin, the non-signi�cant to signi�cant
relations are resulted.

In addition to the effect of physical index properties on the petrographic parameters of the studied sandstones, these
petrographic parameters had been affected by each other as tabulated in table (2), for instance, increasing of detritus grains
as quartz and rock fragment grains, degree of roundness, grain to grain contact, mean grain size and sphericity may resulted
in increasing the packing density and packing proximity, while the increasing of cement and matrix contents, sorting degree
and petrographic porosity mostly resulted in decreasing the packing parameters. The roundness and sphericity are mostly
increased with increase the mean grain size as well as the most textural parameters increase with increase the contents of
detritus grains. The degree of sorting decreased with increase the quartz content, roundness and sphericity that emphasized
the recycling origin of the studied sandstones.
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Multiple regression models

The multiple regression analysis by using IBM SPSS statistics computer’s software (V. 25) were conducted as the second
stage of regression analyses. In this method, the purpose is to learn more about the relation between a dependent variable
and several independent variables and to determine if these variables would de�ne more signi�cant relationships than single
variable. This analysis is very important in reducing the independent variables to only a few variables that appropriately
explain the variation in studied dependent variable, and then the derived empirical equation can be used in predict values of
this dependent variable from the effective independent variables. In this study, the backward multiple regression was applied
to predict the mechanical index parameters of the studied sandstones on the basis of their physical and petrographic
characteristics by reduce the required number of measured variables in the multivariate linear regression without reducing the
predictability, in addition to analyze and remove collinearity that may be exist between them.

The results of the multiple regression analysis for UCS and mv parameters are listed in tables (4 and 5), and the results of
other Vp and Es are obtained by the same manner. The backward multivariable linear regression method in this study was
using the standard criteria to evaluate the statistical performance and to determine the all signi�cant parameters of the
regression as correlation coe�cient, F-value (F-test), signi�cant level, standard T-test (t-ratio), and 95% con�dence level of the
regression analysis for each of engineering independent variable used in this regression and standard error of the estimate.

The F-test was performed to determine the regression signi�cant, in addition to correlation coe�cient of multiple
determination (R) whereas if the trend line is a good estimator for the data, the R will be near unity.

The importance of each independent variable was evaluated by examine the t-test, signi�cant level, 95% con�dence interval
and sample partial regression coe�cients associated with each.

The UCS has signi�cant predictor which is Vp with R = + 0.72, and by increase the independent variables from one variable to
four variables “Vp, Gs, G.C, and Sr” resulted in an increase the R from + 0.72 to + 0.818, after that any increasing in variables
accompanied with very small increase in predictive capability. On the other hand, the mv, G.V, Qz content, and ф are
considered good indicators of the UCS with regression coe�cient R = -0.858 and any increasing in number of independent
variables caused only a very small increasing in predictive capability (Table 4).

The multiple backward regression analysis showed that the mv can be estimated by using the seven good predictors
“dolomite cement content, sub-rounded grain, mean grain size, quartz and rock fragment content, packing density, grain to
cement and grain to grain contacts” with R = + 0.821. On the other hand, in the �rst step of analysis, the seven and/or the six
independent variables predicted the mv with R = -0.614 and by decreasing the variables into �ve independent predictors the R
decreasing into − 0.59 and when decreased into three and then into two variables the correlation coe�cient values
decreasing to -0.538 and − 0.498, respectively. So that, the UCS, matrix content, subangular grains, sorting degree, and grain
to void contacts are considered as good predictors to estimate mv for the studied sandstones (Table 5).

For the Vp, an increase of independent variables from four to seven or six variables resulted in an increase in correlation
coe�cient value with less than of 0.021. Therefore, the UCS, Gs, ℽd, and matrix content as well as ф, Qz%, SubA, and G.G
contact are good predictors to estimate the Vp of the studied sandstones with R = + 0.878 and − 0.805, respectively. A
backward multiple regression performed for the Es indicates that the four variables UCS, Gs, ℽd, and matrix content as well as
ф, Qz%, SubA, and PP predicted this weak sandstone mechanical property with R = + 0.873 and − 0.787, respectively.

The multiple linear regression statistical performance for evaluation the engineering properties of the studied weak
sandstones showed that the increasing of predictor variables number input into the regression models improve the
estimating ability of UCS, mv, Vp, and Es. The most suitable prediction equations that represent the comparison of the best
predictions of UCS, mv, Vp, and Es properties of the studied weak sandstones by multiple regression analysis are listed in
table (6).
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Table (4)

Summary of multiple regression analysis for the studied sandstone UCS parameter. 

 

Table (5)

Summary of multiple regression analysis for the studied sandstone mv parameter.
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Table (6)

The best multiple regression analysis equations to predict the mechanical engineering index properties
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Eng.
Parameter

Equation R

UCS 0.124 (pet. Ф)-0.064 (G.V)-0.029 (PD)-0.298 (ф) + 10.343 -0.912

-0.027 (G.V)-0.06(Qz)-0.182(ф)-54525.49 (mv) + 12.009 -0.858

0.1 (Mat) + 0.047 (D.C) + 0.009 (Vp)-14.89 (Gs) + 36.797 + 
0.801

8.53 (Sr) + 0.034 (SubR) + 0.36 (G.C)-6.66 + 0.71

-0.0455 (PD)-0.252 (ф)-0.0374 (Tot. Detritus) + 13.479 -0.795

0.068 (G.G) + 0.137 (pet. Ф)-5.158 (mgs)-0.0734 (G.V)-0.024 (PD)-0.338(ф) + 11.64 -0.935

0.009 (Vp) + 0.023(G.C) + 4.638 (Sr)-13.21 (Gs) + 29.519 + 
0.818

0.008 (Vp) + 0.027(G.C) + 6.016 (Sr) + 0.013 (SubR)-12.11 (Gs) + 25.5482 + 
0.832

mv (2.49*10− 6)(D.C)-(3.3*10 − 7)(SubR)+(0.16*10 − 3)(mgs)+(4.85*10 − 7)(PD)-(1.05*10− 6)(G.C)-
(2.72*10− 6)(G.G)+(2.04*10− 6)(QzRF)-0.00011

+ 
0.821

(3.85*10− 5)(Sr)-(5.14*10− 6)(UCS)-(1.26*10− 6)(Mat)-(1.55*10− 7)(SubA)-(3.008*10− 7)(G.V)+
(4.21*10− 5)

-0.59

(5.43*10− 5)(mgs)-(3.74*10− 8)(Vp)-(7.06*10− 7)(UCS)+(2.99*10− 5) -0.698

(5.54*10− 5)(mgs)-(4.35*10− 8)(Vp)+(3.088*10− 5) -0.694

(1.29*10− 6)(PP)+(3.78*10− 5)(mgs)-(1.25*10− 6)(G.G)+(1.147*10− 5) + 
0.612

(-1.09*10− 4)(Gs)-(3.77*10− 6)(UCS)-(5.87*10− 7)( Tot. Detritus)+(3.75*10− 4) -0.644

Vp 43.43(UCS) + 1941.46(Gs) + 190.78(ℽd)-11.96(Mat)-5214.687 + 
0.878

-8.26(ф)-7.397(Qz)-2.31(SubA)-9.08(G.G) + 1248.33 -0.81

1301.12(Gs) + 49.95(UCS)-3167.65 + 
0.812

-4.598(PD)-2.32(SubA) + 859.83 -0.56

-9.05(ф)-5.819(Qz) + 973.99 -0.626

Es 0.093(UCS) + 3.428(Gs) + 0.494(ℽd)-0.026(Mat)-9.866 + 
0.873

-0.027(ф)-0.014(Qz)-0.005(SubA)-0.016(PP) + 2.261 -0.787

1.986(Gs) + 0.112(UCS)-5.128 + 
0.782

-0.024(ф)-0.0117(Qz) + 1.653 -0.654

Conclusion remarks

The evaluation of physico-mechanical, ultrasonic wave velocity and compressibility characteristics of weak sandstones is
carried out in this study, as well as the relationships between their petrographic characteristics and their engineering index
parameters were quanti�ed by a comprehensive bivariant and multivariant statistical regression analyses. Quanti�cation of
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the mineralogical and textural parameters by using optical microscope had allowed to identi�cation of these petrographic
parameters that control the mechanical, wave velocity and compressibility performance of these weak sandstones.

This study demonstrated that, the studied sandstones are high to very high porous sandstones with very low to moderate
density. The uncon�ned compressive strength of the studied sandstones is varied from 0.34 MPa to 6.89 MPa, the ultrasonic
P-wave velocity and constrained modulus are varied from 213.97 m/s to 703.7 m/s; and from 0.09 GPa to 1.03 GPa,
respectively. Therefore, the studied sandstone rocks are classi�ed as extremely weak to weak rocks with very high
deformability and very low wave velocity.

The study revealed that, the physical properties of the studied rocks form non-signi�cant linear relations with UCS, Vp, and Es

and these relations improved by execution of non-linear exponential, logarithmic, polynomial and power regression models.
The uniaxial pore volume compressibility for the studied sandstones are ranging from 10.54*10− 6 Psi− 1 to 69.12*10− 6 Psi− 1

and are classi�ed as friable sandstones to unconsolidated sandstones with high deformability. The uniaxial pore volume
compressibility forms weak linear inverse correlations with the physical parameters of studied sandstones. The study
founded that there are moderately strong to strong correlations between P-wave velocity, constrained modulus, uncon�ned
compressive strength and compressibility characteristics of studied weak sandstones.

Petrographically, the studied sandstones are classi�ed as shallow marine, moderately sorted to moderately well sorted,
immature to sub-mature sublith-arenite, quartz arenite, litharenite, subarkose, and quartz wacke. These sandstones are chie�y
made up of quartz (from 25.5–78.5%) with lesser amounts of rock fragments (0.5–27.0%), silt and clay matrix (1.0–17.0%)
and feldspars (microcline and plagioclase, 0.5–5.0%). The cement materials are mainly made up of microsparite subhedral
to euhedral crystalline zoned dolomite with ferron nuclei (10.0–35.5%), and the petrographic porosity is mostly categorized
under fracture and interparticle porosity types with less intraparticle and vuggy porosity types (2.0–37.0%). The quartz grains
in the studied sandstone samples are mostly monocrystalline and commonly display unit and wavy extinction, while the
polycrystalline rock fragments composed mainly of stretched subhedral to anhedral quartz crystals with suture contacts and
undulose extinction. These indicated that the detrital grains are derived mainly from the Oligocene quartizite that exposed
south of study area and transported by wind “eolian transportation” to the depositional basin.

The bivariant analysis represented that the speci�c gravity exhibited strong inverse relations with quartz content and packing
density, as well as exhibited moderate negative relations with packing proximity, roundness and grain to grain contacts. The
dry density exhibited moderate relationships with matrix content and sphericity, while the porosity exhibited moderately
inverse correlations with packing proximity, packing density and grain to cement contact as well as moderately positive
relation with grain to void contact. The permeability had the inverse weak relation with packing density and inverse moderate
relations with quartz and matrix contents, and grain to cement contact; on the other hand, it exhibited positive correlations
with grain to void contact and petrographic porosity. Based on the regression analysis, the dolomite cement and matrix
contents, quartz and rock fragments contents, packing density and proximity, sorting, roundness, mean grain size, and grain
to cement contact exhibited weak to strong statistical correlations with mechanical properties of the studied sandstones.
These wide range of non-signi�cant to signi�cant relationships were mostly due to the mineralogical, textural, and
microstructure variations of the studied sandstones that had recycle origin.

The study suggested that the increasing of detritus grains as quartz and rock fragment grains, degree of roundness, grain to
grain contact, mean grain size and sphericity may resulted in increasing the packing density and packing proximity, while the
increasing of cement and matrix contents, sorting degree and petrographic porosity mostly resulted in decreasing the packing
parameters. The roundness and sphericity are mostly increased with increase the mean grain size as well as the most
textural parameters increase with increase the contents of detritus grains. The degree of sorting decreased with increase the
quartz content, roundness and sphericity that emphasized the recycling origin of the studied sandstones.

In this study, the backward multiple regression analysis was applied to predict the uncon�ned compressive strength, pore
volume compressibility, wave velocity and constrained modulus of the studied sandstones by selecting some physical and
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petrographic characteristics which exhibit statistically signi�cant correlations with them. The use of backward multiple
statistics is very important by reducing the required number of measured variables in the multivariate linear regression
without reducing the predictability, in addition to analyze and remove collinearity that may be exist between them. This
multiple regression analysis demonstrated that the Vp, Gs, G.C and Sr as well as mv, G.V, Qz content and ф are considered
good indicators for the UCS with regression coe�cient + 0.818 and − 0.858, respectively, and any increasing in number of
independent variables caused only a very small increasing in predictive capability. The multiple backward regression analysis
showed that, the mv can be estimated by using the seven good predictors “dolomite cement content, sub-rounded grain, mean
grain size, quartz and rock fragment content, packing density, grain to cement and grain to grain contacts” with R = + 0.821.
On the other hand, the UCS, matrix content, subangular grains, sorting degree, and grain to void contact are considered as
good predictors to estimate mv for the studied sandstones with correlation coe�cient − 0.59.

For the Vp and Es, an increase of independent variables from four to seven or six variables resulted in an increase in
correlation coe�cient values with less than of 0.021. Therefore, the UCS, Gs, ℽd, and matrix content as well as ф, Qz%, SubA,
and G.G contact are good predictors to estimate the Vp of the studied sandstones.

The multiple linear regression statistical performance for evaluation the engineering properties of the studied weak
sandstones showed that the increasing of predictor variables number input into the regression models improve the
estimating ability of UCS, mv, Vp, and Es. The results of this study were presented in the form of predictive models and
equations.
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Figure 1

De�nition of Packing density and packing proximity according to Kahn (1956) and classi�cation of grain – grain contacts
according to Blatt (1982).



Page 26/32

Figure 2

Bivariant relationships of physical parameters with UCS, Vp, Es and mv properties of studied sandstones.
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Figure 3

Bivariant relationships between UCS, Vp, Es and mv properties of studied sandstones.
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Figure 4

Photomicrographs of dolomitic sublith-arenite (S. No. 19, 20 and 21) and dolomitic quartz-arenite (S. No. 3) under PPL and
C.N, the rocks consist of sub-angular to sub-rounded monocrystalline quartz grains (red arrow), sub-rounded polycrystalline
rock fragments with undulose extinction (white arrow), and altered microcline feldspar (blue arrow), the peripheries of detritus
grains are corroded by dolomite cement. The detrital grains are �oated in the dense �ne subhedral dolomite cement (yellow
arrow) and iron oxides cement (green arrow), and showing fracture and inter-particles porosities (orang arrow). The �gures
show moderately packing density, low packing proximity, high grain to cement contact and low grain to grain contact with
point and straight contacts between quartz grains, and sutured contacts within rock fragment grains (black arrow). PPL:
Plane Polarized Light C.N: Crossed Nicols
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Figure 6

Bivariant relationships of some petrographic parameters with ф and Gs properties of studied sandstones.
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Figure 7

Bivariant relationships of some petrographic parameters with permeability of studied sandstones.
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Figure 8

Bivariant relationships of some petrographic parameters with UCs and Vp properties of studied sandstones.
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Figure 9

Bivariant relationships of some petrographic parameters with mv and Es properties of studied sandstones.


