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ABSTRACT

Engineering applications, either on or within rock bodies, typically require detailed characterizations of
rock physical and mechanical properties, as both properties affect the design process and construction
phase and are also related to safety and sustainability of structures. Various in-situ and laboratory tests
have been used to quantify rock properties. However, the tests are expensive, time consuming and
require high quality test samples, especially for laboratory tests. Additionally, available core samples
may not meet test standards, which require about 54 mm (NX size) core, as suggested by the
American Society for Testing and Materials (ASTM) and the International Society of Rock Mechanics
(ISRM). This study aims to investigate the effects of core sample diameter on the relationships between
mechanical and physical properties of rock, using the example of limestone as a test material. 190 lime-
stone core samples were prepared in five different diameters: 24.94, 38.07, 47.7, 53.99 (NX) and
63.16 mm. Uniaxial compressive strength (UCS), diametrical and axial point load index (PLIp_a), indirect
tensile strength (ITS), Schmidt hammer (SHV), natural unit weight (v,), specific gravity (Gs), water con-
tent (w¢) and porosity (n) tests were performed on these core samples. The results indicate that sample
diameter clearly affects the relationships between mechanical and physical properties of limestone rock,
leading to broad measurement variations for most tests. Substantial agreement was found between this
study and previous studies of NX size samples of limestone.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

rect tensile strength (ITS), diametrical and axial point load index
(PLIpa), SHV, natural unit weight (v,), specific gravity (Gs), water

Rock physical and mechanical testing is a critical and required
condition for safe and sustainable engineering constructions, such
as dams, buildings, bridges, tunnels, etc., whether they are
installed on or within the rock bodies. In various engineering appli-
cations, limestones are common involved as foundations, or are
used as construction materials. In rock mechanics literature, the
values of mechanical and physical properties of limestones usually
show wide variations (Tugrul and Zarif, 2000; Vasarhelyi, 2005;
Shalabi et al., 2007; Arman et al., 2017; Pappalardo et al., 2016;
Arman et al., 2021). Unconfined compressive strength (UCS), indi-
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content (w¢) and porosity (n) test results are usually used to char-
acterize the properties of these rocks.

Tugrul and Zarif (2000) studied the effects of weathering on the
engineering properties of Devonian limestones that are wide-
spread to the east of Istanbul, Turkey. They reported that weather-
ing was chemical, controlled by content of carbonate, texture,
porosity and fractures. Micro fabric changes in the limestones con-
trol their strength (UCS), which increases with increasing unit
weight (y), and decreases with increasing porosity (n).
Vasarhelyi, 2005 performed a statistical analysis to determine the
influence of water content (w) on Miocene limestone strength. A
linear regression analyses showed that the degree of saturation
could be as important as other petrophysical parameters. Further,
the UCS increased with increasing density (p). Shalabi et al.
(2007) investigated the relationships between intact rock engi-
neering properties of dolomite/dolomitic limestone and various
hardness types. They reported close relationships between the
intact rock engineering properties, such as UCS and rock hardness.
Their findings were comparable to studies performed by other
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workers on various rock types. Moreover, they found a positive
linear trend between the UCS and vy, with moderate correlation
coefficient (R = 0.62). Arman et al. (2017) investigated the geome-
chanical and petrographic aspects of Lower Oligocene limestones
in Al Ain city, United Arab Emirates (UAE). Their results clearly
revealed relationships between the rock strength and the litholog-
ical properties, so that limestone strength increasing with progres-
sive dolomitization, but rock strength decreases with increasing
chalk content. Arman et al. also found a positive trend between
mean strength values (UCS, ITS and PLI) and mean 7, with moder-
ate to strong correlation coefficient (R 0.57-0.95). Pappalardo et al.
(2016) carried out comprehensive laboratory characterization of
the limestones of Baroque heritage monuments, Sicily, Italy. They
presented two different regression analyses between UCS and n;
linear and exponential depending on the nature of the tested sam-
ples. The correlation coefficient values (R) ranged from 0.81 to
0.92, indicating strong correlation between UCS and n. Arman
et al. (2021) examined how petrologic features of Lower Eocene
limestones in Al Ain, UAE, could control their mechanical and phys-
ical properties. Their results showed that for some limestones,
their mineral contents and cementation textures could render
them highly sensitive to mechanical failure, independently of other
factors, such as rock environmental conditions. They also found
variably positive to negative, and strong to weak relationships
among the componential, textural and physical parameters, as
shown by widely varying R-values (—0.30 to —0.75).

The aim of this study is to investigate the effects of specimen
diameter on the measurements of mechanical and physical proper-
ties of limestone. This followed by a comparison of the findings of
this study with those of previous available studies on NX size
(54 mm diameter) limestone core samples.

2. Study area, geological settings and experimental studies

The limestone rock materials utilized in this study were
obtained from Hafit Mountain, located south of Al Ain city, Abu
Dhabi, UAE (see Fig. 1). Hafit Mountain represents a macroscopic
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anticline, extending NNW-SSE and crossing the UAE — Oman bor-
der. The anticline folds an Eocene to Oligocene sequence domi-
nated by limestones. The samples were collected at three
separate locations along Hafit Mountain (Fig. 1). Representative
limestone blocks of various size (roughly 30 x 30 x 30 cm) were
careful inspected in the field, and samples lacking obvious
macro-defects (cracks, veins, cavities) were selected and trans-
ported to the laboratory for core sample preparation.

Three carbonate formations are exposed in Hafit Mountain
study area; from oldest to youngest, these are the Early Eocene
Rus Formation (55-49 Ma), the Middle to Late Eocene Dammam
Formation (49-34 Ma), and the Early Oligocene Asmari Formation
(34-29 Ma) (Fig. 1). The Rus Formation has thick massive beds of
grayish white to buff colored dolomitized limestone, and rarer thin
mudstone intervals. Brownish chert nodules are disseminated
within the dolomite layers at most locations. The Dammam Forma-
tion overlies the Rus Formation and shows some fracturing of mas-
sive Nummulitic limestone beds, and local chalky texture and
minor dolomitization. Thick interbeds of soft marl form packages
within the lower parts of the formation, while the upper parts
are mainly thinly bedded calcarenite. The Early Oligocene Asmari
Formation overlies the Dammam Formation, and is the youngest
well-exposed rock unit in the study area. It consists of gypsiferous
mudstone, Nummulitic marly limestone, chalk, dolomitic lime-
stone and marl (Arman et al., 2014).

A total of 190 core samples with approximately 24.94, 38.07,
47.70, 53.93 (NX size), and 63.16 mm diameters were extracted
from limestone rock blocks for the purpose of mechanical and
physical testing. The core samples were trimmed at both ends as
per test specifications and availability of core sample length, in
order to meet the required sample standards of length/diameter
ratio (ASTM, 2019). Before testing, each core sample’s dimensions
and weight were measured. The physical properties of limestone,
such as natural unit weights (v,), specific gravity (Gs), water
absorption (w¢), and porosity (n) were determined in accordance
with ASTM (2002) and ISRM (1981) standards. Table 1 provides
the statistical distributions of the physical and mechanical proper-

Fig. 1. (A) Hafit Mountain geological map and sampling locations, (B) General view of the Dammam Formation, limestone outcrops, (C) Uniaxial Compressive Strength, UCS,
test, (D) Point Load Index, PLI, - Diametrical tests, (E) Point Load Index, PLI, Axial tests, (F) Tensile Strength test and (G) Schmidt Hammer Value, SHV test.
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Table 1
The statistical distribution of the physical and mechanical properties of limestone.
Yo (KN/M?)  Ggo) We (%) n (%) UCS(MPa) PLipylgso)) (MPa) PLIayIss0y) (MPa) ITS (MPa) SHV (N)

Diameter = 24.94 (mm) Number of Samples 39 39 39 39 28 10 19 23 39
Minimum 214 2.8 0 0.2 30.7 19 2.5 4.2 37
Maximum 275 2.7 0.9 154 195 7.9 12 12.2 60
Average 26 2.6 0.2 3 93.1 5.8 8 7.1 51.6
Standard Deviation 1.4 0.1 0.2 3.4 42.5 1.93 2.6 1.7 4.8

Diameter = 38.07 (mm) Number of Samples 36 36 36 36 17 7 7 25 36
Minimum 22.8 23 0 0 44.5 2.9 39 1.8 375
Maximum 273 2.7 1.2 10.7 1885 6.8 83 134 52.5
Average 25.2 2.5 0.3 43 100.5 5 6.1 7 43.8
Standard Deviation 1.1 0.1 0.4 3.4 371 14 1.7 29 4.6

Diameter = 47.7 (mm) Number of Samples 29 31 31 31 14 3 7 10 29
Minimum 241 24 0 0.2 50.5 1.6 4 3.8 39
Maximum 273 2.7 0.6 7.2 184.1 6.1 6.8 10.8 54
Average 25.9 2.6 0.2 2.4 104.7 3.8 5.6 7.4 49.3
Standard Deviation 0.8 0.1 0.2 2.5 419 2.3 1.1 2.1 41

Diameter = 53.93 (mm) (NX) Number of Samples 63 63 63 63 22 17 13 24 63
Minimum 22.8 2.3 0.01 0.4 26.3 2.4 19 4.2 335
Maximum 29.1 2.7 0.9 10.2 1449 5.8 6.4 11.7 61
Average 254 2.6 0.2 3.6 90.5 43 4.6 8 471
Standard Deviation 1.1 0.1 0.1 29 34.7 1.1 1.5 21 7.1

Diameter = 63.16 (mm) Number of Samples 23 23 23 23 6 8 4 10 23
Minimum 21.8 2.4 0.1 0.5 42.2 2.2 3.9 2.6 33
Maximum 26.3 2.6 1 10 172 5.1 53 24 57.5
Average 24.8 2.5 0.2 4.4 93.7 33 4.5 5.7 45.8
Standard Deviation 1.2 0.1 0.2 3 43.4 0.9 0.7 2 7

¥n = Natural Unit Weight of the Sample (kN/m?), G, = Specific Gravity, w. = Water Content (%), n = Porosity (%),UCS = Uniaxial Compressive Strength (MPa), PLI(py(Is(50)) = Point
Load Index (Diametrical) (MPa), PLIa)(Is(50y) = Point Load Index (Axial) (MPa), ITS = Indirect Tensile Strength (MPa), SHV(N) = Schmidt Hardness Value (N).

ties of the limestone. The UCS, PLI - diametrical and axial (PLIp_4),

ITS, SHV tests were carried
2002, 2018) standards.

3. Results and discussion

out based on ASTM (1995, 1996, 2001,

The relationships between the UCS, PLIp_a(Iss0), ITS, SHV and
Yn» Gs, We, N data for the limestone samples, for the five different

core diameters, were assessed by linear regression analyses, within
a 95% confidence level. The equations of the lines of best-fit, and
their corresponding correlation coefficients (R) were estimated
for these correlated parameters and presented in Figs. 2-6 and
Table 2.

Although the data are highly scattered, the plots between UCS,
PLIp_a(Is(s0)), ITS, SHV and v, Gs showed that there were generally
positive correlation trends amongst those parameters (Fig. 2a-b;
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3a-b; 4-b, 5-b, 6a-b). However, there was a slight negative corre-
lation between the ITS and vy, Gs for core diameter 24.94 mm. Fur-
thermore, apart from R-values for the ITS - v, G, for core diameter
24.94 mm and PLIo(Is50)) - ¥Yn, Gs for core diameter 53.93 mm (NX
size), the remaining R-values ranged from 0.30 to 0.98 and indi-
cated weak to strong data correlations between the considered

parameters. Representative empirical relation and correlation coef-
ficient values of mechanical and physical properties of limestone
with various core sample diameters are given in Table 2.
Excluding R-values for the ITS - w,, n, for sample diameter
24.94 mm, and R-values for PLI5(Is50)) - W for 53.93 mm (NX size),
the correlation between UCS, PLIp_a(Is(s0)), ITS, SHV and wg, n are all
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Some of equations obtained for the NX core limestone samples
of this study, were compared with the reported equations in the
literature for the same rock types and NX core size (see Table 3).
The R-values (considered as good indicators for the strength and
sign of the relationship between two variables) were computed

represented by a negative linear equation, with corresponding R-
values ranging from -0.15 to -0.97 (Fig. 2c-d; 3c-d; 4c-d, 5¢-d,
6¢-d). Thus, the relationships between the plotted pairs of param-
eters vary from weak to strong with negative linear correlations
(see Table 2).



Table 2
Representative empirical relation and correlation coefficient values of mechanical and physical properties of limestone with various core sample diameter.
Physical Properties PLIp)(Is(50)) (MPa) PLIa)(Is(50)) (MPa) ITS (MPa) SHV (N)
(Number of Samples) Empirical Relation R-value Empirical Relation Empirical Relation R-value Empirical Relation  R-value Empirical Relation R-value
Diameter = 24.94 v, (kN/m?) (39) UCS = 24.4y, — 5484 033 PLIjpyIys0)) = 1.8y, — 40.6 PLI(a)(Is(50y) = 1.3¥n- 25.6 057 ITS=-02y,+122 -0.19 SHV =24y, -9.2 0.68
(mm) G, (39) UCS = 296.3G; — 681.6 030  PLIipyIss0)y) = 33.6Gs — 81.7 PLI(a)(Is(s0)) = 16.8Gs — 357 056  ITS=-23Gs+13.1 -0.11 SHV = 33.8G, — 36 0.70
we (%) (39) = —69.4w. + 1088 —0.35  PLlp)Iss0)) = —3.5W, + 6.5 PLIaIs(s0)) = —2.6W + 85 —0.19 ITS=—-0.1w.+7.1 —001 SHV =2.4w,+51.1 0.12
n (%) (39) UCS = —7.3n + 109 —0.30  PLIpy(Iss0)) = —0.7n + 7.5 PLI(a(Is(50)) = —0.6n + 9.3 —-0.57 ITS=0.1n+7 0.08 SHV =-09n+ 543 -0.64
Diameter = 38.07 7, (kN/m?) (36) UCS = 31.4yn — 687.7 0.86  PLIipyIgs0y) = 1yn — 19.9 PLI(a)(Is(50)) = 1.2 — 24.2 090 ITS=1.6y, — 335 0.64 SHV =2.7y,- 245 0.65
(mm) G, (36) UCS = 327.2G, — 726.8 0.84  PLIipyIgs0y) = 11.3Gs — 23.5 PLIa)(Is(50)) = 15.3Gs- 33 098 ITS =20.1G; — 43.8 0.69 SHV =30.5G,- 334 0.65
we (%) (36) UCS = —49.1w. + 117.9  —0.55  PLIpy(Iss50)) = —2.4w, + 5.2 PLIayIs50)) = —1.7W. + 6.4 —042 ITS=-3.1w.+78 -038 SHV=-59w.+453 -0.48
n (%) (36) UCS = —8.6n + 140.6 —0.82  PLIpy(Iss50)) = —0.4n + 6.6 PLIa)(Is(50)) = —0.4n + 7.4 -0.90 ITS=-0.6n+9.8 —-0.71 SHV=-0.9n+47.6 —-0.66
Diameter = 47.7 ¥a (KN/m?) (29) UCS = 52.1y, — 1248.4 0.77  PLIipyIss0)) = 0.9y, — 18.7 PLIa)(Is(50y) = 0.8y, — 13.1 0.67 ITS = 1.8y, — 39.1 0.61  SHV =3.4y, — 39.6 0.66
(mm) Gs (29) UCS = 513.7Gs — 12352 0.73  PLIpy(Is(50)) = 7.8Gs — 16.2 PLIay(Is50)) = 11.8Gs — 224  0.64  ITS=22.9G; — 524 058  SHV =40.3Gs — 55.2 0.69
we (%) (29) UCS = —168.7w. + 136.1 —0.83  PLIpy(Is50)) = —14.6W, + 5.8 PLIaYIs50)) = =11w:+9.3  -0.64 ITS=-154w.+9.1 -0.71 SHV = -16.3w.+51.9 -0.69
n (%) (29) UCS = —13.5n + 135.7 —0.82  PLIpy(Iss0)) = —0.4n + 5.2 PLIa)(Is(50)) = —0.4n + 9.1 -0.75 ITS=-0.8n+9 -0.73 SHV=-12n+523 -0.77
Diameter = 53.93 v, (kN/m?) (63) — 462.1 0.73  PLIipy(Iss0)) = 0.57n — PLI(a)(Is(50)) = 0.2y, — 1.1 0.15 ITS = 1.7y, — 35.7 0.69 SHV =5y, — 78.7 0.78
(mm), NX Gs (63) UCS = 194.7G, — 408.8 0.66  PLIpyIss0)) = 11.7G — 25 7 PLI(ay(Is(s0y) = 1.7Gs + 0.4 0.09 ITS=185G,—393 068 SHV=544G; —91.9 0.75
we (%) (63) UCS = —203.6w. + 117.1 —-0.50  PLIpy(Igs0)) = —2.4w, + 4.8 PLIaY(Is50)) = —0.3we + 4.7 —0.05  ITS = —6w, + 9.1 —-048 SHV=-11.8w.+49.2 -0.30
n (%) (63) UCS = —8.9n + 120.5 —0.75  PLIpy(Is50)) = —0.4n + 5.6 PLIa)(Is(50)) = —0.2n + 5.3 -0.30 ITS=-0.6n+9.9 —0.70 SHV = -2.2n+ 548 —-0.82
Diameter = 63.16 7, (kN/m?) (63) UCS = 30.6y, — 668.1 0.85  PLIipyIgs0y) = 0.5, — 8.1 PLI(a)(Is(s0)) = 1.9y, — 42.8 0.89 ITS =1y, —19.5 0.73  SHV =5.1y, — 79.9 0.88
(mm) G, (23) UCS = 613.2Gs — 14441  0.88  PLIpy(Is(50)) = 7.7Gs — 15.9 PLI(ay(Is(s0)) = —8.6Gs +26.5  0.85  ITS = 15.5Gs — 33 0.66 SHV =63Gs — 112.8 0.68
o)Is50)) (
o)Iss0)) = (50

we (%) (23)
n (%) (23)

UCS = —59.9w. + 110.5 -0.06  PLIpyIs50)) = —1.2w, + 3.6
UCS = —-18.2n + 174.1 —-0.97 PLlp

s(50)

—0.2n + 4.6

PLIayIss0)) = —7.6W + 5.8 —0.88

PLia(Iss0) = —0.8n +62  —0.93

ITS = —4.5w, + 6.8
ITS=-0.5n + 8.4

—-0.59 SHV =-10.7w.+48.1 -0.38
—0.85 SHV=-1.8n+53.8 -0.79

UPQUIDIDY °§ pub UDULLY ‘[

UCS = Uniaxial Compressive Strength (MPa), PLI(py(Is(50)) - Point Load Index (Diametrical) (MPa), PLI(a)(Is(s0)) = Point Load Index (Axial) (MPa), ITS = Indirect Tensile Strength (MPa), SHV(N) = Schmidt Hardness Value (N), v, = Natural
Unit Weight of the Sample (kN/m?), G, = Specific Gravity, w. = Water Content (%), n = Porosity (%)
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Table 3
The correlation between some mechanical and physical properties of previous studies of limestone and this study.
Researchers Sample diameter Equations R Rock type
(mm)

Tugrul and Zarif, 2000 54 (NX) UCS =144 — 17.29n -0.77 Limestone

Arman et al., 2014 54 (NX) UCS = 0.09e {0267 0.84 Limestone
PLI(Is(50y) = 1E-06 7G-7462) 0.57
ITS = 1E-11y{$468) 0.95

Arman et al., 2021 54 (NX) UCS = 8E-09y}:12%2 0.77 Limestone
UCS = 123.17e; 0151w -0.67
UCS = 193.04n~ 9487 -0.63
ITS = 0.856y, - 15.191 0.62
PLI(Is50)) = 0.6683y, — 11.983 0.67
PLI(Iys0y) = 5.258e7 0097 ~0.64
SHV = 2.4601y, - 24.909 0.72
SHV = 37.865w; %117 ~0.60

This study 54 (NX) UCS = 21.8y,, - 462.1 0.73 Limestone
UCS = -203.6w, + 117.1 —0.50
UCS = -89n + 120.5 -0.75
PLIpy(Iss0)) = 0.5y, — 9.6 0.55
PLipy(Is0)) = —2.4w, + 4.8 —0.45
ITS = 1.7y, — 35.7 0.69
SHV =5y, — 78.7 0.78
SHV = —11.8w, + 49.2 -0.30

UCS = Uniaxial Compressive Strength (MPa), PLI;py(I5s0y) = Point Load Index (Diametrical) (MPa), ITS = Indirect Tensile Strength (MPa), SHV = Schmidt Hardness Value (N),

¥n = Natural Unit Weight of the Sample (kN/m?),

using the best line fit equations like linear, power and exponential
based on the obtained data and their distribution, respectively. The
relationships between UCS, PLIp(Igs0)), ITS, SHV and v, revealed in
this study were compared with those of obtained in previous lim-
ited studies on limestone having NX size sample diameter (Fig. 7a,
d, f, g). As shown in Table 3 and Fig. 73, d, f, g, the computed equa-
tions provide good agreement with this study, and the regression
coefficients (R) ranged from 0.55 to 0.95, medium to strong posi-
tive correlations. Similarly, the relationships between UCS, PLI.
Allss0y), 1TS, SHV and w,, n were compared with the previous
reported studies (Fig. 7b, c, e, h) (Table 3). There were good agree-
ments and the correlation coefficients varied from —0.30 to —0.75,
indicating negative weak to strong correlations.

4. Conclusions

The effects of rock drill core sample diameter on the relation-
ships between mechanical (UCS, PLIp_a(Is50)), ITS, SHV) and physi-
cal properties (Vn, Gs, W, n) of limestone were investigated on 190
limestone core samples with 24.94, 38.07, 47.7, 53.99 (NX) and
63.16 mm diameters. According to the test results, the following
conclusions were drawn:

1. The linear regression analyses indicate weak to strong correla-
tions between UCS, PLIp_a(Iss0)), ITS, SHV and vy, Gs with excep-
tional cases of the ITS - v, G for sample diameter 24.94 mm
and PLIa(Is0)) = ¥n, Gs for 53.93 mm (NX size). Therefore, in
general, v, and G, which are easily measured physical param-
eters can be used to predict UCS, PLIp_a(Iss0)), ITS, SHV of lime-
stone within the corresponding correlation coefficient values
(R).

2. Similarly, there are weak to strong, negative linear correlations
between the plotted pairs of UCS, PLIp_a(Is(50)), ITS, SHV and w,
n excluding the ITS - wg, n for sample diameter 24.94 mm and

w. = Water Content (%), n = Porosity (%).

PLIA(Is(50)) — W for 53.93 mm (NX size). Overall, based on the R-
values, UCS, PLIp_a(I5s0)), ITS, SHV of limestone can be simply
predicted using w. and n, which are basic physical parameters
that can be measured by simpler methods than those required
for the mechanical parameters.

3. The relationships between UCS, PLIp(ls50)), ITS, SHV and v, we,
n presented in this study were compared with the previous lim-
ited studies on limestone having NX size sample diameter.
There was good agreement between earlier studies and the pre-
sent study, indicating medium to strong positive correlations
with R-values ranging 0.55 to 0.95 for y,. In term of w, and n,
the agreement was good between the present and previous
studies and R-values ranged from —0.30 to —0.75, indicating
weak to strong correlations.

Variations in R-values may be attributed to the different com-
positional (mineralogical and chemical) and textural features
amongst limestones. Therefore, the provided equations should be
only use within the corresponding R-values for limestone, and
more research is needed before generalizing these results to other
rock types.
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Fig. 7. Comparison of previous studies results with this study; UCS vs. a) vy, b) we and ¢) n; PLip(Is(s0)) Vs. d) v and e) we; ITS vs. f) yq; SHV vs. g) v, and h) w, of limestone.
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