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Ooidal ironstone, a sedimentary rock present in Aswan region of Egypt, its slaking durability
susceptibility poses questions to its long-term performance and suitability for construction and
infrastructure applications. In this study, the slaking behavior of ooidal ironstones of Timsah Formation
are examined using the standard slake-durability test. A detailed analysis on their physical, chemical,
and mineralogical characteristics was conducted to identify key controlling factors. The experimental
results indicate that ooidal ironstones possess medium-high to high slaking durability indices (Ia.:
92.51-96.74%). Slaking durability was found to be strongly correlated with certain factors such as
mineral composition, especially the occurrence of apatite and kaolinite and physical characteristics such
as porosity, bulk density, and water absorption. Besides, it was also especially influenced by
geochemical aspects such as Fe203, P2Os, and CaO contents. The study concluded that the studied ooidal
ironstone can be showed potential for specialized uses such as aggregates for high-performance concrete
in radiation-shielding structures. Additionally, non-destructive testing approaches, specifically
ultrasonic P-wave velocity (UPV), exhibit a strong correlation with slake durability index (R? > 0.76),

providing a practical tool for field assessments.
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1. Introduction

Ooidal ironstone, which is an iron mineral-rich
sedimentary rock, usually hematite (Fe,Os) and
goethite (FeO(OH)), has more than 5% ooids and more
than 15% iron content (Young, 1990; Petranek and Van
Houten, 1997; Miicke and Farshad, 2005).

Despite the presence of a large reserve estimated at
approximately nine million tons, the use of ooidal
ironstones in the Aswan region for local steel
production is hampered by the presence of fine silicate
minerals and high phosphorus levels (Hussein and
Sharkawi, 1990; Miicke, 2000; Baioumy et al., 2017).
However, Aswan's ooidal ironstones are economically
valuable and are utilized in a great number of various
industries.

The geotechnical evaluation of ironstone is necessary
in determining its suitability for construction purposes
(Nwaiwu et.al., 2006). In this evaluation, various
aspects are taken into consideration, such as porosity,
density, durability, and strength. Furthermore,
geotechnical evaluations of ironstone play a pivotal
role in comprehending its geotechnical attributes in the
context of mining operations (e.g., Hanson et.al.,
2005; Hu et.al., 2017). This includes the evaluation of

optimal blasting techniques, excavation sequences, and
waste management strategies to ensure the practice of
safe and mining (Bamber, 2008;
Balamadeswaran and Mishra, 2020; Rahimi et.al.,
2021).

Extensive geological investigations have been carried
out on the ooidal ironstones of Aswan area including
various disciplines such as mineralogy, sedimentology,
petrography, stratigraphy, and geochemistry (e.g.,
Klitzsch, 1986; Bhattacharyya, 1989; El Aref et al.,
1996; Miicke, 2000; Salama, 2014; Baioumy et al.,
2017). Despite the large number of investigations in
these fields, there is a severe shortage of such

sustainable

comprehensive  investigations related to its
geotechnical properties, particularly to slaking
durability. This work attempts to fill this gap through
examining the slaking durability of the Ooidal

ironstones and its key controlling factors.

2. Materials and Methods
2.1 Materials

The study area is situated in the vicinity of Wadi Abou
Aggag, located northeast of Aswan City, Egypt. It
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extends between latitudes 24° 3' 45" — 24° 16' 12" N
and longitudes 32° 51' 11" — 33° 8' 52" E, which
covering about 685 km? (Fig. 1). This region displays
a wide range of lithological units covering different
geological ages, namely, the Quaternary, Miocene,
Cretaceous, and Pre-Cambrian (e.g. Klitzsch, 1986,
Bhattacharyya, 1989, El Aref et al., 1996, Miicke,
2000).

Near Wadi Abou Aggag, Timsah Formation
consists of reddish grey and yellowish grey laminated
mudstone with massive ironstone intercalations of
what is known as “Aswan clays”. Overlying the
mudstone sequence, two intercalated ooidal ironstone
beds are separated, the lower is 2 meters thick, while
the upper reaches a thickness of about 4 meters.
Separating these two layers a shale layer, 30 cm thick,
ranging in color from yellowish to reddish gray
(Mekkawi et al., 2021; Youssef, 2018; Baioumy et al.,
2017).

Eight oriented block samples were collected from
four mining sites (S1, S2, S3 and S4) in the vicinity of
Wadi Abou Aggag from different open pit mines (Fig.
2).

The collected samples represent only Ooidal ironstones
litho-type of Timsah Formation. Two-block samples
were collected from the lower and upper ooidal

32°30° 33°00° 33°30°

ironstones beds in each site, the dimensions of the
collected block samples are not less than 25 cm.
Samples were identified systematically with a code
such as S1A, S2B, etc. Here, 'S' represents the sampling
locality, with the succeeding number representing the
mining locality (e.g., '1' for the first mining locality).
The last letter represents the stratigraphic position: 'A'
representing the lower ooidal ironstone bed, and 'B'
representing the upper ooidal ironstone bed.

Fig. 2. A photograph shows the upper part of
Timsah Formation at Wadi Abu Aggag (24°57'
37.00"'N, 46°11' 33.00"'E).
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Fig. 1. (a) A simplified geological and location map of Aswan region, after Klitzsch et al. 1987, modified
by Salama, 2014; (b) A simplified stratigraphic section of the exposed Timsah Formation in the in the

vicinity of Wadi Abou Aggag.
2.2 Methods
The collected samples were subjected to analysis for
their bulk mineralogical composition using the X-ray
diffraction (XRD) technique by GBC Emma X-ray
diffractometer (Cu Ko, 40 kV, 30 mA). The X-ray
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spectrometer (XRF) is used to analyze the studied
samples for their major oxides (SiO2, TiO2, AlOs,
Fe,03, MnO, MgO, CaO, K0, Na,O, and P,0s). XRD
and XRF analyses were performed at the Central
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Laboratory of Faculty of Science, South Valley
University, Qena, Egypt.

The saturation and caliper technique as outlined in
ISRM (Brown, 1981) was used to determine the bulk
density and porosity values. The ultrasonic pulse
velocity (UPV) measurements were conducted using a
V-Meter (Mark III) ultrasonic tester equipped with a 54
kHz transducer and following ISRM standards (Aydin,
2014). For these tests, three cylindrical specimens were
prepared from each block sample, each with a diameter
of 45 mm and a length of 100 mm. Furthermore, direct
Schmidt hammer testing was performed on each block
sample following ISRM protocols (Aydin, 2009).

The slaking durability tests were performed according
to ISRM (Brown, 1981), using A130 Matest™ slaking
durability device. The relationship between slaking
durability index and weathering grade was determined
following the classification scheme developed by
Gamble (1971) and recommended by ISRM (Ulusay
and Hudson, 2007). The slaking durability test was
recommended to continue till only two-cycles as
suggested by ISRM to describe the short-term effect of
wetting and drying, but to evaluate the long-term
slaking behavior of the studied iron ore. The test was
performed till the fourth cycle (Igs) as suggested by
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different workers (e.g., Gokceoglu et al., 2000; Selen
et al., 2020; Zorlu and Yagiz, 2018).

The slaking durability index value does not consider
the nature of fragmentation of a particular rock type
(Erguler and Ulusay, 2009). To minimize this
fundamental limitation, the material retained after each
slaking durability test was photographed, and the
results were compared with the ASTM (1996) visual
classification system. These experiments were carried
out at the Engineering Geology Laboratory, Faculty of
Science, South Valley University, Qena, Egypt.

3. Results and Discussions

3.1 Mineralogy

The results of XRD analysis of the bulk mineralogy
showed that the studied samples are composed mainly
of hematite and quartz minerals, with minor or trace
minerals including kaolinite and apatite in SIA,
kaolinite and goethite in S2A, apatite in both S3A and
S3B, and rutile in S4A (Table 1). Diffractograms of
some representative samples were illustrated in Figure
3.

Sample-S2A
400 (Q) Quartz

(k) Kaolinite H
(H) Hematite G
(G) Goethite K

2z
g
S 200
&}
100 A
0 v . v y
1] 20 40 80 80
Position [°2Th.]
Sample-S4A
(Q) Quarlz,
300 { (R)Rutile Q
(H) Hematite H
» 200
=
=
=]
o
H
100 Q
0 T T T \
0 20 40 80 80

Paosition |°2Th.|

Fig. 3. X-ray diffractograms of some representative studied samples show the bulk mineralogy.
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Table 1. XRD analysis results of the bulk minerals.

Samples Minerals
Hem. Qz. Ge. Ka. Ap. Ru.
S1A v v v v
S1B v v v
S2A v v v
S2B v v v
S3A v v v v
S3B v v v
S4A v v v
S4B v v v v v

3.2 Geochemistry

The chemical analysis of the analyzed samples
indicated that the most abundant oxide is Fe;Os,
varying from 66.48 to 76.51 % and an average of 70.28
%. The second most abundant oxide is SiO,, varying

between 13.14 and 28.02 % and an average of 18.75 %,
followed by Al,O3 ranged from 3.23 to 6.54 % with an
average of 4.65 %. CaO contents ranged from 0.67 to
5.61 % (average of 1.24 %) and P,Os ranged from 0.59
to 2.65 % and an average of 0.64 % (Table 2).
Generally, the chemical composition of the studied
samples is unsuitable for direct steel production despite
the high Fe>Os content. Its potential utilization by the
Egyptian steel industry for domestic steel production is
quite problematic due to the dissemination of fine
silicate minerals and elevated phosphorus content,
exceeding the desired 0.1% (Baioumy et al., 2017). For
steel production, the phosphorus content should ideally
be below 0.1% (Singh et al., 2024). Despite these
complexities, Aswan’s ooidal ironstones possess great
economic importance and find application in a wide
range of industries.

Table 2. Major oxides assay (wt. %) and loss on ignition (L.O.I. %) of the studied samples.

Oxides Samples .

(Wt.%) SIA SIB S2A  S2B S3A  S3B  S4A  sap  Max.  Min. Ave
Na20 000 000 000 000 000 000 000 000 000 000 0.00
K:0 010 002 009 005 005 003 010 010 0.10 002 007
ALOs 326 654 341 421 323 426 516 465 654 323 434
SiO:  13.14 28.02 1407 1425 1582 1621 2076 18.75 28.02 13.14 17.63
P0s 231 072 073 059 211 265 073 064 265 059 131
SO 026 022 023 024 028 0.9 032 023 032 019 025

Cl 008 008 010 009 007 007 006 005 010 005 0.8
MgO 024 042 038 058 054 060 046 057 060 024 047
Ca0 561 069 133 082 440 423 067 124 561 067 237
TiO: 033 028 035 032 028 037 045 055 055 028 037

MnO: 009 022 005 025 235 0.4 032 035 235 005 047
Fe:0s 7213 5920 7651 7495 6648 67.87 6695 7028 7651 59.20 69.30
L.OI 230 350 260 350 430 330 400 245 430 230 3.4
SUM. 99.85 9991 99.85 99.85 9991 99.92 9998 99.86  --

3.3 Porosity, Density, and Absorption

The results of the tests for porosity and density showed
that the studied ooidal ironstones have a wide range of
bulk density (2.33 to 2.88 g/cm3), solid density (3.58
to 3.79 g/cm?), and porosity (18.49 to 26.60 %). The
average bulk density, solid density, and porosity are
2.86 g/cm?, 3.73 g/cm?, and 28.32 %, respectively.
The total water absorption of the samples studied is
relatively high, it ranges from 6.51 to 9.89 %, while its
average value is 8.50 %. The high total water
absorption of the studied ooidal ironstones is due to its
high porosity. It means that the ooidal ironstones are
susceptible to water damage. The porosity, density, and
absorption properties of the studied ooidal ironstones
align with the results for similar ooidal ironstone
deposits (e.g. Daoud et al., 2020).
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The low bulk density and high porosity of the ooidal
ironstones can be attributed to and consistent with its
ooidal texture. The wide range of bulk density and
porosity values suggesting that the studied ooidal
ironstones samples are mainly heterogenous and may
have undergone different diagenetic processes.

The high determination coefficient (R? = 0.76) for the
linear regression between porosity and bulk density
(Fig. 4) indicates that there is a strong correlation
between these two properties. This suggests that the
porosity of the ooidal ironstone is the primary factor
that controls its bulk density. The strong correlation
between porosity and bulk density can be used to
develop predictive models for estimating the porosity
of the studied ironstone samples from their bulk
density. However, linear regression of bulk density
against solid density exhibits low determination
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coefficient (R2=0.19) which shows that the solid
density is not having a considerable influence on the
bulk density.
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Fig. 4. Scatter plots and regression analysis of total
porosity and bulk density.

3.4 Ultrasonic P-Wave Velocity

The ultrasonic P-wave velocity (UPV) test results show
that most of the studied samples have high UPV values,
varying from 1911 to 3275 m/s, and an average of 2590
m/s.

The low determination coefficient (R2=0.21) in the
linear regression between UPV and bulk density values
suggests that there are other factors that influence the
UPV of the studied ooidal ironstone in addition to bulk
density. These factors include the porosity of the
material, the presence of cracks or other defects, and
the presence of impurities. This wide range can be due
to several factors, such as rock strength and integrity,
effective stress, mineral

composition, granular

structure, cementation, porosity, lithology, saturation,
micro-cracks (Horsfall et al., 2013).

3.5 Schmidt’s Rebound Number (SRN)

The values of SRN or Schmidt’s hardness of the
studied samples vary between 21.45 and 33.67, while
their average values are 27.54. The SRN and density
values are used for predicting the uniaxial compressive
strength (UCS) employing the proposed chart by Deere
and Miller (1966). The estimated values of UCS vary
between 32.35 MPa and 62.11MPa, while their average
value is 44.69 MPa (Table 3).
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Fig. 5. Plotting of SRN and density of the studied
samples on the Deere and Miller (1966) chart.

Table 3. The results of physical and geotechnical characterization of the studied samples.

Block UPV  Bulk density Solid density Total porosity Absorption SRN UCsS
ID (m/s) (g/em®) (g/cm®) (%) (%) (MPa)
S1A 2804 2.84 3.77 24.18 6.51 3233 62.11
S1B 3134 2.64 3.58 26.02 7.77 33.67 58.58
S2A 2248 2.69 3.75 29.07 9.89 27.67 43.87
S2B 2190 2.82 3.77 25.68 8.34 26.17 4332
S3A 2750 2.60 3.78 34.44 9.39 22.92  32.60
S3B 2812 2.46 3.68 36.77 9.63 31.82 47.37
S4A 2532 2.73 3.79 24.00 7.32 2430 37.31
S4B 2320 2.76 3.72 26.39 9.17 21.45 32.35
Min. 2190 2.46 3.58 24.00 6.51 21.45 32.35
Max. 3134 2.84 3.79 36.77 9.89 33.67 62.11
Aver. 2599 2.69 3.73 28.32 8.50 27.54 44.69
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3.4 Slaking Durability Index

The slaking durability test revealed that the slaking
durability index after the fourth cycle (Ias) ranging
between 88.99 and 94.98 %, while their average value
15 92.52 % (Table 4). Obviously, S3A samples have the
highest Ia4, while S2B samples have the lowest a4

Table 4. The results of slaking durability test.

According to the durability classification proposed by
Gamble (1971) and recommended by ISRM (Ulusay
and Hudson, 2007), most of the studied samples are
classified as medium high to high durable rocks (Table
4).

Sample Slaking durability index (%) after .
First cycle Second cycle Third cycle Fourth cycle ISRM !)ura!)lllty
(lar) ) (Iss) (Ias) classification
S1A 98.02 96.04 94.86 93.60 High
S1B 98.05 96.11 94.87 93.33 High
S2A 97.48 94.96 93.40 91.77 Medium High
S2B 96.25 92.51 90.68 88.99 Medium High
S3A 98.22 96.45 95.46 94.21 High
S3B 98.37 96.74 95.99 94.98 High
S4A 97.25 94.50 93.44 92.18 Medium High
S4B 97.16 94.32 92.72 91.13 Medium High
Ave. 97. 60 95.20 93.92 92.52 Medium High

Examining the influence of slaking cycles on the
slaking durability index (Fig. 6), it was revealed that as
the number of cycles increased, the retained weight of
the samples decreased in all cases. The rate at which
the slaking-durability index decreased at the initial
cycles (Iq1) was higher than the rate for the remaining
cycles. After the first cycle, the slaking-durability
index curves became almost linear until the fourth
cycle, indicating that the slaking behavior was stable
with respect to wetting and drying cycles for the
samples tested.
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Fig. 6. The effect of the number of slaking cycles on
the slaking durability index of the studied samples.

The appearance of fragments retained in the drum after
completing the slaking durability test was
photographed. These photographs were compared with
the ASTM (1996) classification system to be
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categorized. Most of the studied samples were
determined to be Type I and Type Il material (Fig. 7).
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Based on the slaking durability test results and the
correlation of Iq; with the studied variables (Table 5),
there are several factors that significantly influence the
slaking durability of studied ooidal ironstone, these
factors can be summarized as follows:

Geochemistry and mineralogy: The mineral and the
chemical composition of ooidal ironstone play primary
role. Clay minerals, particularly kaolinite, are
susceptible to water absorption and water sensitive
minerals, which cause the breakdown of certain
samples, such as S1A. In contrast, apatite helps
improve slaking durability, making some samples,
such as S3B, more durable. The relative abundance of
these minerals significantly influences overall stability,
this is supported by the strong positive correlation of
the 14, with P.Os and CaO, while 14, shows a negative
correlation with Fe.Os and ALO:s.

Table 5. The correlation and determination coefficients
of the Ia2 with the other studied variables.

Variable Correlations Determination

coefficient (r) coefficient (R%)
Absorption 0.14 0.02
Bulk density -0.65 0.43
Solid density -0.31 0.10
Porosity 0.65 0.42
UPV 0.87 0.76
SRN 0.67 0.45
UcCSs 0.04 0.00
SiO2 -0.11 0.01
ALO3 -0.45 0.20
P20s 0.87 0.76
Fe203 -0.52 0.27
CaO 0.82 0.67

Cementing material: The type and the amount of
cementing material that binds grains together also
influences slaking durability of the samples studied.
Apatite cemented samples, such as S3B, are more
durable than hematite or clay cemented samples, such
as S1A.

Porosity: Surprisingly, higher porosity correlated with
increased durability in the tested samples. This might
be because highly porous rocks can hold more
cementing agents, which fill in the pore spaces and
enhance structural integrity. This finding is further
supported by the wide variation in bulk density,
porosity and UPV values.

Weathering: Pre-existing weathering can significantly
reduce the slaking durability of rocks. Weathering

processes can break down cementing materials,
increase porosity, and introduce microfractures. These
pre-existing weaknesses make the rock more
vulnerable to further breakdown during wetting and
drying cycles.

By considering these key factors, researchers and
engineers can more accurately predict the behavior of
ooidal ironstones under varying conditions. Notably,
the strong correlation between UPV, SRN, and I,
suggests that these parameters providing a practical
tool for field assessments of slaking durability.

5. Conclusions

In conclusion, Aswan’s ooidal ironstones are primarily
composed of hematite and quartz, with minor or trace
amounts of kaolinite, fluorapatite, goethite, and rutile.
These mineralogical characteristics, along with the
observed high porosity and low bulk density, are
consistent with characteristics of such rocks, ooidal
texture, and their chemical composition.

The ultrasonic P-wave velocity (UPV) results, which
ranged between 1911 and 3275 m/s, with an average of
2590 m/s. Most samples show medium to high slake
durability (Is: 92.51-96.74%), indicating their
potential suitability for construction and infrastructure
applications.

A strong correlation was found between slake
durability and several factors including mineral
composition-particularly the presence of apatite-as
well as physical properties such as porosity, bulk
density, and water absorption. Furthermore, the
durability of the studied ooidal ironstones was
significantly influenced by geochemical components
such as elevated P-Os and CaO contents.

The study also highlighted that slake durability can be
reliably estimated through UPV and SRN
measurements, offering a practical tool for preliminary
durability assessment.

From an application perspective, the results suggest
that ooidal ironstones, particularly those rich in apatite,
can be showed potential for specialized uses such as
high-performance concrete in radiation shielding

structures. Overall, this research contributes to a better
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understanding of ooidal ironstone slaking behavior and

supports its sustainable and effective use in

construction, especially where long-term durability
and resilience are critical.
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