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ABSTRACT

Nowadays global urbanization, increasingly trending towards megacities worldwide, is putting pressure
on the underground environment. Consequently, a need to shed light on the metropolitan subsurface
geology has arises. Different megacities around the world maintain large bibliographic repositories
related to prior infrastructure construction projects, for example, metro projects which spread over entire
urban areas. However, in fast growing cities like the capital of Saudi Arabia, the available technical and
scientific literature regarding the city’s subsoil is scarce. This investigation shows the first full-scale
geotechnical assessment of the Upper Jurassic - Lower Cretacic subcrop sequence found throughout
Riyadh’s downtown region. It is based on data obtained during the investigation of Riyadh’s Metro
Line 3 (41.6 km), the longest line within the largest metro project ever built from scratch and as a whole.
The geotechnical testing protocol involved around 9 km of core-drilling with tests conducted inside the
boreholes, collection of more than 900 samples of rock cores obtained to perform laboratory tests, and
42 km of multi-technique geophysical survey. This article provides data concerning ground properties
based on the statistical evaluation of intact rock and rock mass scales. Considering the lack of pre-
existing information, this paper could be useful when planning the design of future geotechnical inves-
tigations and projects spanning the city of Riyadh. Furthermore, this paper also provides empirical cor-
relations which are usable to obtain indirect geotechnical parameters, applicable to other urban areas

crossing frameworks similar to Riyadh’s subsoil.
© 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

regard, there is an increased motivation to use the metropolitan
underground space for the benefit of citizens.

With the global population residing in urban areas expected to
increase from its current 55 % to 68 % by 2050 (UN, 2019), assess-
ments of ground properties providing geotechnical data are
increasingly in demand in dense urban environments. In this
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Existing data from underground works can be of great value, if
data acquired is collected and made available to proceed with cor-
relations and analysis, especially in case of challenging geological
and geotechnical conditions (Marinos et al., 2013). Several authors
have reported geotechnical assessments related to railway metro
construction in the Arabian Peninsula. Beau et al. (2008) gives
description and characterization of the geotechnical units along
the Dubai Metro Project (the first urban transit network in the
region). Sousa et al. (2017) presents methodologies for tunnel
exploration planning in Masdar City Metro subway tunnels in
Abu Dhabi. Particularly in Saudi Arabia, Abdelrahman et al.
(2020) recently assessed ground conditions in the Holy city of
Makkah Al-Mukarramah and Alhumimidi (2020) in Jizan city,
among others.

Riyadh, capital of the Kingdom of Saudi Arabia, is one of the
world’s fastest growing cities and its population is expected to
increase from 7 million (current) to 8.5 million by 2030. Although
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there was an increase in the number of subsoil surveys associated
with the rapid urban development in Riyadh, the geotechnical data
is either not accessible or lost (Al-Refeai and Al-Ghamdy, 1994). In
this regard, only a few authors have brought to light geotechnical
aspects relating to rock engineering properties. Examples include
Masoud and Abd El Aal (2019) preparing geotechnical zoning maps
to describe the suitability of construction based on Rock Quality
Designation (RQD) and unconfined compressive strength. More-
over, several authors have reported on the geotechnical constraints
of the subsurface rocks related to karst cavities and sinkholes (Hird
et al,, 2019, among others). These factors elevated the need to
improve the geological and geotechnical knowledge of the carbon-
ate Mesozoic sequence in the city.

Riyadh lies on Late Jurassic to Lower Cretaceous carbonate rocks
with subhorizontal bedding, which from bottom to top are: Jubaila,
Arab (A, B, C and D members), Hith and Sulaiy Formations. These
units have suffered extensive slumping, collapsing and brecciating
due to the dissolution of the interbedded anhydrite levels by mete-
oric water (Bamousa et al., 2014). Due to the dissolution and col-
lapse of these rocks, myriad evidence of karst features was found
in the city, such as sinkholes and empty or clay filled cavities
(Youssef et al., 2016; Cueto et al., 2018a). Approximately 30 % of
the city, especially its central and eastern parts, is covered by
recent sediments, which are mainly composed of clay, silt, sand,
and gravel deposits (Al-Othman, 2002).

Considering that the understanding of urban environments
increases with each megaproject completed, the Riyadh Metro Pro-
ject (Fig. 1a) can be a starting point to enhance the urban geological
and geotechnical background of the city. It is a $23 bn project with
a driverless operating system, which comprises of 6 metro lines
(176 km), 85 stations, 7 depots, and 25 park & ride facilities. Given
the new information that this project provides and evidence of the
growing interest on this topic, several technical articles have been
written about the geotechnical design aspects of the Riyadh Metro
Project: of Line 1 (Almajed et al., 2021), Line 3 (Gémez Corral et al.,
2017), etc. However, ranges of geotechnical properties for the main
rock units found in the city have not been fully assessed until now.

2. Methodology

This research starts from the rock units classification reported
by Cueto et al. (2020) using multi-technique engineering geologi-
cal testing in Riyadh (462 x-ray fluorescence and LECO, 406 x-ray
diffraction and 11 petrographic analysis): Jubaila, Arab D lime-
stone, Arab D clay breccia, Arab C carbonate breccia, Arab ABC
brecciated limestone, Hith carbonate and clay breccia, and Sulaiy
(Fig. 1b). Furthermore, geophysical data for this investigation is
gathered from the integrated geophysical survey carried out along
the entirety of Metro Line 3 (37.8 km of seismic refraction, 39.7 km
of electrical resistivity, 28 crosshole and 169 downhole tests).
Finally, the geotechnical information presented in this article is
based on the extensive borehole testing program with 9 km of
core-drilling including 48 pressuremeters. These boreholes were
scaled along Line 3 with a shorter interval along the deep under-
ground section (100 m) than the elevated sections (250 m) to
match the level of difficulties likely to be encountered throughout
the metro infrastructure (Fig. 1a) and geology (Fig. 1b). In bench-
mark boreholes, a total amount of 909 samples of rock cores were
collected for laboratory tests (818 density, 626 unconfined com-
pression, 92 elasticity modulus, 237 point load and 7 triaxial). Sam-
ples were taken approximately each 3 m in depth, and at each
change of layer. For the execution of the different tests, ASTM stan-
dard (American Society for Testing Materials) was applied.

Given the variability and uncertainty of the rock properties, dif-
ferent standards use varied statistical analysis to assess character-
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istic geotechnical parameters. According to Eurocode 7, these
parameters should be mainly calculated based on laboratory and
field test results, choosing the characteristic value of a geotechnical
parameter as a prudent estimation of the limit state, with the cal-
culated probability of a worse value governing its occurrence lower
than 5 % (EN 1997-1, 2004). At the first stage, to improve the anal-
ysis, the available data was treated statistically using Tukey’s
Fences, including the definition of extreme values as outliers based
on the interquartile range. At a second stage, the characteristic val-
ues of intact rock properties (Xi inf and Xy sup) Were calculated as a
cautious estimate of the mean value (large volume of ground that
controls the occurrence of the limit state) with a confidence level
of 95 %. Considering that a large amount of laboratory data is avail-
able (Central Limit Theorem); a Normal distribution was consid-
ered, as suggested for these parameters in previous studies of
rock mechanics (e.g. Sari, 2009). The statistical method for deter-
mining the characteristic values (from Bond and Harris, 2008):

Xk.sup = Xmean(1 + knvx)

Xk.inf = Xmean(‘l - knvx)

where Xean is the arithmetical mean value, Vy is the coefficient of
variation and the Kk, is a statistical coefficient calculated as:

ky = t%%/1/n

The factor t%% is the t factor of Student’s distribution with n-1
degrees of freedom and confidence of 95 %, and n the sample size.

The rock mass was classified based on its characteristics and the
type and distribution of joints, with the Geological Strength Index
(GSI). The degree of jointing was calculated from borehole logging
and compared with the image from the corresponding Tv-logging
(218 tests) by observation of the general appearance of the rock
mass. In some cases, the low RQD value was revealed to correspond
to difficult rock sampling conditions, rather than a real fracturing
of the rock. For the Jcond parameter, reference was made to the
Rock Mass Rating system (RMRgg) of Bieniawski (1989) imple-
mented by taking advantage of direct observations of existing out-
crops carrying out 14 geomechanical surveys. From now on, RMR
refers to the RMRgg system without adjusting for joint direction
(RMRy,) and for dry conditions. The basic data obtained with the
results of laboratory tests on intact rock samples was then ampli-
fied using RocData v5.0 software (Rocscience Inc.) to define the
behavior of the rock mass following the Hoek-Brown failure crite-
rion (Hoek et al., 2002).

3. Results and discussion
3.1. Intact rock properties

3.1.1. Description, identification and classification

The chemical and mineralogical composition categorized most
of the rock samples as pure limestone, with only 30 % of them clas-
sified as argillaceous limestones and marls (Arab C and D breccias,
Hith, and lower Sulaiy). Magnesium-rich limestones are restricted
to Arab D limestone and upper Jubaila. The petrographic analysis
showed that most of the units corresponded to calcarenitic, bio-
clastic, and lithoclastic limestones with heterogeneous texture;
from mud-rich mudstone and wackstone to grain-supported litho-
clastic or peloidal packstone fabric (Fig. 2). Some samples pre-
sented brecciated textures made up of polymictic rock fragments
(<1 cm), quite likely due to the complete interbedded gypsum
and anhydrite dissolution and the subsequent brecciation under
lithostatic load, as mainly observed in Hith.
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Fig. 1. Riyadh Metro Project: a) general layout; b) geological section along Line 3 (vertical axis x10).

3.1.2. Physical properties

The unit weight at the natural water content values typically
ranged from 22 to 27 kN/m?, with an average of 24.6 kN/m>. Only
slight differences were found comparing the results of the well lay-

ered units (Jubaila and Arab D limestone) with the brecciated for-
mations (Arab D and C breccias, Arab ABC, Hith and Sulaiy) as
shown in Fig. 3a. The natural water content typically oscillated
from 0.1 to 1.1%. The porosity varied from 0.1 to 8.1% with an aver-
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Fig. 2. Core photographs examples: a) Jubaila calcarenite; b) Arab D calcarenite with burrows; c) Arab D clay breccia; d) Arab C carbonate breccia; e) Arab ABC aphanitic
limestone with geodic porosity; f) Hith carbonate and clay breccia; g) brecciated aphanitic-calcarenitic Sulaiy.

age of 2.5%, which is in the range of the typical values for limestone
(5-20 %) suggested by Serrano (2002). These values matched quite
well with the average unit weight of 22.75 kN/m? and porosity of 2
to 12% for Sulaiy limestone reported in the city by Abd El Aal
(2015).

3.1.3. Mechanical and elasticity properties

The unconfined compressive strength over 718 rock samples
ranged from 2.2 to 133.2 MPa, with an average of 37.8 MPa and
median value of 32.7 MPa. Strength results on rock samples
showed higher values for the bedded limestone rock layers (Jubaila
and Arab D limestone) with an average of 51 MPa, than for the
brecciated units (Arab D and C breccias, Arab ABC, Hith and Sulaiy)
with 25 MPa (Fig. 3b). These values matched relatively well with
the average dry strength previously evaluated by ADA (1990):
39.9 and 26.5 MPa for Jubaila aphanitic and calcarenitc limestone
respectively; 19.8, 23.1, and 25.3 MPa for Arab aphanitic, breccia,
and calcarenite correspondingly; and 25.6, 17.9, and 21.3 MPa for
Sulaiy aphanitic, breccia and calcarenite respectively. In addition,
their findings trend towards weakness with increasing moisture
content (23 to 73% reduction).

The strength results were also indirectly obtained from point
load test determinations (Fig. 3c) which presented high scatter of
the variation coefficient (V4 of 0.58). The Issq index varied from
0.3 to 8.3 MPa, which are typical values for limestone. Comparing
the strength results obtained from unconfined compressive
strength test with the ones directly obtained from point load
(Fig. 3c), there is fairly the same trend towards strength per
geotechnical unit. These values are slightly lower than the ones
obtained by Abdlmutalib et al. (2015) in an outcrop 60 km south
of Riyadh for Upper Jubaila and Arab-D Member. They ranged from
1.5 MPa for the laminated mudstone to 14 MPa for the grainstone

lithofacies. On the other hand, triaxial laboratory tests on rock
resulted in an average Hoek-Brown parameter “m;” of 12 for the
bedded limestone and 15 for the brecciated units.

Rock units show a modulus of elasticity typically ranging from
10 to 55 GPa, meanwhile, the Poisson ratio is generally between
0.2 and 0.3. The stiffness results obtained from the triaxial tests
are higher (average and median modulus of 41 GPa) than the ones
gained from the uniaxial strength tests with bands (33 GPa), prob-
ably due to the effect of the confining pressure in weak rocks,
which increase the friction in micro fissures (Mingqing, 2003). In
this regard, Alnuaim et al. (2019) obtained from nine rock core
specimens of Jubaila and Arab Formation in two sites of Riyadh
city, an average value of Poisson’s ratio of 0.25 and Young’s modu-
lus ranging from 45 to 59 GPa. These average values are greater
than the ones obtained along Line 3, probably due to the number
of test results and different specimens’ geometry.

Rock units were categorized as “low strength” and “high mod-
ulus ratio” (Ei/c > 500) according to Deere and Miller (1966) as
shown in Fig. 4. This high modulus ratio is typical in other lime-
stones in Arabia (Al-Shayea, 2004), with extreme values higher
than 1200.

3.1.4. Physico-mechanical correlations

Regarding correlation between density and strength tests, bet-
ter correlation was found between the thinly bedded limestone
rocks (Jubaila and Arab D limestone) than the brecciated carbonate
rocks (Arab brecciated rock units, Hith and Sulaiy), however, both
had a low Determination Coefficient (R? < 0.4). On the other hand, a
good linear correlation (R? > 0.9) was found between the maximum
axial stress and strain (Fig. 5).

According to Bieniawski (1974) an average correction factor for
all types of rock is feasible (G.~24-Iss¢). Contrastingly, Romana
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(1999) presented variable factor depending on the type of rock,
ranging from 18 to 24 for well cemented limestone and 12 to 18
for poor cemented limestones. The point load data resulted in a
wide range of results and a linear regression among point load
and uniaxial strength of 17.7, in place of the most common value
of 22-24. Such a result was associated with the brecciated nature
of most of the rocks and the fact that the point load results are
not very effective in the range of 0 to 2 MPa. The average G /
Isso ratio of these rock units was 19 for the bedded limestone units
(Jubaila and Arab D limestone), and approximately 16 for the brec-
ciated and slumped rock layers (Arab D and C breccias, Arab ABC,
Hith and Sulaiy). Moreover, higher average coefficients and more
consistent results were obtained through point load testing of axial

specimens (Isso of 3.6 MPa and V, of 0.03) than diametral ones
(2.2 MPa and 0.58) as previously assessed testing weak rocks by
Bowden et al. (1998).

3.1.5. Characteristic values of intact rock parameters

Based on the statistical analysis carried out, the lower or infe-
rior characteristic value (Xyinr) and the higher or superior charac-
teristic value (Xgsup) as a 95 % confidence limit for the mean
were calculated (Table 1). Considering the size and distribution
of the available data, a Percentile of 33 % was in general satisfacto-
rily adopted in Line 3. Tighter rules were not justified regarding
this kind of ground, where brecciated and well-bedded rocks
may coexist.
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Table 1
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Summary of statistical values of unit weight (kN/m?>), unconfined compressive strength (MPa), elasticity modulus (GPa) and point load test Isso (MPa). Legend: n, sample size;
Xmean, Mean value; Psp, percentile 50 % or median; S, deviation coefficient; Vy, variation coefficient; P33, percentile 33 %; Xy ins, inferior characteristic value as a 95 % confidence

limit; and Xy sup, superior characteristic value as a 95 % confidence limit.

Unit weight (kN/m>)

Unit n Max. Min. Xmean PSO Sx vx P33 Xk,inf xk.sup
All 818 28.15 19.12 24.56 24.65 0.95 0.04 24.24 24.50 24.61
Jubaila 231 26.70 21.48 24.53 24.61 0.84 0.03 24.23 24.44 24.62
Arab D limestone 124 28.15 21.68 24.75 24.86 1.05 0.04 24.38 24.59 24.90
Arab D breccia 25 25.32 21.16 23.96 24.18 0.92 0.04 23.82 23.64 24.27
Arab C breccia 30 25.80 22.76 24.71 24.78 0.81 0.03 24.51 24.46 24.96
Arab ABC 95 26.64 20.40 25.02 25.25 0.96 0.04 24.92 24.86 25.18
Hith 76 26.30 19.12 24.55 24.79 1.08 0.04 24.38 24.34 24.75
Sulaiy 237 26.84 20.50 24.35 24.50 0.87 0.04 24.09 24.25 24.44
Unconfined compressive strength (MPa)

Unit n Max. Min. Xmean Pso Sx Vx P33 Xk,inf Xicsup
All 718 133.20 2.20 37.80 32.70 23.73 0.63 24.18 36.34 39.26
Jubaila 227 133.20 12.89 49.71 46.31 21.19 0.43 37.67 47.38 52.03
Arab D limestone 126 114.70 9.63 53.51 48.21 27.72 0.52 37.73 49.41 57.60
Arab D breccia 23 51.60 2.20 25.12 25.80 12.88 0.51 19.28 20.51 29.73
Arab C breccia 29 98.20 11.30 32.68 23.04 21.23 0.65 20.42 25.98 39.39
Arab ABC 79 72.00 3.90 27.78 24.70 13.14 0.47 19.61 25.32 30.24
Hith 65 71.70 2.80 22.32 17.90 15.18 0.68 12.20 19.18 25.47
Sulaiy 169 73.70 4.00 23.32 19.19 14.45 0.62 14.59 21.49 25.16
Elasticity modulus (GPa)

Unit n Max. Min. Xmean Pso Sx Vy P33 Xu,inf Xicsup
All 99 74.20 7.39 33.72 34.00 12.21 0.36 30.96 31.68 35.76
Jubaila 29 58.19 16.49 37.12 36.83 8.87 0.24 33.24 34.32 39.92
Arab D limestone 12 57.80 18.30 38.51 35.50 11.76 0.31 33.88 3241 44.61
Arab D breccia 6 42.00 14.60 27.85 29.50 11.18 0.40 22.33 18.65 37.05
Arab C breccia 5 36.00 14.10 28.82 31.00 8.48 0.29 31.00 20.73 36.91
Arab ABC 11 53.13 11.85 35.26 32.00 12.77 0.36 29.90 28.28 42.24
Hith 7 54.50 16.00 32.22 35.00 13.21 0.41 33.64 22.52 41.92
Sulaiy 29 74.20 7.39 30.18 31.00 14.58 0.48 23.12 25.57 34.78
Point load test Isso (MPa)

Unit n Max. Min. Xmean Pso Sx Vx P33 Xiinf Xk sup
All 120 8.31 0.31 2.53 2.30 1.47 0.58 1.56 2.30 2.75
Jubaila 57 5.18 0.78 2.58 2.58 1.11 0.43 1.87 2.33 2.82
Arab D limestone 26 8.31 1.69 3.87 3.73 1.77 0.46 3.02 3.27 4.46
Arab D breccia 3 2.61 1.46 1.86 1.52 0.65 0.35 1.50 0.77 2.96
Arab C breccia 7 297 1.20 1.83 1.53 0.67 0.36 1.38 1.34 2.32
Arab ABC 11 3.60 0.77 1.73 1.52 0.96 0.56 1.15 1.20 2.25
Hith 7 1.27 0.31 0.84 0.94 0.41 0.50 0.47 0.53 1.14
Sulaiy 9 3.38 0.41 1.40 137 0.91 0.65 0.95 0.84 1.97

3.2. Rock mass

3.2.1. Geomechanical classification

In addition to the bedding (S0), four joint sets (due to lithifica-
tion under lithostatic load) of subvertical joints have been recog-
nized in geomechanical surveys (J1 to J4), for both the
undisturbed limestone and the brecciated units (Fig. 6a). This fact
is coherent with the sedimentary wedge context, evidence of the
absence of tectonic deformation. The bedding is of close spacing
(Fig. 6b), partially open (Fig. 6c), of very high persistence
(Fig. 6d), and with weathering rock infilling (Fig. 6e) according to
ISRM (1981). The joint sets (J1 to J4) show patent differences
between the unaltered bedded limestones and the brecciated for-
mations, the latter showing, closer spacing, lower persistence,
and higher weathering infilling.

Starting from the 46 Schmidt rebound number measured in the
geomechanical surveys (between 44 and 59 in Jubaila and 20 to 54
in Sulaiy) and a basic angle of friction (@) of 25°, a residual angle
of friction (@;) of 15° was calculated. The Schmidt rebound ham-
mer was also used to evaluate the Joint Compressive Strength
(JCS) of the walls as proposed by Deere and Miller (1966) resulting
in 10 to 30 MPa. The Joint Roughness Coefficient (JRC) was esti-

mated as 10 “smooth undulating” by comparing the appearance
of the surface of the rock joints with the standard profiles pub-
lished by Barton and Choubey (1977). The RQD measured in bore-
hole cores (Table 2) describes most of the rock units as “fair”
(Jubaila, Arab D limestone, Arab C breccia, Arab ABC and Sulaiy),
classifying the rest of the geotechnical units as “poor” (Arab D
breccia and Hith). The unaltered bedded limestone units are classi-
fied as good rock (65 > RMR > 62) and the fractured and brecciated,
as fair rocks (57 > RMR > 42) as shown in Table 2. Most of the val-
ues are within the range of GSI = RMR-2 (bedded limestone) and
GSI = RMR-4 (carbonate breccias).

3.2.2. Rock mass properties

The Generalized Hoek-Brown rock mass parameters were calcu-
lated (Fig. 7) based on the intact rock parameters (Table 2). The
correlation between the intact rock properties calculated from lab-
oratory tests (G, E; and m;) and the rock mass parameters calcu-
lated with RocData (o¢y, and E;,) using the GSI, correspond well
between geotechnical units, reflecting a geotechnical quality
reduction from the bedded limestone units to the brecciated for-
mations. Consequently, a geotechnical quality decrease from the
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Fig. 6. Joint set data from geomechanical surveys in open outcrops: a) orientation; b) spacing (mm); c) opening (mm) d) persistence or continuity (m); e) infilling (mm).

western section (bedded limestone outcrops) to the eastern section
of Line 3 (brecciated rocks formations) is revealed (Fig. 1b).

3.2.3. Geophysical investigation

Crosshole and downhole seismic testing resulted in P-wave and
S-wave velocities increase with depth, reflecting a subsurface
geomechanical quality improvement. Good results were obtained
for P-waves; contrastingly, S-waves signal showed poorer results
and quality, mainly due to the high background noise. The undis-
turbed limestone units (Jubaila and Arab D limestone) generally
resulted in the highest P-wave velocities (2000-3000 m/s). On
the other hand, the brecciated layers (Arab C and D breccias, Arab
ABC limestone, Hith and Sulaiy) usually showed lower velocities
with P-wave values ranging from 1500 to 2500 m/s.

The seismic refraction tomography has resulted in P-wave
velocities of 3000 to 4500 m/s for the competent calcareous bed-
rock composed of the Jubaila and Arab D limestone. Lower P-
wave velocities (2000 to 3000 m/s) are associated with the brec-
ciated terms of the Arab formations, Hith and Sulaiy. Comparing
the P-wave velocity from seismic refraction tomography with P-
wave velocity from downhole and crosshole tests, it was found that
the velocities from the latter are lower. This is explained by the
horizontally integrating effect of seismic refraction compared with
point-based sampling of the seismic tests inside boreholes (Cueto
et al., 2018b).

Finally, the electrical resistivity tomography has mainly given
information about the weathering and jointing state of the rocks,
with low resistivity values usually indicating more weathered or
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Table 2
Main rock mass properties by RMR and GSI based on data from borehole logging and geomechanical surveys in open outcrops.
UNIT BEDDED LIMESTONE CARBONATE BRECCIAS
Jubaila Arab D Limestone Arab D Breccia Arab C Breccia Arab ABC Hith Sulaiy
RMR Strength (MPa) 50 54 25 33 28 22 23
RQD (%) 61 65 33 58 55 34 52
Spacing (mm) 200-600 200-600 <60 60-200 60-200 60-200 60-200
Jcond Persistence (m) 10-20 10-20 >20 >20 10-20 10-20 3-10
Aperture (mm) <0.1 <0.1 0.1-1 0.1-1 0.1-1 0.1-1 0.1-1
Roughness Rough Rough Slight Slight Slight Slight Slight
Infilling (mm) Hard < 5 Hard < 5 Soft <5 Hard < 5 Hard < 5 Soft < 5 Hard < 5
Weathering Slight Slight Moderate Slight Slight Moderate Slight
Rating 20 20 12 16 17 13 18
Rating 62 65 42 56 57 46 56
Quality Good Good Fair Fair Fair Fair Fair
GSI Rating 61 63 38 53 53 40 53
70 -
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Fig. 7. Rock mass strength parameters: a) major (o) versus minor principal stress (o3); b) shear (1) versus normal (o) stress space. Legend: o, uniaxial tensile strength; o,
uniaxial compressive strength; G.n,, compressive strength of rock mass and E,,, deformation modulus of the rock mass.

fractured zones (<200 Qm), while the high resistivity values corre-
spond to the solid carbonate bedrock (200-700 Qm). The limita-
tions of this method prevented noticeable contrast of resistivity
between different geological formations, due to the similar litho-
logical features.

3.2.4. Rock mass stiffness

The results of the 48 pressuremeter tests carried out (76 mm
diameter OYO dilatometer) presented an average pressuremeter
modulus of 3.7 GPa. There is a clear difference between the mas-
sive limestone unit with an average pressuremeter modulus of
7.6 GPa, and the brecciated rocks which reached an average value
of 2.8 GPa (Fig. 8). An increase of pressuremeter modulus and shear

modulus was observed related to the quality of the rock in terms of
RQD, RMR and GSI. Comparing the elasticity modulus directly
obtained from pressuremeter tests with the modulus calculated
based on different geomechanical correlation equations (Fig. 8), it
is evident that the latter overestimates the rock mass modulus.
This overestimation is more pronounced as the value of RMR
increases.

The dynamic elasticity modulus obtained from the downhole
and crosshole tests presented values ranging from 2 to 10 GPa,
while the dynamic shear modulus varied from 1 to 4.5 GPa and
the Poisson ratio resulted in values differing from 0.20 to 0.35.
The average values of elasticity dynamic modulus determined
along Line 3 with the seismic wave velocities for each geotechnical
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Fig. 8. Comparison between the average rock mass modulus (E,,) estimated with empirical relationships (Serafim and Pereira 1983; Hoek et al. 2002, Galera et al. 2005, Hoek
and Diederichs 2006) against average in-situ pressuremeter test results based on the calculated RMR and GSIL.

unit are in the range of 5 to 8 GPa, which is approximately 1 to 4
times higher than the static ones measured with pressuremeter
tests. This is explained because the static moduli refer to a portion
of the mass rather than the whole rock mass, and this difference is
wider when the rock mass conditions are poorer (Martinez-Marti
nez et al., 2012). Although a trend like this is to be expected due
to the different range of strains involved in a seismic excitation
and in a static loading, the gap appears to be wide indeed and is
presumably related to local effects of the borehole walls.

4. Conclusions

The multi-technique geological testing revealed the existence of
seven geotechnical rock units, classifying most of them as cal-
carenitic limestone. The upper Arab members, Hith and Sulaiy pre-
sented brecciated textures due to evaporites dissolution, part of
them classified as argillaceous limestones and marls. The engineer-
ing behavior shows outstanding differences between the undis-
turbed formations (Jubaila and Arab D limestone) which are
moderate to medium strong, with high to average modulus ratio.
Comparatively, the brecciated units (Arab, Hith and Sulaiy) are
classified as low to moderate strength with a high modulus ratio.
The latter presents potential geotechnical risks such as weak
strength, karst, etc. Linear regression values among point load
and uniaxial strength of 19 and 16 were obtained for the bedded
and for the brecciated layers, respectively.

The undisturbed limestone units are classified as good rocks,
and the brecciated as fair rocks. Thus, resulting in a geotechnical
quality decrease from the west region to the east region of the city.
In this regard, new investigations should be mainly focused on the
eastern stretch of Line 3, which corresponds to an area with more
uncertainty in terms of available surveys and potential geotechni-
cal challenges. Good results were obtained for P-wave velocities
allowing for differentiation between geotechnical units, with the
reduction in velocities related to higher weathering. The values
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of the dynamic modulus are approximately 1 to 4 times higher
than the static ones.

As infrastructure projects increase in the Riyadh area, the
geotechnical investigation carried out can be utilized to assess
ground-related properties and design parameters in future projects
crossing the Mesozoic formations. Furthermore, it also seeks to
deliver empirical correlations to obtain indirect geotechnical
parameters, applicable to other urban areas crossing frameworks
similar to Riyadh’s subsoil. Some correlations resulted in low coef-
ficients of correlation (R? < 0.8), likely associated with the brec-
ciated nature of most of the rocks, which implies low reliability
and accuracy. Thus, confirmatory geotechnical tests must always
be carried out to allow a safe and reliable design, thereby optimiz-
ing the construction cost and schedule.
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