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Abstract: In the framework of the largest urban-transit system ever built from scratch, the Riyadh
Metro Project (6 lines totaling 176 km), a comprehensive investigation was carried out for karst
detection, prevention and correction. This case study of the Metro Line 3 (41.6 km) seeks to show
how the multi-technique geophysical survey (seismic refraction, electrical resistivity and ground
penetration radar down to 40-50 m depth) was found to be a successful tool in detecting karst
features. Preventive measures included systematic probing drilling to anticipate karst cavities below
foundations (653 piers) and tunnel lining evaluation using 2D finite elements. Finally, this paper
provides initial guidance of the corrective techniques used for each engineering challenge, such as
cavity filling with grouting, geogrid reinforcement, etc.
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1. Introduction

Most of the area of Saudi Arabia lies above soluble sedimentary rocks, with a wide variety of
karst features reported in numerous areas, constituting one of the most important geohazards in the
Kingdom [1,2]. Various authors have reported high potential of karst caves, sinkholes, endokarst and
open fractures causing hazard for construction in Riyadh, the capital [3-6]. In particular, karst was
the most significant risk faced throughout the geotechnical design assessment of the Riyadh Metro
Project Line 3 (Figure 1).
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Figure 1. Different karst features found during the construction of the Riyadh Metro Line 3: (a) cave

in Jubaila Fm. at the West Depot; (b) epikarst in Sulaiy Fm. at an open excavation and (c) endokarst
following an interbedded dolomite layer in Jubaila Formation at the western end of Line 3 (RDA-
ANM-IDOM).
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The Riyadh Metro is the largest urban-transit system ever built from scratch. It is a $23 bn project
with a driverless operating system, which comprises 6 lines (176 km), 85 stations (50 underground,
31 elevated and four at-grade), 7 depots and 25 Park & Rides (P&R) with expected completion by the
end of 2018. Line 3 is the longest line with 41.6 km, of which 25.7 km are over concrete slab viaducts,
11 km of underground section (including 5.7 km with TBM) and 4.9 km at grade. It includes 22
stations, 2 depots and 5 P&R for users, with a total value of $6 bn and 48 months of expected
construction (Figure 2).

This article aims to briefly show how the multi-technique survey used for karst detection
enabled us to propose mitigation procedures adapted to the karst structures. Furthermore, it lays out
corrective measures which helped achieve reliable, safe and efficient designs and construction works.
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Figure 2. Riyadh Metro Project layout showing the different types of sections and stations with
different colors depending on their type along the Line 3 (RDA-ANM-IDOM).

2. Methodology

2.1. Detection

An integration of multi-technique geophysical survey was carried out to detect areas with poor
engineering properties related to karst features down to 40-50 m depth [7]. This survey included 37.8
km of seismic refraction tomography, conducted with an equipment of 58 geophones of 10 Hz spaced
10 m apart; 39.7 km of electrical resistivity tomography with an instrument of 96 channels using
Wenner-Schlumberger configuration; and 39.1 km of ground penetration radar using a system with
100 MHz antenna. On the basis of the results obtained via the geophysical survey, karst presence was
confirmed by borehole drilling (with integral logging including measurement of core recovery, Rock
Quality Designation, tv images recording, crosshole and downhole tests).

2.2. Prevention

As preventive measures, the ground within the footprint of shallow foundations or beneath base
of socketed piles on rock (with a total of 653 viaduct pier foundations) was investigated using probing
drilling in anticipation of potential karst cavities below [8]. The drilling was carried out by hydraulic
rig using the rotary-percussion method and a minimum diameter of 89 mm to allow for later
grouting. The investigation criteria for shallow foundations were based on the size of the footing with
5 to 8 probe holes at the center and corners of each location, which were extended to a depth of twice
the footing width. The presence of cavities was identified following a sudden increase of drilling
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speed. For bored piles socketed in rock, probes were carried out to a depth >3 m below the socket
base. In addition, the tunnel lining was evaluated using 2D finite-element software modelled on a
circular cavity of 1.5 m diameter to allow of a poor execution of the injections in the back of the ring
or due to a complete loss of the injected material.

2.3. Correction

For karst correction, any cavities encountered at rock surface were exposed, cleaned and then
filled with concrete to produce a sound footing grade. Based on the results of the preventive
investigation at each foundation location, cavities were filled using grout cement. Low injection rates
with limited pump-in pressures of 2-5 bar and a water/cement ratio of 0.6 were adopted to maximize
grout intake and avoid hydraulic fracturing. This treatment was considered successful when the
results obtained from additional cored boreholes carried out 7 days after completion confirmed that the
voids were filled. Geogrid reinforcement for pavements and embankments constructed over voids and
cavities was also prescribed. Deep foundations on rock were used to circumvent large cavities at site.

3. Results

Following the geophysical and geotechnical investigation, the preventive programme including
probing drilling showed the presence of cavities under viaduct foundations, allowing later grouting.
In case of karst cavity detection, the number of probeholes was increased around the main holes in
order to confirm lateral extension. Finally, cored boreholes were drilled to confirm proper grouting
of cavities which also enabled laboratory tests on grouted samples to be carried out (Figure 3).
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Figure 3. Probehole drilling and grouting on the footprint of a shallow foundation: (a) hydraulic rig
using the rotary-percussion method; (b) probehole record with karst detection from 5.6 to 9.4 m depth;
(c) location of 6 probeholes (A to E) on the shallow footing of 6 x 6 m, with red crosses marking the
holes with karst where four additional probeholes were drilled to check for lateral extension of the
cavity; (d) core box from confirmatory borehole to check the grouting (RDA-ANM-IDOM).

The evaluation of the cavity in various positions (intersecting the tunnel crown, the sidewall and
the invert of the tunnel) confirmed the design of the tunnel lining in terms of geometry and ring
reinforcement even for the most stressed section (Figure 4). Long term necessity requires that these
cavities must be grouted in order to ensure segmental lining behavior.
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Figure 4. Tunnel Lining evaluation: (a) Plaxis 2D model; (b,c) structural verification of ring with cavity
1.5 m in terms of bedding moment and axial force (RDA-ANM-IDOM-ROCKSOIL).

4. Conclusions

The geotechnical investigation, prevention and correction methodology carried out along the
Riyadh Metro Line 3 was found to be a time and cost-effective tool to minimize the risk involved in
construction in karstic terrain. However, this risk cannot be fully addressed and specific measures
should be taken when designing infrastructure construction projects in karstic areas. Given the
possibility of small karstic cavities (which could remain undetected even after probeholes and
geophysical surveys), lower values of bearing capacity should be considered in order to redistribute
stresses evenly around cavities. In addition, the bottom of excavations in rock should be thoroughly
inspected by an experienced geologist or geotechnical engineer and any weathered material removed
before casting. This case study provides initial guidance on techniques to be used in similar contexts.
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