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Abstract: This study investigates the geomechanical behavior of five terrace orders in the Crotone
Basin. The purpose is to understand the physical-mechanical parameters of these terraces to deter-
mine whether rock or soil mechanics principles should be applied for stability analysis. Samples were
collected from each terrace following an extensive field survey. Laboratory analyses were conducted
to measure pulse velocities, uniaxial unconfined compressive strength, and compressive strength
with truncated conical platens. The findings revealed key physical-mechanical parameters of the
rocks, which are crucial for stability assessments. The Crotone Basin, known for its mineral resources
such as hydrocarbons and rock salts, has been studied geologically since before the 1950s, but there is
a lack of geomechanical data in existing literature. Therefore, the results presented here are novel
and provide a basis for future studies on the instability of rocky slopes composed of similar soft rock
types. These results will aid in accurate geological-geotechnical model reconstructions. While the
findings can be applied to similar cases, it is important to note that each analysis site, despite showing
similar phenomena, is unique and requires individual investigation.

Keywords: point load test; uniaxial compressive strength test; rock mechanics data; Crotone terraces;
Calabria; Italy

1. Introduction

Uniaxial compressive strength (UCS) is a mechanical property of rock which is funda-
mental to determining the quality and strength of rock masses. In fact, the results of the
main geomechanical classifications depend on the compressive strength (e.g., [1,2] etc.).

In the context of geomechanical studies, this compressive strength value can be deter-
mined by laboratory tests such as the uniaxial unconfined compression test and the point
load test or in situ test through the Schmidt hammer. For this work, the first two tests
(laboratory analysis) were taken into account.

The uniaxial free lateral expansion (unconfined) test allows us to determine the com-
pressive strength value of the rock directly through the ratio of the force exerted by the
instrumentation and the area of the intact rock core specimen. The compressive strength
value is also obtained through the point load test, but this must subsequently be modified
with corrective factors. The latter test (PLT), in the professional field, is preferred to the
first due to its ease of use, speed in carrying out the test, and its low cost.

The widespread use of the PLT makes it necessary to analyze the reliability of the
results obtained from the tests on rocks compared to those obtained with the uniaxial
compression test.
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To conduct this analysis, several samples from the Crotone Basin area were considered.
This basin was chosen due to its extensive study of tectono-stratigraphic features associ-
ated with its mineral and reservoir wealth, as well as its distinctive coastal geology and
geomorphology for morphodynamic evolution. Located in southern Italy, it is renowned
for its complex geological history, stratigraphy, and sedimentary sequences. Numerous
methods and scientific studies have been employed in this region to elucidate its geological
history, sedimentology, and geodynamic evolution (e.g., [3-7]). However, there is a relative
paucity of geotechnical and geomechanical data at the scale of the slope (e.g., [8,9]).

In particular, 112 sandstone and limestone samples were collected from various terrace
orders within the Basin.

On 53 samples the uniaxial unconfined test was carried out, while 59 samples were
subjected to the PLT. Compressive strength data are very important for the sizing of
any engineering work/project, and therefore it would be favorable to use cheaper tests
whose effectiveness is validated. The possibility of using irregular specimens, avoiding the
grinding operation, makes the PLT extremely simple to perform and, above all, aimed at a
greater number of rocks. Therefore, it is extremely important to calibrate and compare the
two tests described above.

Considering the limitations of each test, the analyses demonstrated that the PLT
provides reliable estimates of rock compressive strength for some samples.

The large number of samples tested yielded valuable insights, both for assessing the
reliability of the PLT and for enhancing the understanding of the mechanical behavior of
the arenaceous complex widely outcropping in the Crotone basin.

2. Geological Setting

The studied area is part of the geological unit known in scientific literature as the
Crotone Basin, which represents the exposed part of a Neogene-to-present sedimentary
basin developed along the Ionian Sea (e.g., [3-5,10]; (Figure 1). Its development is related
to the southeastern migration of the Calabrian Arc, as a consequent subduction of the
Ionian crust and the opening of the Tyrrhenian Basin, starting from the Serravallian—
Tortonian [11,12]. Considering the geological context in which it is configured and which
accompanied the accumulation of sediments, the Plio—Pleistocene portion is exceptionally
well preserved and consists of a suite of sediments ranging from continental to deep
sea organized in tectonic—sedimentary cycles [5,11,13-15]. The depositional history of
the Crotone Basin was mainly accompanied by wrenching tectonics alternating between
transtensional and transpressional local deformation [6,16,17], connected to the extension
that characterizes the foreland area. This extensional regime was however interrupted
episodically by deformation events, with a compressive component during the Messinian
and strike slip phases during the late Pliocene—early Pleistocene. These deformational
phases led to generalized uplift and the formation of discordances [18,19]. Starting from
the Middle Pleistocene, the Calabrian Arc experienced uplift leading to the emergence of
flanks and various basins including the Crotone Basin. This uplift is testified to by some
orders of marine terraces [18-21]. The number of terraces, their age, and their distribution
are debated in the literature (e.g., [19-22]). The most accredited and realistic study is that
of [19], which identified five orders of terraces (Table 1). The uplift rates calculated by the
various authors range from 0.4 to 1.8 m/ka [18,23].

From a lithological point of view, throughout the study area, the marly clay of the
Cutro Formation is present at the bottom of the various terraces. This unit forms the
substrate of a series of synthems [19], which form terraced surfaces linked to various cycles
of marine transgression—-regression referable to the Middle and Upper Pleistocene. In some
cases, at the scale of the outcrop, the deposits of the synthems that make up the marine
terraces show minor cycles delimited by unconformity surfaces. Since these minor cycles do
not show an areal continuity, it is not possible to make a further subdivision into subunits.
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Figure 1. Geological sketch map of the study area and location of the samples taken from different ter-
race orders. Lithology symbol legend: 1. Slope deposits (Holocene); 2. Alluvial deposits (Holocene);
3. Beach deposits, conglomerates, and sands (Holocene); 4. Marly clays (Plio-Lower Pleistocene);
5. Dune sands (Holocene); 6. Sandstones, conglomerates, biocalcarenites (Terrace I, Middle Pleis-
tocene); 7. Clastic deposits (Terrace II, Upper Pleistocene); 8. Bioturbed sandstones, biocalcarenites
(Terrace III, Upper Pleistocene); 9. Calcarenites (Terrace IV, Upper Pleistocene); 10. Laminated and
bioturbated sandstones (Terrace V, Upper Pleistocene).

For this work, a series of samples were taken from different orders of terraces. There-
fore, for a better understanding of the area, of the geology, and above all the lithotechnical
aspect, which will be discussed in depth in the following chapters, it was necessary to
describe each terrace from which the samples were taken.

Table 1. Comparison of the nomenclature of terrace orders according to the recent scientific literature
and relative age.

Terrace Order Reference Age
[19] [24]

I Cutro terrace Lago di Sant’Anna synthem Middle Pleistocene
I Campolongo-La Mazzotta terrace Soverito synthem

111 Le Castella—Capo Cimiti terrace Capo Cimiti synthem

Late Pleistocene

v Capo Rizzuto terrace Capo Rizzuto synthem

\Y Le Castella terrace Le Castella synthem
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The first terrace order in the study area is the synthem of the Lago di Sant’Anna [5,19],
whose name derives from the artificial lake in the locality of Sant’Anna. This older terrace
is known in the literature as “Cutro terrace” [21,25]. It is the largest marine terrace and
starts from the north of the map in Figure 1, occupying the central portion up to the south
(Figure 1).

In the study area, the unit reaches a maximum thickness of 10 m and a maximum
height of approximately 200 m and rests on the deposits of the underlying Cutro Clay
through a net and erosive contact. As far as dating is concerned, the synthem was correlated
with the isotopic stage 7, corresponding to 200 Ka B.P. [19,22].

This terrace is the result of the superposition of several sedimentation cycles and
shows a certain variability of sedimentary facies. The outcrop from which some samples
were taken for this study belongs to the clastic lithofacies and records the regressive phase
of the first cycle, corresponding to the erosion of bioconstructed lithofacies (cycle I) and of
an age attributable to the Middle Pleistocene.

The Soverito synthem represents the second-order terrace, and its outcrops are ar-
ranged to form a narrow arch-shaped band. Within the study area, the terraced surface
reaches heights of 95 m a.s.1., and its age is about 125 ka B.P,, according to the correlation
with the isotopic stage 5e [19,22]. The synthem consists of two lithofacies: one clastic and
the other bioconstructed. From the first, some samples were taken which could be partly
the result of the erosion of cliff limestones during a regressive phase.

The synthem of Capo Cimiti represents the third-order terrace and, like the previous
terrace, it also extends with an arch shape reaching 70 m in the southern portion, north of
Le Castella, and develops northwards along 50 m in the central portion to the west of Capo
Cimiti and in the northern portion to the west of Capo Colonna. This terrace, according to
the correlation with the isotope stage 5c [19], has an age of about 100 Ka B.P. The deposits
recognized in this terrace have two lithofacies: clastic and bioconstructed.

The fourth terrace corresponds to the synthem of Capo Rizzuto, reaches a maximum
altitude of 35 m a.s.1,, and is about 80 Ka B.P., corresponding to the isotopic stage 5a [19].
The deposits are mainly made up of carbonate facies.

The fifth terrace corresponds to the synthem of Le Castella, reaches a maximum
altitude of 15 m a.s.l,, and has an age of about 50 Ka B.P,, corresponding to the isotopic
stage 3 [19,25]. The deposits are made up of limestone and sandstone.

3. Sampling

The sampling took place in different areas pertaining to the Crotone Basin (Figure 1)
and, specifically, from north to south, they are: Capo Colonna, loc. Fratte, Casa Cardinale,
Isola di Capo Rizzuto, Le Castella, and loc. Campolongo. In particular, 112 lithoid samples
were taken of sandstone and limestone (signed CG, CC, MZ, LC).

Considering the subdivision into terraced orders, we started to carry out field surveys
and take samples starting from the oldest order up to the youngest.

From the first terrace order, Cutro terrace, 22 samples were taken (CG_5, 5.1; CC1-20;
Figures 1 and 2). These are located north of the Casa Cardinale and southeast of the Isola di
Capo Rizzuto. The outcrop is made up of coarse reddish arenaceous deposits (very coarse)
and yellowish calcarenites (grain-size from granules to pebbles) with cross-layering and
without macrofauna. As can be seen on the scale of the hand sample, the samples show
a different rate of cementation and porosity, influencing their resistance to erosion. The
permeability is high.

From the second terrace order, Campolongo-La Mazzotta terrace, 43 samples were taken
(CG_3; LC1-42; Figures 1 and 3). These are located southeast of Localita Campolongo.
The outcrop is made up of limestone and sandstone with the presence of local carbonate
nodules (Figure 3A). At the scale of the hand sample, the samples show a different rate of
cementation, porosity, and particle size (passing from very fine-grained at the bottom to
coarse-grained towards the top), affecting their resistance to erosion.
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Figure 2. (A) Panoramic photo along the stretch of the ridge of Semaforo located in Via Olimpia,
Crotone in which the flat areas of the terraces of the Sintema del Lago S.Anna are clearly visible
(first-order terrace) and the badlands of the Cutro Clay formation. (B) Samples taken from the
outcropping wall of the first-order terrace. (C) Detail of the limestone sample GC_5. (D) Detail of the
arenaceous specimen CG_5.1. (E) Some cubic sandstone samples subjected to laboratory tests.

Figure 3. Cont.
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Figure 3. (A) Limestone outcrop belonging to the second-order terrace. (B) Sample CG_3 detail
where there is an arenaceous and a calcarenite portion. (C) Detail of the calcarenite portion of the
cubic-shaped CG_3 sample. (D) Cubic sandstone and limestone samples subjected to laboratory tests.

From the third terrace order, Le Castella—Capo Cimiti terrace, 29 samples were taken
(MZ1-26; CG_6,7,8; Figures 1 and 4). Eighteen samples were taken east of Localita Mazzotta
in loc. Fratte; the rest in Capo Colonna. The first samples consisted of reef and coarse
calcarenites containing macrofossils. The lateral contacts between the two lithotypes are
clear, and the grain size varies from granules—pebbles to granules—very coarse-grained.

®

Figure 4. Cont.
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Figure 4. (A) Overview of the third-order terraces NW of Capo Colonna. (B-F) Calcarenite sam-
ples taken near Capo Colonna; (C,E,G) are the respective cubic-shaped specimens CG_6, 7, and 8.
(H) Cubic-shaped specimens derived from samples of loc. Fratte.

From the fourth terrace order, Capo Rizzuto terrace, eight samples were taken (CG_4;
CG_9; CG_10; CG_11; GC_4a,b,c,d; Figures 1 and 5). These are located near the Torre
Vecchia of Isola Capo Rizzuto. The outcrop is made up of limestone and fossiliferous lime-
stones. On the scale of the hand sample, the samples show a different rate of cementation
and porosity, influencing their resistance to erosion. In fact, in some places they lose their
competent behavior and become sand under the action of weathering.

From the fifth terrace order, Le Castella terrace, 10 samples were taken (CG_1; CG_1.1;
CG_2; CG_2.1; GC_2ab,c,dsef; Figures 1 and 6). These are located southeast of the
Aragonese Castle of Le Castella. The outcrop is made up of limestone and sandstone
with shells and traces of bioturbation (Figure 3A). Samples show medium to coarse-grained
particle size.

Figure 5. Cont.
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4

Figure 5. Area south of Isola Capo Rizzuto. (A) Fourth-order terrace southwest of the “Torre Vecchia”
of Isola Capo Rizzuto. (B) Outcrop of the “Torre Vecchia” of Capo Rizzuto, showing evident slopes of
landslides and materials deposited into the sea; note also the presence of clay tongues at the base
(Cutro Clay). In areas with stable slopes, the measured calcarenite thicknesses reach approximately
10 m. (C) Altered calcarenite sample CG_4 with fossils. (D) CG_4 sample not exactly cubic in shape
due to the low cementation rate and high porosity.

Figure 6. Cont.
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s Je

Figure 6. Area south of Le Castella. (A) Stratified limestone with evidence of traces of bioturbations
belonging to the fifth-order terrace. (B) Detail of the arenaceous specimen CG_1 with fossil elements;
(C) Detail of the stratified arenaceous specimen CG_1.1; (D) Detail of the sample of calcarenite CG_2;
(E-G) Cubic specimens of the respective samples (B-D).

4. Materials and Methods

For the geomechanical characterization, the lithoid rocks (calcarenites/limestones and
sandstones) were subjected to the following tests:

(a) Determination of ultrasonic wave velocities
(b) Determination of the unconfined compressive strength;
(c) Determination of the point load strength index.

Before carrying out the tests, the samples were cut and rectified using a mechanical saw
in order to obtain cubic specimens of 5 cm x 5 cm x 5 cm (Figures 2C-E, 3C,D, 4C,E,G H,
5D, 6E-G and 7A); subsequently, they were placed in the oven (Figure 7B) for 24 h cycles at
a temperature of 40 °C to eliminate the water content, weighed from time to time until a
constant value of their mass was reached. Finally, for each specimen, the dimensions were
measured using a precision digital caliper (Borletti CDJB15-50 mm; Figure 7C).

@
Q
@
@

Figure 7. (A) Cubic specimens. (B) Oven at 40 °C. (C) Digital caliper BORLETTI CDJB15 150 mm.
Equipment: (D) Matest ultrasonic pulse velocity tester; (E) Matest C070 for uniaxial compression test;
(F) point load test.

4.1. The Ultrasonic Velocity Method

The propagation speed of the ultrasonic waves was determined by measuring the
time (us) required for the transmission of an ultrasonic pulse emitted by a transmitter and
received by a receiver on two opposite parallel surfaces of a cubic specimen; then, the
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travel distance of the pulse through the cubic rock sample was measured and propagation
velocity determined.

The test was performed following the ASTM standard [26] using the Matest ultrasonic
velocity meter (Figure 7D). The instrument is equipped with a pair of electroacoustic trans-
ducers with a frequency of 55 kHz, a longitudinal wave generator, a signal amplifier, and a
wave transit time meter. This test method is valid for wave velocity measurements for both
anisotropic and isotropic rocks, although the velocities obtained in roughly anisotropic rocks
can be affected by factors such as direction, distance traveled, and transducer diameter.

After identifying the propagation speeds in the three directions, we assigned the
highest speed to the z-axis, the middle speed to the y-axis, and the lowest speed to the
x-axis (see also Section 5.1).

4.2. The Uniaxial Compression Test

Once the three spatial directions were identified, for each specimen it was possible
to perform the uniaxial compression test using the Matest C070 press (Figure 7E). The
test method applied for the measurement of uniaxial compressive strength is that pro-
posed by [27] and ISRM recommendations [28,29]. This procedure considers an intact
cubic-shaped rock sample whose ends are machined flat and uniform to be placed in a
loading frame.

One of the three axes was chosen at random for the uniaxial compression test (see
Section 5.2). The specimens were positioned and centered between the press plates to
ensure a continuous and uniform application of load, increasing steadily by (1 &= 0.5) MPa
until reaching peak load and specimen failure. Finally, the compressive strength was
measured (see Section 5.2).

4.3. The Point Load Test

The point load test (PLT) allows us to determine the index of resistance to punching of
the rocks (point load test strength index of rock), useful for the mechanical classification
of stone materials, and correlated to the uniaxial compressive strength [30]. The index for
each sample was obtained by subjecting the rock specimens to an increasingly concentrated
point load, applied by a pair of conical tips (Figure 7F), until failure occurred.

Since the standard test refers to cylindrical samples with a diameter equal to 50 mm, it
is necessary, for samples of different sizes, to introduce a correction factor F which allows
us to obtain, starting from Is, the new corrected value, I;(5):

. <[5)5>0.45 "

where D, represents the “equivalent” diameter of the specimen, calculated as:

4.A
De =55 (2)

where A = minimum specimen area.
For the determination of the uniaxial compressive strength UCS according to the ISRM,
reference can be made to the following expression:

UCS = Iy(50 - K @3)

where the correlation coefficient K can be obtained from the literature as a function of the
type of rock or, generically, as a function of size (ASTM). Taking into account not the type
of rock but only the size, in this work, this K index is set equal to 23 as indicated by [31]
(see also Section 5.3).
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5. Results
5.1. Ultrasonic Velocity Measurements

Once the speed of propagation in the three directions of space was identified, the
condition Vz > Vy > Vx was considered, so the z-axis has been assigned the maximum

value of the wave propagation velocity, the y direction the intermediate value and, finally,
the x direction has been assigned the minimum speed value (Table 2; Figure 8).

Table 2. Velocity propagation values along the three spatial directions (x, y, z); Vm = velocity average.
Samples from different terrace orders are color-coded for clarity. Five colors are used, from dark
green for the oldest terrace order to yellow for the youngest. These colors will be consistently used in

subsequent graphs to easily identify information for each terrace order.

Weight Velocity [m/s]
Terrace Order Sample
[g] Vz Vy Vx Vm

199.18 3404.20 3380.42 3345.89 3376.84
180.34 3864.41 3813.39 3573.88 3750.56
169.07 3203.29 2942.17 2713.37 2952.94
164.23 3108.55 3028.30 2842.45 2993.10
171.16 3175.16 2925.77 2725.29 2942.07

I 153.65 3172.08 3135.48 2705.66 3004.41
159.18 3217.76 3124.68 2883.87 3075.44
176.73 3576.30 3505.80 3126.56 3402.89
257.87 4319.66 4290.52 4124.59 424492
179.61 3584.89 3405.44 3137.11 3375.81
248.15 3185.71 3034.83 268291 2967.82
262.22 3303.66 3162.21 2733.16 3066.34
255.63 3469.48 3391.77 2918.72 3259.99
256.45 3177.19 2935.16 2486.18 2866.18
259.78 3512.34 3500.00 2872.43 3294.92
261.81 4072.52 3996.97 3498.00 3855.83
204.50 3801.44 3608.78 2231.67 3213.96
267.39 3760.40 3686.21 3086.63 3511.08

1 258.86 2993.96 2944.20 2649.50 2862.55
255.75 3529.14 3310.86 2848.37 3229.46
244.65 3590.34 3550.34 2975.28 3371.99
195.85 3782.96 3700.69 2470.05 3317.90
240.20 3386.54 3366.46 2917.49 3223.49
256.47 4076.34 3911.03 3547.62 3844.99
212.20 3665.99 3619.46 2124.19 3136.55
230.29 3976.98 3841.54 3597.12 3805.21
144.62 3089.74 3012.50 2313.04 2805.10
138.85 2818.02 2660.33 1971.66 2483.34
139.13 2943.29 2804.60 2045.99 2597.96
145.58 2992.02 2980.25 2092.51 2688.26
132.71 2583.51 2539.06 1971.49 2364.69
142.21 3113.16 2931.14 2224.09 2756.13
144.42 3114.38 3038.27 2137.17 2763.27
146.07 3116.03 3074.21 2416.00 2868.75
139.22 3001.92 2946.99 2386.14 2778.35

I 145.26 3083.33 3009.20 2165.32 2752.62
184.45 3591.91 3574.26 3016.77 3394.32
179.93 3555.88 3532.14 2951.92 3346.65
188.36 3544.20 3498.56 3020.37 3354.38
180.91 3564.18 3562.77 3491.18 3539.38
178.84 3478.42 3409.72 2950.63 3279.59
185.82 3649.25 3594.20 3136.05 3459.84
280.38 4139.67 4090.91 3888.46 4039.68
238.03 4057.60 3998.37 3723.66 3926.55
261.95 4715.09 4628.04 4481.25 4608.13
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Table 2. Cont.
Weight Velocity [m/s]
Terrace Order Sample
[g] Vz Vy Vx Vm

CG_4 255.26 4487 .61 4299.15 4251.69 4346.15

CG_9 254.83 3405.23 3455.80 3382.76 3414.59

v CG_10 261.46 3422.54 4215.52 3200.00 3612.68

CG_11 253.30 2338.46 4940.59 3129.58 3469.55

CG_1 167.36 3152.87 2843.35 2166.52 2720.91

CG_1.1 144.36 2262.27 2202.20 2183.26 2215.91

v CG.2 168.70 2764.25 2610.05 1883.02 2419.11

CG_21 158.56 2665.59 2684.41 1978.88 2442 .96

Velocity average of ultrasonic waves [m / s]
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Figure 8. Graphs depicting the projected mean velocity values of ultrasonic waves (from Table 2) for
each sample from the different terrace orders. Specifically, Graph (A) corresponds to the first terrace
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order, Graph (B) to the second order, Graph (C) to the third order, Graph (D) to the fourth order, and
Graph (E) to the fifth order. The colors in the graphs match those in the previous table to immediately
identify and distinguish the different terrace orders. Specifically, there are five colors representing the
five terrace orders, ranging from dark green (for the oldest terrace) to yellow (for the youngest terrace).

Considering the average values of the propagation velocity of ultrasonic waves, ac-
cording to the semi-quantitative classification proposed by [32], it is possible to attribute to
the velocities the term “low” (Vp = 2500-3500 m/s) and “medium” (Vp = 3500-4000 m/s).

The averages considered for the five-sample series (Figure 9) are:

3311.89 m/s for the samples of the first terrace order;

3301.76 m/s for the samples of the second terrace order;

3066.60 m/s, 3710.74 m/s, and 3270.25 m/s for the respective terraces of order III, IV,
and V.

From the analysis of the histograms in Figure 9, it is possible to infer that the velocities
of the lithotypes LC, MZ, and CC are similar to each other, unlike those of the fourth order
which differ slightly from the others. This is attributable to the samples that are mainly
calcarenitic rocks, and therefore more consistent and cemented and less porous than the
other lithologies, which are predominantly arenaceous, little cemented, and very porous.

Comparison of the average velocities of
ultrasonic waves [m/s]
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Figure 9. Average velocities for the four series of analyzed samples. The colors in the graphs match
those in the previous table to immediately identify and distinguish the different terrace orders.
Specifically, there are five colors representing the five terrace orders, ranging from dark green (for the
oldest terrace) to yellow (for the youngest terrace).

Taking into account the fields of propagation velocity of the elastic compression waves
typical for some lithotypes (es. [33]), the average values fall precisely in the fields of
arenaceous (1400 < Vp < 4200) and limestone (2500 < Vp < 6000) lithotypes.

5.2. Determination of the Unconfined Uniaxial Compressive Strength

As shown in Table 3, one of the three axes (highlighted in gray cells) was chosen
arbitrarily along which to carry out the unconfined uniaxial compression. A uniaxial
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compressive strength (o) expressed in MPa was obtained for each specimen. The values
obtained for each specimen are shown in Table 3.

Table 3. Values of velocities and compressive strength. Symbols and abbreviations: I, II, and III
refer to the distances between two parallel plane surfaces of a specimen; x, y, and z denote the axes
along which travel time and velocities were measured; F represents the maximum load [N]; A is
the cross-sectional area [mm?]; and o denotes compressive strength [MPa]. The gray cells indicate
the axis along which failure occurred. Samples from different terrace orders are color-coded for
clarity. Five colors are used, from dark green for the oldest terrace order to yellow for the youngest.
These colors will be consistently used in subsequent graphs to easily identify information for each
terrace order.

Terrace
Order

I

Sample

MZ10
MZ11
MZz12
MZ13
MZ14
MZz15
MZ16
CG_6
CG_7
CG_8

Lateral Dimension [mm] Velocities Vz > Vy > Vx [m/s]
F [N] A [mm?] o [Mpal
I II III z y X
48.34 48.85 48.68 3404.20 3380.42 3345.89  18,670.00  2361.41 791
45.60 48.43 47.89 3864.41 3813.39 3573.88  20,620.00 2319.31 8.89
46.67 48.84 48.69 3203.29 2942.17 2713.37 6570.00 2279.36 2.88
47.25 48.15 48.35 3108.55 3028.30 2842.45 9770.00 2284.54 4.28
47.69 48.58 47.42 3175.16 2925.77 2725.29  10,390.00  2303.66 4.51
43.02 48.60 48.85 3172.08 3135.48 2705.66 8750.00 2101.53 4.16
4891 4470 48.12 3217.76 3124.68 2883.87 8290.00 2353.55 3.52
40.02 48.38 48.28 3576.30 3505.80 3126.56  12,310.00  2335.79 5.27
50.32 50.54 49.77 4319.66 4290.52 412459  58,600.00  2504.43 23.40
50.19 49.83 50.06 3584.89 3405.44 3137.11 6500.00 2512.51 2.59
53.52 54.02 53.39 3185.71 3034.83 268291 8200.00 2884.13 2.84
53.57 54.18 54.39 3303.66 3162.21 2733.16  12,700.00  2913.67 4.36
53.59 53.43 54.58 3469.48 3391.77 2918.72  16,770.00  2924.94 5.73
53.95 54.33 53.42 3177.19 2935.16 2486.18  20,060.00  2882.01 6.96
53.14 54.09 53.90 3512.34 3500.00 2872.43  24,930.00 2864.25 8.70
52.47 53.35 52.76 4072.52 3996.97 3498.00  26,710.00  2799.27 9.54
53.41 52.84 53.56 3801.44 3608.78 2231.67  12,820.00  2830.11 4.53
56.03 53.45 53.09 3760.40 3686.21 3086.63  21,030.00 2974.63 7.07
54.49 53.29 53.52 2993.96 2944.20 2649.50  15,680.00  2916.30 5.38
52.41 53.29 57.94 3529.14 3310.86 2848.37  10,880.00 279293 3.90
52.96 52.06 52.90 3590.34 3550.34 297528  11,950.00  2753.97 4.34
51.07 53.60 53.66 3782.96 3700.69 2470.05 6700.00 2740.42 2.44
54.20 53.39 52.83 3386.54 3366.46 291749  11,530.00  2863.39 4.03
52.15 53.19 53.40 4076.34 3911.03 3547.62  14,450.00  2840.35 5.09
52.68 53.93 53.89 3665.99 3619.46 2124.19 5540.00 2906.29 191
50.00 50.11 49.94 3976.98 3841.54 3597.12  40,000.00  2497.00 16.02
48.20 48.20 47.88 3089.74 3012.50 2313.04 4340.00 2307.82 1.88
48.70 48.95 48.47 2818.02 2660.33 1971.66 5800.00 2366.31 245
48.49 48.80 48.27 2943.29 2804.60 2045.99 6410.00 2293.30 2.80
47.50 48.28 48.77 2992.02 2980.25 2092.51 6230.00 2317.27 2.69
47.71 48.57 48.75 2583.51 2539.06 1971.49 4930.00 2325.86 212
48.95 48.93 47.32 3113.16 2931.14 2224.09 7880.00 2395.12 3.29
48.30 49.22 47.65 3114.38 3038.27 2137.17 6210.00 2301.50 2.70
48.32 48.61 48.88 3116.03 3074.21 2416.00 6910.00 2348.84 294
48.20 48.92 46.83 3001.92 2946.99 2386.14 5930.00 2257.21 2.63
48.07 48.10 49.05 3083.33 3009.20 2165.32 7140.00 2312.17 3.09
48.57 48.85 48.61 3591.91 3574.26 3016.77  13,780.00  2372.64 5.81
49.45 46.05 48.36 3555.88 3532.14 2951.92  12,510.00  2391.40 5.23
48.63 48.91 48.93 3544.20 3498.56 3020.37  12,720.00  2378.49 5.35
47.48 48.81 47.76 3564.18 3562.77 3491.18  11,150.00  2331.17 4.78
48.35 46.62 49.10 3478.42 3409.72 2950.63  11,540.00  2373.99 4.86
46.10 48.90 49.60 3649.25 3594.20 3136.05 12,560.00  2425.44 5.18
49.88 49.50 50.09 4139.67 4090.91 3888.46  74,600.00  2469.06 30.21
50.55 50.72 49.18 4057.60 3998.37 3723.66  22,300.00  2486.05 8.97
48.78 49.52 49.98 4715.09 4628.04 4481.25  122,500.00 2415.59 50.71
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Table 3. Cont.

Terrace Sample Lateral Dimension [mm] Velocities Vz > Vy > Vx [m/s] FIN] Afmm?] o [Mpal
Order I I 111 z y X

CG_4 50.3 50.71 50.17 4487.61 4299.15 4251.69  55,700.00  2523.55 22.07
CG_9 52.10 47.69 49.05 3405.23 3455.80 3382.76 6570.00 2339.19 2.81
v CG_10 48.60 48.90 49.28 3422.54 4215.52 3200.00 5930.00 2409.79 2.46
CG_11 45.60 49.90 51.20 2338.46 4940.59 3129.58 8760.00 2554.88 3.43
CG_1 49.19 49.50 49.18 3152.87 2843.35 2166.52 2310.00 2419.16 0.95
CG_11 49.99 49.77 49.56 2262.27 2202.20 2183.26 2430.00 2477.50 0.98
v CG_2 49.90 49.48 49.33 2764.25 2610.05 1883.02 4770.00 2461.57 1.94
CG_21 49.67 49.58 49.93 2665.59 2684.41 1978.88 4320.00 2480.02 1.74

Considering the averages of the strength along the three axes for each series of speci-
mens (Table 4), in accordance with the classification of [34], all samples are characterized
by a “very low” strength (o < 25 MPa). Considering, however, the classification proposed
by the ISRM [29,30], the rock samples fall into class R1 and R2, corresponding to “very soft”
rocks (crushed by hitting with the tip of the hammer) and “soft” (hitting with the tip of
the hammer produces small incisions). As also reported by [35], a rock is defined as “soft”
when the uniaxial compressive strength value does not exceed 25 MPa.

By plotting the average values of the uniaxial compressive strength along the three
axes (x, y, z; Figure 10), it can be seen that all the samples show approximately the same
trend. Furthermore, by comparing the average velocity values (along the three axes x, y,
and z) with the average strength values (always along the three axes) for the five groups
of samples, it is observed that higher propagation velocity values correspond to relatively
higher strength values (Table 4).

Comparison of the mean resistance values
along the three spatial directions
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Figure 10. Comparison between the mean strength values across the three axial directions for the five
sample groups. The mean strength values along y and x for samples from the fourth and fifth terrace
orders were not determined due to an insufficient number of samples.
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Table 4. Comparison of uniaxial compressive strength values (on the left) and ultrasonic velocity
propagation values (on the right) along x, y, and z axes. nd = not detected.

om Vm

[MPa] I II III v v [m/s] I II III v v
average average
strength 9.13 744 11.68 7.69 1.40 velocity 367529  3437.56  3383.57 341346 2711.24
along z along z
average average
strength 4.32 6.08 3.43 nd nd velocity ~ 3029.85  3509.40  3128.59 nd nd
along y along y
average average
strength 4.40 3.56 5.08 nd nd velocity ~ 3005.22  2806.93  3110.03 nd nd
along x along x

5.3. Determination of the Point Load Strength Index

The PLT was performed for 12, 27, 10, 4, and 6 samples belonging to the terrace orders
I, IL, III, IV, and 'V, respectively; the results are reported in Table 5.

Table 5. Values obtained from the PLT for the different samples. D = sample diameter, L = maximum
size, P = failure load, D, = equivalent diameter, Is = strength index, F = size correction factor,
Iy(50) = corrected strength index.

Sample Test on L D De P Is F Iss0) UCS [31]

Specimen (mm) (mm) (mm) (KN) (MPa) (kN/mm?) = [MPal] [MPal
axial 50 50 56.42 1.08 0.34 1.06 0.36 8.22
axial 50 50 56.42 0.77 0.24 1.06 0.26 5.87
axial 50 50 56.42 0.92 0.29 1.06 0.31 7.04
axial 50 50 56.42 0.38 0.12 1.06 0.13 2.94
axial 50 50 56.42 0.42 0.13 1.06 0.14 3.17
axial 50 50 56.42 1.08 0.34 1.06 0.36 8.22
axial 50 50 56.42 0.78 0.25 1.06 0.26 5.99
axial 50 50 56.42 1.08 0.34 1.06 0.36 8.22
axial 50 50 56.42 0.83 0.26 1.06 0.28 6.34
axial 50 50 56.42 0.94 0.29 1.06 0.31 7.16
axial 50 50 56.42 0.62 0.19 1.06 0.20 4.70
axial 50 50 56.42 1.32 0.42 1.06 0.44 10.10
axial 50 50 56.42 1.23 0.39 1.06 0.41 9.39
axial 50 50 56.42 1.54 0.48 1.06 0.51 11.74
axial 50 50 56.42 1.54 0.48 1.06 0.51 11.74
axial 50 50 56.42 1.54 0.48 1.06 0.51 11.74
axial 50 50 56.42 2.77 0.87 1.06 0.92 21.13
axial 50 50 56.42 1.54 0.48 1.06 0.51 11.74
axial 50 50 56.42 1.54 0.48 1.06 0.51 11.74
axial 50 50 56.42 2.31 0.73 1.06 0.77 17.61
axial 50 50 56.42 3.08 0.97 1.06 1.02 23.48
axial 50 50 56.42 4.62 1.45 1.06 1.53 35.22
axial 50 50 56.42 2.28 0.72 1.06 0.76 17.38
axial 50 50 56.42 2.40 0.75 1.06 0.80 18.32
axial 50 50 56.42 1.54 0.48 1.06 0.51 11.74
axial 50 50 56.42 2.54 0.80 1.06 0.84 19.37
axial 50 50 56.42 212 0.67 1.06 0.70 16.20
axial 50 50 56.42 2.39 0.75 1.06 0.79 18.20
axial 50 50 56.42 2.82 0.88 1.06 0.93 21.49
axial 50 50 56.42 2.03 0.64 1.06 0.67 15.50
axial 50 50 56.42 1.85 0.58 1.06 0.61 14.09
axial 50 50 56.42 1.23 0.39 1.06 0.41 9.39
axial 50 50 56.42 1.69 0.53 1.06 0.56 1291

axial 50 50 56.42 274 0.86 1.06 0.91 20.90
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Table 5. Cont.
Sample Test on L D De P Is F 152(50) UCS [31]

Specimen (mm) (mm) (mm) (KN) (MPa) (kN/mm*) = [MPal] [MPal

axial 50 50 56.42 1.46 0.46 1.06 0.48 11.15

axial 50 50 56.42 2.55 0.80 1.06 0.85 19.49

axial 50 50 56.42 2.35 0.74 1.06 0.78 17.96

axial 50 50 56.42 2.28 0.72 1.06 0.76 17.38

axial 50 50 56.42 2.02 0.63 1.06 0.67 15.38

MZ17 axial 50 50 56.42 3.08 0.97 1.06 1.02 23.48
MZ18 axial 50 50 56.42 3.08 0.97 1.06 1.02 23.48
MZ19 axial 50 50 56.42 3.08 0.97 1.06 1.02 23.48
MZ20 axial 50 50 56.42 3.08 0.97 1.06 1.02 23.48
MZ21 axial 50 50 56.42 4.62 1.45 1.06 1.53 35.22
MZ22 axial 50 50 56.42 3.08 0.97 1.06 1.02 23.48
MZ23 axial 50 50 56.42 431 1.35 1.06 1.43 32.87
MZ24 axial 50 50 56.42 1.54 0.48 1.06 0.51 11.74
MZ25 axial 50 50 56.42 2.31 0.73 1.06 0.77 17.61
MZ26 axial 50 50 56.42 2.31 0.73 1.06 0.77 17.61
GC_4a irregular shape 50 50 56.42 6.93 2.18 1.06 2.30 52.83
GC_4b irregular shape 120 50 87.40 7.69 1.01 1.29 1.30 29.79
GC_4c irregular shape 50 50 56.42 6.46 2.03 1.06 2.14 49.31
GC_4d irregular shape 170 50 104.03 9.23 0.85 1.39 1.19 27.29
GC_2a irregular shape 110 50 83.68 2.31 0.33 1.26 0.42 9.56
GC_2b irregular shape 110 50 83.68 3.08 0.44 1.26 0.55 12.75
GC_2c irregular shape 110 50 83.68 2.92 0.42 1.26 0.53 12.11
GC_2d irregular shape 140 50 94.41 2.31 0.26 1.33 0.34 7.93
GC_2e irregular shape 110 50 83.68 277 0.40 1.26 0.50 11.47
GC_2f irregular shape 120 50 87.40 1.54 0.20 1.29 0.26 5.96

Several studies on detailed calculations of the UCS value (e.g., [1,33,36-39] and others)
have considered various types of rocks (shale, siltstone, sandstone, limestone, quartzite,
etc.) from different regions (UK, South Africa, USA, Turkey, Arabia, etc.). On this basis,
we chose to consider the correlation equations with their conversion factors (K) obtained
from samples attributable to sedimentary rocks, sandstones, and limestones, proposed
by various authors to make a better comparison with the arenaceous/calcarenitic studied
samples (Table 6).

Figure 11 shows the comparison between the results obtained from the uniaxial com-
pression test and from the PLT, considering the equations proposed by the various authors.

It can be observed that only for the samples belonging to the first terrace order
were obtained values comparable with the uniaxial compression test results (Figure 11
and Table 7). In particular, a strong correlation is noted with the equations proposed
by [1,30,33,39,40]. The remaining ones show no correlation; therefore, the correlation K-
factor has been maintained as the one suggested by the ASTM standard [31] and ISRM [29],
which mainly take into account the size of the sample rather than the type of rock. Therefore,
the K value considered is equal to 23 for all the samples of each type of terrace.

It is noted, however, that overall, the resistance values do not exceed 25 MPa and,
therefore, these results can be considered congruent with the hypothesis that they are “soft”
rocks. Only the samples of the fourth terrace order show values between 25 and 50 MPa
and are therefore classifiable as “moderately hard”. The difference between the obtained
values can be ascribable to the different ways in which the specimens are broken; in fact, for
the PLTs, there are high strength values because the contact area between the conical tips
and the specimen is extremely small, while for the uniaxial compression test, theoretically,
the stress is distributed over the entire surface of the specimen. Furthermore, the PLT is
strongly conditioned by the presence of microfractures or weak levels within the samples
and their orientation with respect to the conical tips.
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Table 6. Correlating equations given by previous researchers. [1,33,38—41] consider sandstone rock types; the other authors consider general sedimentary rocks.

Author(s) and Correlation Equations

Is(50) UCS = UCS =29 UCS =20 UCS =23 UCS =30 UCS=174 UCS=141 UCS =24 UCS = UCS =13 UCS =13
Samples (kN/mmZ) 23.97 15(50) IS(50) [MPa] 15(50) [MPa] IS(50) [MPa] 15(50) [MPa] 15(50) [MPa] 15(50) [MPa] 15(50) [MPa] 11.24 15(50) 15(50) +4 15(50)) +4
= [MPa] [MPa] [42] [36] [371 [29,43,44] [45] [33] [46] [40] [MPa] [41] [MPa] [38] [MPa] [39]
0.36 8.57 10.36 7.15 8.22 10.72 6.22 5.04 8.58 4.02 8.65 7.36
0.26 6.12 7.40 5.10 5.87 7.66 444 3.60 6.13 2.87 7.32 5.26
0.31 7.34 8.88 6.13 7.04 9.19 5.33 4.32 7.35 3.44 7.98 6.31
0.13 3.06 3.70 2.55 2.94 3.83 2.22 1.80 3.06 143 5.66 2.63
0.14 3.30 4.00 2.76 3.17 4.13 2.40 1.94 3.31 1.55 5.79 2.84
0.36 8.57 10.36 7.15 8.22 10.72 6.22 5.04 8.58 4.02 8.65 7.36
0.26 6.24 7.55 5.21 5.99 7.81 4.53 3.67 6.25 2.93 7.38 5.36
0.36 8.57 10.36 7.15 8.22 10.72 6.22 5.04 8.58 4.02 8.65 7.36
0.28 6.61 7.99 5.51 6.34 8.27 4.80 3.89 6.62 3.10 7.58 5.68
0.31 7.46 9.03 6.23 7.16 9.34 5.42 4.39 7.47 3.50 8.05 6.41
0.20 4.89 5.92 4.08 4.70 6.13 3.55 2.88 4.90 2.30 6.65 421
0.44 10.52 12.73 8.78 10.10 13.17 7.64 6.19 10.54 4.93 9.71 9.04
0.41 9.79 11.84 8.17 9.39 12.25 711 5.76 9.80 4.59 9.31 8.41
0.51 12.24 14.80 10.21 11.74 15.31 8.88 7.20 12.25 5.74 10.64 10.52
0.51 12.24 14.80 10.21 11.74 15.31 8.88 7.20 12.25 5.74 10.64 10.52
0.51 12.24 14.80 10.21 11.74 15.31 8.88 7.20 12.25 5.74 10.64 10.52
0.92 22.02 26.65 18.38 21.13 27.57 15.99 12.96 22.05 10.33 15.95 18.93
0.51 12.24 14.80 10.21 11.74 15.31 8.88 7.20 12.25 5.74 10.64 10.52
0.51 12.24 14.80 10.21 11.74 15.31 8.88 7.20 12.25 5.74 10.64 10.52
0.77 18.35 22.21 15.31 17.61 2297 13.32 10.80 18.38 8.61 13.95 15.77
1.02 24.47 29.61 20.42 23.48 30.63 17.76 14.40 24.50 11.48 17.27 21.03
1.53 36.71 4441 30.63 35.22 4594 26.65 21.59 36.75 17.21 2391 31.55
0.76 18.11 2191 15.11 17.38 22.67 13.15 10.65 18.13 8.49 13.82 15.56
0.80 19.09 23.09 15.93 18.32 23.89 13.86 11.23 19.11 8.95 14.35 16.40
0.51 12.24 14.80 10.21 11.74 15.31 8.88 7.20 12.25 5.74 10.64 10.52
0.84 20.19 24.43 16.85 19.37 25.27 14.66 11.88 20.21 9.47 14.95 17.35
0.70 16.89 20.43 14.09 16.20 21.13 12.26 9.93 16.91 7.92 13.16 14.51
0.79 18.97 22.95 15.82 18.20 23.74 13.77 11.16 18.99 8.89 14.29 16.30
0.93 22.39 27.09 18.68 21.49 28.03 16.25 13.17 22.42 10.50 16.14 19.24
0.67 16.15 19.54 13.48 15.50 20.21 11.72 9.50 16.17 7.57 12.76 13.88

0.61 14.68 17.76 12.25 14.09 18.38 10.66 8.64 14.70 6.89 11.96 12.62
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Table 6. Cont.

Author(s) and Correlation Equations

Is(50) UCS = UCS =29 UCS =20 UCS =23 UCS =30 UCS=174 UCS=141 UCS =24 UCS = UCS =13 UCS =13
Samples (kN/mmz) 23.97 15(50) IS(SO) [MPa] 15(50) [MPa] 15(50) [MPa] 15(50) [MPa] 15(50) [MPa] 15(50) [MPa] 15(50) [MPa] 11.24 15(50) 15(50) +4 15(50)) +4
= [MPa] [MPa] [42] [36] [371 [29,43,44] [45] [33] [46] [40] [MPa] [41] [MPa] [38] [MPa] [39]
0.41 9.79 11.84 8.17 9.39 12.25 7.11 5.76 9.80 4.59 9.31 8.41
0.56 13.46 16.28 11.23 12.91 16.85 9.77 7.92 13.48 6.31 11.30 11.57
0.91 21.78 26.35 18.17 20.90 27.26 15.81 12.81 21.81 10.21 15.81 18.72
0.48 11.62 14.06 9.70 11.15 14.55 8.44 6.84 11.64 5.45 10.30 9.99
0.85 20.31 24.57 16.95 19.49 25.42 14.74 11.95 20.34 9.52 15.02 17.46
0.78 18.72 22.65 15.62 17.96 23.43 13.59 11.01 18.74 8.78 14.15 16.09
0.76 18.11 2191 15.11 17.38 22.67 13.15 10.65 18.13 8.49 13.82 15.56
0.67 16.03 19.39 13.37 15.38 20.06 11.64 9.43 16.05 7.52 12.69 13.78
1.02 24.47 29.61 20.42 23.48 30.63 17.76 14.40 24.50 11.48 17.27 21.03
MZ18 1.02 24 .47 29.61 20.42 23.48 30.63 17.76 14.40 24.50 11.48 17.27 21.03
MZ19 1.02 24.47 29.61 20.42 23.48 30.63 17.76 14.40 24.50 11.48 17.27 21.03
MZz20 1.02 24.47 29.61 20.42 23.48 30.63 17.76 14.40 24.50 11.48 17.27 21.03
MZ21 1.53 36.71 44.41 30.63 35.22 4594 26.65 21.59 36.75 17.21 2391 31.55
MZz22 1.02 24.47 29.61 20.42 23.48 30.63 17.76 14.40 24.50 11.48 17.27 21.03
MZz23 1.43 34.26 41.45 28.59 32.87 42.88 24.87 20.15 34.30 16.07 22.58 29.44
MZ24 0.51 12.24 14.80 10.21 11.74 15.31 8.88 7.20 12.25 5.74 10.64 10.52
MZz25 0.77 18.35 22.21 15.31 17.61 2297 13.32 10.80 18.38 8.61 13.95 15.77
MZ26 0.77 18.35 2221 15.31 17.61 2297 13.32 10.80 18.38 8.61 13.95 15.77
GC_4a 2.30 55.06 66.62 4594 52.83 68.91 39.97 32.39 55.13 25.82 33.86 47.32
GC_4b 1.30 31.04 37.56 25.90 29.79 38.85 22.53 18.26 31.08 14.56 20.84 26.68
GC_4c 2.14 51.39 62.18 42.88 49.31 64.32 37.31 30.23 51.46 2410 31.87 4417
GC_4d 1.19 28.44 34.41 23.73 27.29 35.59 20.64 16.73 28.47 13.34 19.42 24.44
GC_2a 0.42 9.96 12.05 8.31 9.56 12.47 7.23 5.86 9.97 4.67 9.40 8.56
GC_2b 0.55 13.28 16.07 11.08 12.75 16.62 9.64 7.81 13.30 6.23 11.20 1142
GC_2c 0.53 12.62 15.27 10.53 12.11 15.79 9.16 7.42 12.63 5.92 10.84 10.84
GC_2d 0.34 8.26 10.00 6.90 7.93 10.34 6.00 4.86 8.27 3.88 8.48 7.10
GC_2e 0.50 11.95 14.46 9.97 11.47 14.96 8.68 7.03 11.97 5.61 10.48 10.27

GC_2f 0.26 6.21 7.51 5.18 5.96 777 4.51 3.65 6.22 291 7.37 5.34
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Table 7. Summary of results of the UCS test and PLT for rock samples of each terrace order.
PLT Average UCS [MPa]
Terrace Average UCS = UCS=29  UCS=20 UCS 2 23 UCS=30 UCS=174 UCS=141 UCS=24 UCS = UCS=13 UCS=13
Order om[Mpal  2397Iss0)  Iseo) [MPal  Igsg) [MPal 5y ) Loso) [MPal - Igsg) [MPal - Igsg) [MPal - Iy(sg) [MPa] - 11.24 L) Lss0) + 4 Ls(s0) + 4
[MPa] [42] [36] [37] o043,44] [45] [33] [46] [40] [MPa] [41]  [MPa] [38]  [MPa] [39]
6.74 6.77 8.19 5.65 6.50 8.47 491 3.98 6.78 3.17 7.67 5.82
5.80 17.08 20.66 14.25 16.39 21.37 12.40 10.04 17.10 8.01 13.26 14.68
111 7.77 2423 29.31 20.21 23.25 30.32 17.59 14.25 24.26 11.36 17.14 20.82
v 7.69 4148 50.19 34.61 39.80 51.92 30.11 24.40 41.54 19.45 26.50 35.65
A% 1.40 10.38 12.56 8.66 9.96 12.99 7.54 6.11 10.39 4.87 9.63 8.92
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Figure 11. Comparison between the results obtained from the uniaxial compressive strength test and
the point load test [33,36-43,45,46].

] i Vv
Comparison of Uniaxial and PLT results for each terrace order

For the evaluation of the correlation rate between the PLT results (with K = 23) and the
uniaxial test, a graph was created (Figure 12) in which each observed value (compressive
strength value obtained by PLT) corresponds to a predicted value (compressive strength
value obtained by uniaxial test). Within the graph, there is also a line (y = mx) which
identifies two fields: the area below the line identifies underestimated uniaxial compressive
strength values, while the field above the line identifies overestimated values.

From Figure 12, it is observed that all the points deviate from the straight line, marking
a poor correlation between the two strengths. The only strong correlation is showed by the
average of the samples belonging to the first terrace order, while the remaining samples
show an overestimation of the UCS value; these values were probably obtained because
the samples are strongly fractured and altered and/or the number of samples considered is
not sufficient to carry out a similar evaluation.
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Figure 12. Correlation of uniaxial unconfined compressive strength and PLT results. The area under
the orange dotted line represents the underestimation field of the UCS value by indirect methods,
while the area above the line is the overestimation field.

5.4. Correlation by Statistical Coefficients

Finally, two statistical coefficients were also calculated to evaluate the correlation rate,
variance accounted for (VAF) and root mean square error (RMSE). These are typically used
to check the reliability of a predictive model. The best model is obtained when VAF (%) is
close to 100 and RMSE tends to zero [47]. In this study, the values obtained by the uniaxial
compression test were considered as “exact” or “predicted”, while those obtained by the
PLT, based on ASTM standards [31], were considered as “to evaluate” or “observed”.

The performance of the model was assessed by considering the averages of the 112
samples of the five terrace orders. The results for RMSE and VAF were 17.10 and 79.27%,
respectively. Given the low correlation rate with the equations proposed by various authors,
these values are entirely acceptable.

6. Discussion

In this study, we compared the strength values obtained through uniaxial compression
tests and PLTs to verify the reliability of the data obtained from the latter. These tests were
conducted on 112 samples of calcarenite and sandstone from five different terrace orders in
the Crotone Basin area.

The resistance values for both types of tests show a gradual increase from the oldest
terrace order to the youngest. This suggests that rocks from older terrace orders, having
been subjected to alteration processes for a longer period compared to the younger terraces,
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have experienced a deterioration in their mechanical properties- Future studies should
explore new K-factor proposals for these types of rocks.

The comparison was conducted both graphically and numerically by calculating the
VAF and RMSE correlation indices. For the UCS values, we used an equation with a
coefficient K set to 23 for all samples from each terrace. This value was chosen because,
despite considering several factors proposed by different authors based on rock type, none
provided a good correlation with the predicted data from the uniaxial test. Hence, a classic
value proposed by ASTM [31] and ISRM [29,44] was selected, considering sample size
rather than rock type.

The analysis revealed that the uniaxial compressive strength values estimated through
PLTs align with those obtained from the uniaxial compressive strength test only for samples
from the oldest terrace order. This highlights the importance of carefully selecting the
appropriate test based on lithology, taking into account the limitations of each method.

The Crotone Basin area suffers from significant instability issues, particularly in
the coastal region (corresponding to the youngest terrace orders: III, IV, and V). These
issues manifest as landslides, including rock falls, topples, spreads, and sliding along
calcarenite slopes, as well as rotational sliding involving the underlying clays of the Cutro
Clay Formation.

Contributing factors to gravitational deformations include (i) the infiltration of rainwa-
ter into fractures in the rock masses, leading to enlargement due to both chemical alteration
processes and washout, resulting in overturning and slips; (ii) progressive decay of geotech-
nical characteristics of soil beneath calcarenite blocks caused by water veins interposed
between calcarenites and underlying clays, promoting differential block movements and
lateral spreading phenomena; and (iii) degradation and progressive disintegration of out-
cropping calcarenites caused by atmospheric agents. As noted in the sampling section, the
arenites have high permeability, mainly due to porosity and fractures which create a dense
network of discontinuities within the mass. This implies that the lithotypes are highly
sensitive to atmospheric agents due to the ease with which rainwater can percolate.

These conditions contribute to the vulnerability of the calcarenite slopes of the studied
terraces. Additionally, in coastal areas, wave action further exacerbates instability by
eroding the base of the slopes. These slopes undergo retrogressive erosion, starting from
the outer cliff and gradually moving inward, altering the mechanical properties of the rocks
and shifting the terraces from a state of equilibrium to instability.

7. Conclusions

The study highlights the gradual increase in rock resistance from the oldest to the
youngest terrace orders, indicating a deterioration in mechanical properties due to pro-
longed alteration processes.

The analysis shows that the uniaxial compressive strength values estimated through
PLTs are consistent with those obtained from uniaxial compressive tests only for the oldest
terrace order. This emphasizes the importance of selecting the appropriate test method
based on lithology and considering the limitations of each method.

The findings also underscore the significant instability issues in the Crotone Basin
area, particularly in coastal regions. Effective monitoring and management strategies are
essential to mitigate the impact of these instability phenomena on the mechanical properties
of the rocks and the overall stability of the area.
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