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ABSTRACT 
Two sites totaling over 13 km2 were investigated in the United Arab Emirates for future residential and commercial land 
development.  Detailed geophysical and geotechnical investigations were conducted at both sites in 2010 that allowed the 
preparation of geo-hazard risk assessments that were used by municipal planners and engineers during the design and 
construction of these developments.  The soil conditions were typical of karst terrain with numerous sink holes and collapse 
features being present, and with a significant risk of potential future sinkhole creation inherent with residential 
developments in this area. 
 
 

INTRODUCTION 

The Al Ain Municipality commissioned a series of 
geophysical investigations and geohazard assessments on 
proposed residential and commercial development lands 
located in the south portion of the City of Al Ain, Abu Dhabi 
Emirate, UAE.  The geological conditions of the area, along 
with historical and recent evidence, confirm that the City is 
situated over karst terrain, and that there is a high potential 
for solution cavities and collapse features to impact surface 
developments. 

The investigation consisted of three main phases.  
Firstly, GPR, ERT and Ohm-mapper scanning geophysical 
methods were used to identify potential karst features and 
subsurface anomalies.  Areas where potential subsurface 
voids or collapse features were suspected based on the 
ERT and Ohm-mapper were then further surveyed by 
microgravity and seismic methods.  Finally, a drilling 
investigation was conducted which targeted suspect areas 
with the purpose to confirm the presence/absence of a 
solution or collapse feature, as well as calibrate the 
geophysical readings and interpretation to measured voids. 

Municipality of Al Ain 
Al Ain (meaning The Spring) is a city in the Eastern Region 
of the Emirate of Abu Dhabi, on the United Arab Emirates 
border with Oman, adjacent to the town of Al-Buraimi.  It is 
the largest inland city in the Emirates, the fourth-largest 
overall (after Dubai, Abu Dhabi, and Sharjah), and the 
second-largest in the Emirate of Abu Dhabi.  The cities of 
Al-Ain, Abu Dhabi, and Dubai form a geographic triangle in 
the country, with each city being roughly 130 km from the 
other two.  Oman lies to the east, Dubai and Sharjah to the 
north, Abu Dhabi to the west and the Empty Quarter desert 
and Saudi Arabia to the south. 

Al-Ain is known as the "Garden City" due to its enery, 
particularly with regard to the city's oases, parks, tree-lined 
avenues and decorative roundabouts and is a city of 
cultural and historical importance.  The area witnessed 
events relevant to the history of Islam during the Rashidun, 

Umayyad and Abbasid eras.  Part of the historically 
important Western Hajar region, the area of Al-Ain has 
been inhabited for nearly 8,000 years. 

The ecologically important Jebel Hafeet lying just to the 
south of the city rises to between 1,100 to 1,400 m above 
the lowland.  The city has a hot desert climate with a mean 
annual rainfall of less than 100 mm.  The low humidity in 
Al-Ain, particularly during the summers, makes it a popular 
weekend destination for Emerati citizens.  With a 
population of 766,936 (as of 2017), it has the highest 
proportion of Emirati nationals (30.8%) in the country, 
though the majority of its residents are expatriates, 
particularly from the Indian subcontinent. 

Site Locations 
Figure 1 presents the location of the Shibat Al Watta and 
Al Daher 5 project sites and the surrounding area. 

Shibat Al Watta 
The Shibat Al Watta study area is located northwest of 
Jebel Hafeet, directly north of a large public park (Green 
Mubazzarah), as shown on Figure 1.  The site covers an 
area of approximately 5,869,200 m2 and stretches from 
Jebel Hafeet Street in the south to the Truck Road in the 
north.  It is also bounded by Hazza Bin Sultan Street on the 
west and a walled compound to the east (Figure 2).  The 
site contains a mountainous area in the north central 
portion of the site, with a large limestone quarry directly 
east of the mountain.  This quarry has been partially infilled 
with construction debris along the western side at the base 
of the mountain area.  There is also a fenced laydown yard 
directly west of the mountain along the Truck Road, and 
the remains of an old military base containing several 
abandoned buildings and structures in the southern and 
central portions of the site.  The surrounding development 
includes a residential area to the west, a walled military 
compound to the east, a cement factory to the north, and 
Green Mubazzarah Park to the south. 

The southern portion of the site is generally flat, with 
small localized depressions (less 1 m).  The compound 
area also contains several underground structures and 



 

 
 

abandoned buildings.  There is very little vegetation in the 
south of the site, with the exception of an irrigated orchard 
area in the southwest corner. 

Excluding the mountain and quarry areas, the surveyed 
surface elevations ranged from 249 m to 270 m above sea 
level.  The quarry area is approximately 284,600 m2, with a 
depth of approximately 20 m below the surrounding 
landscape.  The landfilled waste, which has been infilled 

into the quarry, had an approximate depth of 18 m, 
covering an area of 126,800 m2. 

Al Daher 5 
The Al Daher 5 study area is located east of Jebel Hafeet, 
east of Zyed Bin Sultan Street (137th Street) and south of 
the Truck Road (Figure 1).  The site covers an area of 
approximately 8,039,492 m2, and is bounded on the west 

Figure 1: Site Location Plan 

Figure 2: Shibat Al Watta Site Plan 



 

 
 

by residential development, the north by the Truck Road, 
the south by an interior subdivision road, and the east by a 
large concrete flood control wall (Figure 3).  The 
surrounding development includes a residential area to the 
west, undeveloped land east of the flood control wall, 
generally undeveloped land to the north used by camel 
herders, and residential development to the south.  The site 
contained several existing residential homes, as well as 
several under construction at the time of the survey.  In the 
northeast section of the site was a large camel and goat 

pen, which covered an area of approximately 303,300 m2.  
There were several other smaller pens and small buildings 
throughout the remainder of the site. 

There was very little vegetation across the site, with 
only the occasional larger tree and scattered brushes, with 
the exception of a larger stand of trees near the water filling 
station in the northeast of the site, near the large camel 
pen.  Very little grading had occurred at the site, with the 
exception of some localized grading for home construction 
in the western portions of the site. 

The site is generally very flat, with an elevation change 
across the site of approximately 12 m, dipping towards the 
east, which translates to a fairly uniform grade of 
approximately 0.4% across the site. 

Geological Setting 

A good summary of the geological history has been 
outlined by Hunting.  The geology of the Al Ain area 
presents numerous engineering challenges.  The 
complexity of the area is characterized by the numerous 
interbedded rock groups of significantly different 

engineering properties, all of which are covered by aeolian 
sand and fluvial deposits.  The major geomophological 
feature in south Al Ain is Jebel Hafeet, an anticline 
mountain ridge that extends from Oman to the south, north 
into the southern portion of Al Ain, intersecting the Shibat 
Al Wattah site.  A residual portion of this mountain ridge is 
present in the north portion of the Shibat Al Wattah site and 
extends to the north, running adjacent to the cement plant. 

The quaternary geology of the areas near and 
immediately adjacent to Jebel Hafeet are characterized as 

lighter fine sand, silt and clay fluvial deposits from runoff 
from the higher mountain ridges, that is typically underlain 
by conglomerate consisting of boulders, cobbles and 
smaller rock size particles, of typically limestone origin.  
Much of the cementation to form the conglomerate is from 
salt precipitates, likely from a period of time when the 
groundwater was considerably higher in the region.  In 
many areas, aeolian sand deposits are common, 
particularly further away from the Jebel Hafeet area, near 
which fluvial deposition is more common.  Due to historical 
and on-going development of the area, much of the 
overlying fluvial and aeolian deposits have been re-worked 
and are no longer present in their native form. 

The pre-quaternary deposits consist of various 
gypsiferous clay mudstone and limestone sequences, with 
marl being present in areas to the north and west of Jebel 
Hafeet.  Oolitic limestone is also known to be present in the 
area.  The mountain ridge running south from the cement 
factory and terminating on the Shibat site, is a bluff 
limestone that has abundant fossils and is reportedly 
marginal to a reef.  Marl deposits are visible at the south 
end of this ridge, and thicker marl deposits are also known 

Figure 3: Al Daher 5 Site Location 



 

 
 

to be present between limestone strata at deeper depths.  
The upper limestone is also typically interbedded with marl. 

Solution Cavities 
Natural hot springs are common in the plains below the 
steep mountain slopes, with several of these springs 
existing in public parks in Al Ain.  The presence of hot water 
springs and easily dissolved carbonate rich limestone, 
coupled with the visual and historical evidence of 
subsidence due to the collapse of solution features 
highlights the need for a comprehensive geophysical study 
coupled with a well designed geotechnical drilling program. 

During several visits to Al Ain, the project team toured 
the Jebel Hafeet and Mubazzarah Park area where the 
geologic and geographical settings have similarities to 
those of the project sites.  There were numerous 
occurrences of karsts/solution cavities in the limestone 
rock outcrops in the Al Ain Zoo, Mubazzarah Park and 
surrounding hills, as well as the Jebel Hafeet area.  Voids 
ranging from a few centimetres to over several metres, and 
possibly larger were observed in the area. 

Falaj System 
As part of this investigation, the potential presence of a 
buried falaj system was considered a possibility, along with 
the potential of archeological objects and tombs. 

Al Ain has been an oasis on an ancient trade route and 
an important stopping point since about 3200 BC, during 
the Bronze Age, with inhabitants in the area since about 
6000 BC.   

In addition to the presence of natural solution features, 
an extensive falaj system is known to exist in portions of Al 
Ain.  A falaj is an irrigation system dating back to the Iron 
Age (about 3000 years ago). The system typically consists 
of hand excavated horizontal tunnels connected to the 
surface with vertical shafts. Tunnels vary from 3 to 30 
kilometres in length.  Water flows down from a "mother 
well" at higher elevation and was used for irrigation and 
drinking water supply.  Al Ain is known to have several aflaj, 
some of which are still active. 

The major archeological site is known as Hili, towards 
the north end of Al Ain.  In the vicinity of the project sites, 
several tombs were found in areas located to the north, as 
well as on the eastern flank of Jebel Hafeet.  There were 
no reports of ancient settlements on either project site. 

Investigation Methods and Scope 

Methods 
Numerous techniques were used for the investigation 
which were generally applied in series across each site.  
The two sites were investigated in parallel to make efficient 
use of manpower and equipment.  The following is a brief 
description of the various investigation methods. 

Electrical Resistance Tomography (ERT) 

Electrical resistivity tomography (ERT) is a direct-injection 
electrical method used to measure apparent resistivity 
variations with depth. This method was utilized since 

subsurface cavities at this site were expected to possess 
anomalous apparent resistivities. Voids within the 
subsurface that have subsequently been filled with saline 
groundwater are expected to possess relatively low 
apparent resistivity while those that are air-filled would 
typically exhibit relatively high resistivity relative to the host 
media. 

ERT systems work by injecting current directly into the 
ground through two steel electrodes.  Voltages can then be 
measured across a pair of secondary electrodes, and 
relationship involving the initial current, measured voltage, 
and the geometry of the electrode array enables analysis 
of the depth and thickness of regions of contrasting 
apparent electrical resistivity. 

The IRIS Instruments Syscal R1 Plus multi-electrode 
resistivity meter was the main type of system used for this 
site and was configured with 72 electrodes placed at 5 m 
intervals in a linear array.  This was done over lines spaced 
50 m apart across the sites.  Current was introduced 
through pre-specified injection electrodes while 
concurrently measuring the resulting voltage across 
specified receiver electrodes.  A sequence of readings 
using a Wenner-Schlumberger array was designed and 
programmed into the instrument. For this site, electrode 
separation was 5 m and the maximum increment was 16.  
Successive arrays were overlapped to ensure consistent 
sampling to a minimum exploration depth of 30 m. 

The electrode data was then processed to give a two-
dimensional model of the subsurface resistivity. 

Like many geophysical methods, vertical resolution in 
electrical resistivity imaging is depth limited with lower 
resolution as the depth of exploration increases.  In 
addition, lateral changes in the electrical properties in the 
subsurface, by the principle of equivalency, may often be 
indistinguishable from variations in resistivity with depth. 

Capacitively-Coupled Resistivity Mapping 

The OhmMapper TR5, manufactured by Geometrics Inc., 
is an electrical resistivity system that introduces electrical 
current flow into the subsurface through capacitive-
coupling, rather than by direct current injection (i.e. the 
galvanic coupling used by ERT methods).  The system 
consists of a transmitter, 5 receivers, a fiber optic isolator 
and a data-logging console.  While conventional ERT 
systems require the insertion of multiple electrodes into the 
ground, the capacitively-coupled system is towed along the 
surface, which enables rapid data collection.  This is an 
effective and fast tool for resistance mapping, however 
capacitively-coupled methods have limited depth extent 
when compared with conventional ERT.  The capacitively-
coupled resistivity method is relatively incapable of 
penetrating electrically conductive media to great depth, 
and typical depths of penetration that can be expected 
range from 10 to 20 m, depending on the soil/bedrock and 
depth to groundwater. 

The system functions by imparting current to the 
subsurface by using the soils as the dielectric in a 
capacitive ‘circuit’ between the system and the subsurface. 
Voltages generated by current flow in the subsurface are 
sensed and recorded by the receiver dipoles. The receiver 
voltage depends on the transmitter voltage, the lengths of 
the dipoles, the separation of the transmitter and the 



 

 
 

receivers, and the resistivity of the subsurface. For any 
single measurement, receiver voltage is adjusted for the 
geometry of the transmitter-receiver arrangement and 
converted to an apparent resistivity by assuming that the 
subsurface is uniform. The dipole lengths and transmitter-
receiver separations can be adjusted to assess apparent 
resistivities at different depths and with varying vertical 
resolution. 

Position data and apparent resistivity data were 
smoothed using the software package MagMap2000, 
which filtered out spikes and dropouts from the resistivity 
data and smoothed the position data.  Software was then 
used to further filter the data and produce a two-
dimensional model of subsurface resistivity. 

Data was collected along survey lines along and in 
between ERT lines, and as such approximately twice the 
number of ERT lines were investigated, spaced 
approximately 25 m apart.  Merging the OhmMapper data 
and the ERT data along the primary survey lines (i.e. the 
50 m spaced lines) increases resolution in the near-surface 
where cavity-detection is expected to be of higher 
importance.  Survey lines were traversed with the 
OhmMapper using transmitter-receiver rope separations of 
1 and 5 m in an effort to maximize both depth of exploration 
and resolution. Dipole lengths of 20 m were used. 

Seismic Refraction 

The seismic refraction method is commonly used to map 
depth to bedrock and earth layering by measuring refracted 
seismic waves with respect to the known geometry of the 
seismic wave path.  This is possibly due to acoustic 
impedance; the variations in material density and acoustic 
velocity of the subsurface. 

A seismic event is produced by an acoustic source, 
usually activated at surface, with resulting arrival times 
recorded at receiver sites (geophones) located at known 
distances from the source.  The success of the method is 
dependent upon the degree of contrast in material density 
and/or velocity between the target layers.  The method also 
requires that density/velocity increase with depth. 
Density/velocity reversals may result in layers being 
“hidden” and thus undetectable by the seismic refraction 
method or yield depth estimates that are erroneous.  The 
depths of investigation in seismic refraction, largely a 
function of energy source and receiver geometry, are 
generally in the order of 1/4 of the geophone array 
dimension. 

For the present study, recording geometry consisted of 
24 geophones placed in a line (spread) at fixed intervals 
(geophone separation) of 5 m.  Acoustic energy was 
imparted to the subsurface using a sledge hammer, struck 
against a metal plate. Source locations (shotpoints) were 
offset at either end of each spread and at fixed intervals 
along the geophone spread (i.e. nominal shotpoint 
separation was 6 geophones or 30 m). The multiplicity of 
data thus collected enabled the use of computer-based 
algorithms to interpret the variations of velocity with depth. 

Locations of seismic refraction lines were selected 
based on the results of the combined ERT and 
capacitively-coupled resistivity mapping surveys.  Low- and 
high-resistivity anomalies identified with these methods 

were targeted for further investigation using both seismic 
techniques and microgravity surveying. 

Vertical Seismic Profiling (VSP) 

The vertical seismic profiling (VSP) method involves 
placing a line of geophones down a hole and recording the 
energy travel times of acoustic waves generated at the 
surface. In VSP, all incident energy is recorded, including 
direct waves from source to hydrophone, reflected and 
refracted energy from intervening reflectors and refractors, 
and energy from multiples that are generated within the 
subsurface column sampled by the method.  Data obtained 
using the VSP method can also be used to calibrate 
velocities observed in conventional seismic refraction 
surveys and can yield an image of the subsurface in the 
vicinity of the hole.  

The drill hole locations were selected based on the 
results of the ERT, OhmMapper, seismic refraction and 
microgravity surveys.  Similar to the surface seismic 
refraction survey, a sledge hammer and metal plate were 
employed as the acoustic source, however, in this survey, 
a 24-hydrophone (water-tight geophone) streamer, with 
1 m hydrophone spacing, was used. All hydrophones were 
submerged in flooded PVC casings that were grouted into 
the boreholes. 

Microgravity 

The gravity method measures the earth’s gravitational field 
strength, or acceleration due to gravity, in cm/s2 or Gal.  
Typical gravity anomalies are so small compared with the 
magnitude of the earth’s field that they are presented in 
units of 1/1000 Gal or milliGal (mGal).  With microgravity 
surveys, changes in the earth’s gravity field are measured 
on the order of 1/1000 mGal, or 1 microGal (μGal). 

The gravity field measured at the earth’s surface is a 
function of latitude, elevation, surrounding topography, 
earth tides, instrument drift and subsurface density 
variations. To derive the gravity field due solely to density 
changes within the subsurface, the effects of the remaining 
parameters must be stripped away. The effects of latitude 
and elevation are typically larger than those of subsurface 
features which, in turn, are usually larger than those of 
tides, drift and adjacent topography. 

Since no absolute gravity control points were available, 
relative gravity field values were used to compensate for 
changes in latitude.  To compensate for any changes in 
elevation, the gravity measurements were reduced to a 
common geodetic datum and any mass excess or 
deficiency was removed, producing what is referred to as 
the Bouguer gravity value.  The effect of tidal variations 
caused by forces exerted by the sun and moon are 
smoothly varying and slow to manifest and were therefore 
included in the correction for instrument drift. Over time, the 
null or zero position of the gravimeter drifts because of 
creep in the internal spring. This effect was accounted for 
by reacquiring measurements at selected stations. 
Instrument drift over a known period of time was then 
quantified and a correction applied to each reading.  Once 
all of these variables were accounted for, any changes in 
the earths gravitational field were then attributed to density 
changes within the subgrade. 



 

 
 

Two Scintrex CG-5 Autograv gravimeters with a fused 
quartz spring system were used for this project.  These 
instruments have a resolution of 1 µGal with standard 
deviations less than 5 µGal, while residual long-term drift is 
quoted at less than 0.02 mGal per day.  The gravity data 
was collected coincident with seismic refraction data over 
anomalous resistivity targets identified by the ERT and 
OhmMapper data.  The data was collected at 5 m spacing 
and precise elevations at each measurement station were 
surveyed and combined with the surveyed topographic 
data and was used to make the terrain corrections to the 
gravity field values. 

Ground Penetrating Radar (GPR) 

Ground Penetrating Radar (GPR) was primarily used for 
identification of any Falaj system.  Ground penetrating 
radar (GPR) is a radio-frequency electromagnetic 
technique that produces an image of geologic and fluid 
boundaries in the near surface. The system directs a radio-
frequency electromagnetic pulse towards the ground from 
a transmitter antenna, and a receiver antenna at the 
surface senses the reflected pulses.  The pulse is partially 
reflected by changes in mineralogy and fluid content, 
and/or by metallic pipes or other man-made objects in the 
subsurface, and the elapsed time between transmission 
and reception is used to estimate the depth to the source 
of the reflection.  A GPR profile is created by moving the 
transmitter and receiver in tandem along a line and 
collecting reflected signals at regular intervals.  When 
these reflected signals are plotted side-by-side in a 
distance-versus-time plot, it gives a two-dimensional cross-
section of the subsurface geology. 

GPR is most effective in clean dry silica sands that 
present large dielectric contrasts with surrounding media, 
since radar waves can pass relatively unattenuated 
through electrically resistive material, but are heavily 
attenuated by electrically conductive material as salt water, 
clay, or certain lake sediments.  The frequency of the 
electromagnetic wave will also affect both the resolution of 
the subsurface image and the depth of penetration, since 
higher frequencies will result in higher resolution and 
poorer depth of penetration and vice versa. 

For this survey, both 250 and 100 MHz shielded 
antennas were used in an effort to determine the depth to 
bedrock and image the intervening sedimentary layers to 
identify possible falaj systems. 

Coring and Piezometers 
A total of 50 boreholes were drilled for confirmatory and 
calibration purposes.  The borehole locations were 
selected to intersect suspected voids or collapse features 
identified by the geophysical investigation.  Typically, the 
borehole locations were selected based on (1) having a 
high probability of a karst feature and (2) location over the 
site to ensure that a comprehensive geological overview 
could be made. 

The boreholes were drilled with five mud rotary drill rigs 
operated by a local project partner.  The rigs used were 
either a Mobile Drill B-40 and B-53, Wirth or a CME.  The 
borehole diameter was 125 mm and a bentonite drilling 

mud was used to stabilize the bore walls, provide 
lubrication and to circulate cuttings. 

Sampling within the upper unconsolidated granular 
deposits consisted of closely spaced split spoon samples 
using Standard Penetration Tests (SPT) over 450 mm 
depth increments.  Grab bulk samples were typically 
collected within the upper 500 mm by hand shovel. 

Upon reaching hard bedrock or conglomerate, 
continuous coring was undertaken, using a double tube 
wireline core barrel which collected core of 75 mm 
diameter.  Where poor core recovery was found, SPT 
samples were attempted to confirm the absence of soil or 
rock.  The typical core run was 2 m. 

All core samples were wrapped in cellophane to 
preserve the sample and boxed for transportation and 
storage.  The cores were logged and photographed.  Select 
samples were removed and tested for Unconfined 
Compressive Strength (UCS). 

The amount and quality of core recovery were also 
recorded.  Total Core Recovery (TCR) and the solid core 
recovery (SCR) percentage, both as a percentage of the 
core run length were calculated.  The Rock Quality 
Designation (RQD) was also calculated, which is the total 
length of core segments greater than 100 mm in length 
divided by the core run length. The TCR provides a 
significant measure of the presence of voids or highly 
erodible sediments, with a low TCR indicative of voids.  The 
RQD provides an indication of how intact the bedrock is 
and is an indirect assessment of the number and amount 
of fractures in a rock mass. 

Scope 
In addition to the field and laboratory investigations, the 
project team was to (1) prepare a comprehensive 
geophysical report to present the findings and (2) prepare 
a geohazard assessment report that would outline the 
potential risks to future residential and commercial 
developments, and present potential mitigative measures. 
 
Table 1 presents a summary of the overall investigation 
program: 
 
Table 1. Summary of Investigation 
 

Scope / Task Shibat Al Daher Total 

Investigation Area (km2) 5.616 8.039 13.655 

ERT (km) 93 134 227 

CCR – Ohmmapper (km) 187 268 455 

GPR (km) 112 161 273 

Microgravity >5000 >7000 >12,000 

Seismic Refraction (km) 11 16 27 

Cross Hole Seismic 12 14 26 

Core Holes 20 30 50 

Piezometers 15 15 30 



 

 
 

Investigation Findings 

Although the two sites were separated by about 10 km 
there were numerous similarities between the results 
obtained at the two project sites which can be generalized 
as follows.  Site specific findings are discussed in 
subsequent sections. 

The CCR (Ohm-mapper) survey provided the best 
detail for mapping the upper soils and weathered bedrock.  
The survey data was resolved into vertical depth slices at 
1 m intervals.  The CCR provided better lateral resolution 
than if ERT was used alone. 

The CCR and ERT methods were able to map changes 
in bedrock stratigraphy, but voids were generally not well 
defined with either of these methods due to the lack of 
significant resistivity changes. 

From the geophysical results, the transition from the 
upper granular deposits, which include a significant portion 

of weathered conglomerate fragments, to the lower 
conglomerate layer were difficult to distinguish, as their 
resistive and seismic velocity signatures were very similar. 

The seismic refraction and vertical seismic profiling 
methods provided a much better delineation of likely void 
locations.  The overall conclusion was that large open 
cavities were not detected on either site, but numerous 
infilled cavities were identified. 

Seismic refraction, combined with GPR and CCR, 
allowed the detection of the upper elevation and thickness 
of the conglomerate layer.  The depth to the top of the 
conglomerate ranged from about 6 to 8 m.  

The microgravity survey results were ineffective in the 
delineation or detection of voids, as the suspected infilled 
cavities have insufficient density contrasts with the 

surrounding bedrock to be detected.  The microgravity 
results were also heavily influenced by the variation in the 
thickness of upper soils and weathered bedrock. 

The borehole coring program confirmed the findings of 
the geophysical assessment, with very few open voids 
being found.  Of greater prevalence were the numerous 
infilled cavities identified within the conglomerate and 
uppermost portions of the limestone.  The borehole data 
indicates that over 80% of the infilled voids are located in 
the conglomerate strata, and the upper 1 to 3 m of the 
underlying limestone. 

Voids were not detected in the uppermost soils, as the 
granular nature of the materials would not be conducive to 
void formation.  The upper sands and gravels would have, 
upon deposition, tended to infill any karst features that may 
have been present.  Partially or fully open voids were the 
majority of karst features identified and confirmed during 
field drilling.  A typical plot of the void location and type is 
presented on Figure 4. 

The infilled cavities identified in the boreholes were 
typically within the conglomerate and uppermost layers of 
the limestone, with core recovery being characteristically 
low (50 to 80% core recovery) or very low (less than 50% 
recovery), with highly weathered limestone fragments.  The 
borehole data show that over 80% of the infilled voids are 
located in the conglomerate strata, and the upper 1 to 3 m 
of the underlying limestone. 

Based on the known depositional environment and 
significant weathering of the bedrock, a gradual change in 
geo-mechanical characteristics across this interface would 
be expected.  

Given the relatively thin overburden soil above a hard 
conglomerate, the potential of buried archeological finds 
was considered low.  The soil conditions were not 

Figure 4: Void Locations and Types from Al Daher 5 Site 



 

 
 

considered suitable for construction of a falaj system.  The 
GPR survey and Ohm-mapper data was extensively 
examined to assess if buried archeological resources were 
present. 

Void Formation 
Partially infilled voids were found to have greater vertical 
extent than open cavities, indicative of a failure mechanism 
consisting of a cyclic vertical progression of erosion 
followed by collapse.  Partially infilled cavities extended 
from 1.5 m up to about 8 m vertically. Partially infilled 
cavities were smaller in the limestone compared to those 
found in the marl or organic limestone. 

The rock strength was variable, but was typically not 
greater than 20 MPa, with typical strengths ranging from 1 
to about 15 MPa, even in zones of relatively intact 
limestone, indicative of weak rock.  From a geotechnical 
perspective, the implications are that because there are 
zones of weaker rock, there is a greater potential of 
preferential erosion of these weaker materials, leading to 
void formation.  The overlying limestone and conglomerate 
is highly fractured and weak, and will have a limited stand-
up time and bridging capacity.  For example, an 
unsupported 1 m span of weak limestone would have a 
stand up time in the order of hours to days.  Hence, once a 
large void forms there is insufficient strength in the 
overlying material to prevent a cascading failure that could 
emerge at the ground surface. 

The limestone above potential cavities did not exhibit 
evidence of a retrogressive collapse feature, indicative that 
the width of cavities would be less than 2 m in diameter, as 
the limestone has limited bridging capacity to span much 
of a larger distance. 

The void potential severity rating for the voids was 
determined by providing a numerical range for the depth to 
the void, as well as a numerical value for the lateral extent 
of the voids.  Therefore, a shallow large void would have a 
higher severity than a deeper, smaller void, or even a 
smaller shallow void.  The severity ratings were then 
placed in the “low”, “medium” or “high” categories. 

Shibat Al Wattah 
Based on continuous core data from 20 boreholes, the 
typical soil and bedrock stratigraphy consisted of, in 
descending order, a 1 to 4 m thick layer of silty gravelly 
sand, overlying a 4 m thick highly weathered limestone, 
followed by a 1.5 to 2 m layer of limestone conglomerate 
(up to 10 m thick in some areas).  This was followed by 
limestone to 15 to 19 m depth, underlain by 7 m of marl, 
and then organic (oolitic) limestone.  Although the soil and 
bedrock strata varied in thickness, the stratigraphy was 
consistent across the site.  A shallow groundwater table 
was found at depths ranging from just below the ground 
surface at the northern end of the site, to about 18 m depth 
near the south.  The groundwater salinity was found be 
greater the closer to the surface. 

The majority of the voids were found to be within 15 m 
of surface, and within the lower marl stratum below 20 m 
depth.  The conglomerate stratum was generally very thin 
and not present over the entire site, which limited the 
potential formation of voids in this layer. 

The presence of cavities was not limited to the near 
surface, as low core recovery was experienced in the 
deeper marl or oolitic limestone in several boreholes.  

The southern and western portions of the Shibat Al 
Wattah site appeared to have significantly more voids or 
solution cavities.  

A discontinuous conglomerate strata was found in 
about 70% of the boreholes immediately below the 
overlying weathered limestone.  The conglomerate was a 
limestone, with varying degrees of fracturing and 
cementation.  The UCS typically ranged from 5 to 16 MPa, 
but was generally less than 10 MPa, and RQD values were 
generally less than 50% indicating that many of the 
fractures had either lost their cement binding or were very 
weak.  The conglomerate bed was typically between 1.2 
and 2 m in thickness, although some boreholes had beds 
upwards of 10 m in thickness. 

Below the conglomerate and/or upper weathered 
limestone was a typically more competent limestone.  This 
stratum extended to about 15 to 19 m depth and had 
exhibited varying degrees of weathering and fracturing.  
RQD values were typically less than 50%, and UCS tests 
ranged from less than 1 to greater than 40 MPa, with typical 
values between 5 and 10 MPa.  The core recovery was 
generally good to excellent, with only isolated pockets of 
low core recovery around 10 m depth.  Although the 
average strength of this material was generally considered 
good, it was highly variable with depth, particularly between 
10 to 15 m.  The high variability, low RQD and highly 
fractured nature indicate that the limestone would have a 
low bridging capacity. 

A distinct marl deposit of variable thickness was located 
between 16 and 23 m depth.  The marl was situated 
between two limestone deposits, with the lower deposit 
being an organic or oolitic limestone.  The marl was 
characterized by generally fair to good core recovery, but 
RQD values were below 50% and UCS values typically 
around 1 MPa.  The marl is generally more erodible than 
limestone due to the lower strength but is considered less 
erodible than other evaporite deposits.  The generally very 
low rock strength, low RQD and highly fractured nature 
indicate that the marl would have a low bridging capacity. 

Below the marl, a yellowish-brown limestone was 
typically encountered which was interbedded with marl.  
This interbedded marl/limestone was absent in several 
boreholes, and was generally fractured, and had fair to 
moderate core recovery and low RQD values, although the 
UCS was significantly greater than the overlying marl.  This 
strata was of variable thickness when present. 

Oolitic limestone was encountered from 21 to 28 m 
depth.  Oolitic limestone represents a greater erosion 
potential as this limestone is formed by the precipitation of 
calcite spheres which are then typically bonded after 
formation buy weaker calcium carbonate cement.  
Significant core loss and low RQD values were found in this 
stratum, although the UCS for intact core ranged from 2 to 
8 MPa. 

The borehole coring program confirmed the findings of 
the geophysical assessment, with four open voids being 
found in four boreholes.  Most boreholes identified partially 
infilled voids in the upper weathered limestone.  In general 
the conglomerate, where present, was generally not a 



 

 
 

significant risk of voids, likely due to the limited thickness 
over the site. 

Occasional partially infilled voids were found in the 
limestone between 10 and 20 m depths, but there were not 
extensive laterally or vertically. 

The marl and some portions of the organic limestone 
were found to be infilled solution features, generally 
occurring at depths between 20 and 27 m. 

Using the comprehensive geophysical investigation 
and confirmatory drilling data, it was determined that the 
geohazard risk ranges from “Low” to “Medium” over much 
of the Shibat Al Wattah site, with some areas of “high” risk.  
The areas with a deemed “high” potential risk are primarily 
due to the confirmed presence of numerous high severity 
voids and collapse features in the underlying bedrock 
within the delineated areas.  The potential severity of the 
voids was classified by numerically ranking the depth to the 
void, as well as the lateral extent of the void.  The high risk 
area covers approximately 380,000 m2. 

The seismic refraction and ERT surveys conducted 
over the landfill area indicates this area was a low velocity 
material, typical of poorly compacted debris.  The surface 
of the landfill had numerous protrusions and metal 
fragments that damaged some of the geophysical 
equipment. 

The landfill was typically about 18 to 20 m deep, with 
the base located on the limestone bedrock.  

Al Daher 5 
Based on continuous core data from 30 boreholes, the 
typical soil stratigraphy consisted of, in descending order, 
a 5 to 7 m thick layer of silty gravelly sand, overlying a 3 to 
12 m thick limestone conglomerate, followed by limestone.  
Occasional conglomerate and sandstone strata were found 
within the limestone.  Although the soil and bedrock strata 
varied in thickness, the stratigraphy was generally 
consistent across the site. 

Low resistivity soils were found throughout the Al Daher 
5 site which is indicative of the fine grained nature of the 
upper sands and gravels.  Increases in resistivity was 
attributed to the residual cementation present in the 
conglomerate fragments, and within the more intact 
conglomerate.  

A shallow groundwater table perched in the upper sand 
or conglomerate was not detected by the geophysical 
methods.  Saline groundwater was detected at depths 
between 33 to 35 m. 

The upper layers of limestone bedrock were also found 
to have very low seismic velocity, which is indicative of a 
highly weathered limestone.  In most locations the upper 
limestone exhibited strength and fracture properties that 
indicates the limestone was only marginally more 
competent than the overlying conglomerate.  The majority 
of the voids identified at this site occurred in the upper 
bedrock, within 15 m of surface. 

Very competent limestone bedrock, with strengths in 
excess of 50 MPa and RQD averages above 90%, was not 
detected to depths of 30 m.  The limestone was found to 
have increased strength below depths of 23 to 30 m, 
however, none of the limestone would be considered 
competent from an engineering perspective. 

Occasional layers of more competent limestone were 
detected but these were not extensive either laterally or 
vertically. 

Due to a lack of groundwater within the primary survey 
zone extending down to 30 m depth, potential voids would 
be expected to be air-filled or rubble filled and would be 
detected as resistors if air-filled by the CCR and ERT 
methods.  Where the voids are rubble filled, the contrast in 
resistance to the surrounding bedrock would be less. 

The presence of cavities was not limited to the near 
surface, as deeper conglomerate layers were detected at 
depths below 25 m in several boreholes.  The deep 
conglomerate strata also exhibited lower core recovery, 
likely indicative of the higher potential of weathering and 
erosion in the zone immediately above the expected 
groundwater level. 

Two primary zones of cavity occurrence were found, at 
5 to 11 m, and between 22 to 30 m depths, which was 
confirmed by the geophysical findings. 

Using the comprehensive geophysical investigation 
and confirmatory drilling data, it was determined that the 
geohazard risk was rated as “low” to “medium” over much 
of the Al Daher 5 site with some areas of “high” risk.  The 
areas with a deemed “high” potential risk are primarily due 
to the confirmed presence of numerous voids and collapse 
features in the underlying bedrock within the delineated 
areas.  The high risk area covers approximately 
451,000 m2. 
 

Framework For Evaluating Risk 

The estimation of geohazard risk can involve either a 
quantitative assessment, which typically involves a 
statistical analyses of the probability of a risk occurring and 
causing damage, or a qualitative assessment whereby the 
evaluation of risk is based on less defined or less 
quantifiable probability of occurrence. Although ideally 
assessments of the probability and severity of loss are 
made quantitatively, practicality often dictates the use of 
qualitative assessments. 

An estimate of the risk associated with a given scenario 
may be based on historical data, models, professional 
judgment or a combination of methods.  Estimates of 
frequency may be based on historical data with the 
inherent assumption that future conditions will mirror those 
of the past. 

For this assessment a quantitative risk assessment was 
not considered appropriate, as the potential consequences 
of risk could not easily be defined.  For example, numerous 
infilled voids were identified, but the probability that any 
void causing damage to a surface structure could not be 
quantified in terms of likelihood of occurrence or severity of 
impact.   

The qualitative scale of this assessment was based on 
several factors, including the vertical and lateral distribution 
of potential and actual voids, the estimated size of voids, 
the degree that voids have been infilled, the soil and rock 
types, and the potential risk to a surface structure.   

Loss exposures or consequences (i.e. the damages 
that may be caused by the geo-hazard risk) may include 
any of the following: 



 

 
 

• personal injury or death; 

• property loss (houses, underground municipal 
infrastructure, roads); 

• liability loss (arising from torts, statutes, and 
criminal law); 

• environmental damages; and 

• economic costs. 
To evaluate the potential of occurrence, we examined 

the geophysical and borehole log data to gauge both the 
estimated frequency of voids and infilled cavities in any 
given area and evaluated the geological conditions of the 
bedrock within and above karst features.  Several factors 
were also considered, such as the potential that residential 
development could accentuate the risk, and the presence 
of geological units that would be highly susceptible to future 
void development.  Rock strength, rock type and the 

degree of fracturing were also considered.  The potential 
severity of the voids was ranked based on a ranking system 
which accounts for the depth to the void, the lateral extent 
of the void, and the void type (open or collapsed). 

It must also be recognized that while certain risk 
scenarios may indicate low risk due to an individual hazard 
(i.e. the potential risk due to one void), the aggregate risk 
may be high if a series of hazard locations are located in 
close proximity, coupled with a high probability of triggering 
peril.  

A matrix was developed based on a set of qualitative 
probability and consequence groupings, with proposed risk 
ratings.  This risk ranking system was developed based on 
several different geo-hazard risk methods and models, 
utilized in a variety of situations. 

Geo-Hazard Risk Assessment 

Using the comprehensive geophysical investigation and 
confirmatory drilling data, it was determined that the 
geohazard risk ranges from “Low” to “Medium”, with the 
majority of the areas being deemed a “Low” risk.  The areas 
with a deemed “High” potential risk are primarily due to the 
confirmed presence of numerous voids and collapse 
features in the underlying bedrock within the delineated 
areas.  An example geohazard risk map is presented as 
Figure 5. 

Numerous partially to fully filled voids were identified by 
the geophysical surveys and were confirmed by borehole 
drilling.  The majority of the voids were found to be within 
the conglomerate stratum, both near the surface and in a 
lower stratum below 20 m depth.  The conglomerate strata 

were of variable thickness, hence the size of voids was 
similarly varied. 

Both open voids and collapse features were prevalent 
across the sites. 

Voids and collapse features in the limestone were 
found but were more common where the limestone was 
overlying conglomerate and were less prevalent than karst 
features.  We suspect that erosion and collapse within the 
conglomerates lead to a progressive vertical expansion of 
voids into the limestone, rather than a void forming directly 
in the limestone. 

The rock strength was variable, but was generally not 
greater than 20 MPa, with typical strengths ranging from 1 
to 7 MPa, even in zones of relatively intact limestone.  The 
rock and conglomerate strengths are indicative of weak to 

Figure 5: Geohazard Risk Map with Proposed Development Areas - Shibat Al Watta 



 

 
 

poor quality rock.  From a geotechnical perspective, the 
implications are that because there are zones of weaker 
rock, there is a greater potential of preferential erosion of 
these weaker materials, leading to void formation.  The 
overlying limestone and conglomerate is highly fractured 
and weak, and will have a limited stand-up time and 
bridging capacity. 

The potential severity rating for the voids was 
determined by providing a numerical range for the depth to 
the void, as well as a numerical value for the lateral extent 
of the void feature.  Therefore, a shallow, large void would 
have a higher severity than a deeper, smaller void, or even 
a smaller shallow void.  The severity ratings were then 
placed in the “Low”, “Medium” or “High” categories. 

Partially infilled voids were found to have greater 
vertical extent than open cavities, indicative of a failure 
mechanism consisting of a cyclic vertical progression of 
erosion followed by collapse.  Partially infilled cavities 
extended from 1 m to up to 13 m vertically, and numerous 
boreholes showed evidence of multiple infilled cavities, 
again, typically located within the conglomerate layers, and 
to a lesser extent in the limestone.  Partially infilled cavities 
were smaller in the limestone compared to those found in 
the conglomerate.  It was also expected that voids were 
interconnected by larger fractures or small solution 
cavities. 

Significant changes to the subsurface may be expected 
with intensive residential development that can significantly 
increase the geohazard risk, specifically with respect to the 
increased potential of void formation.  The nature of the 
conglomerate materials is such that the aggregate particles 
were formed from weathered limestone, which was then 
cemented after deposition by calcium carbonate 
precipitates.  The saline groundwater acted as the source 
of the precipitates, and the existing conglomerate is, for the 
most part, in chemical balance with the surrounding 
groundwater.  It is expected that this chemical balance will 
change over time as residential development occurs. 

Large villa residences typically have large garden areas 
within the compound walls, and all trees and shrubs in 
public spaces are irrigated.  It is known from experience in 
the UAE that residential property owners have a propensity 
to over-water vegetation.  The influx of fresh potable water 
will tend to increase vertical and lateral groundwater flow, 
and secondly, by adding potable water with a significantly 
lower salt content, the overall salt content of the 
groundwater will be reduced.  This will increase leaching of 
calcium carbonate that form the conglomerate binder.  This 
loss of cementation will increase the formation of collapse 
features.  The increased infiltration will correspondingly 
increase the degradation of weaker limestone by 
dissolution, which will be exasperated by increased 
groundwater flow. 

The increased infiltration by irrigation can also lead to 
consolidation by hydro-compaction of the upper granular 
deposits, resulting in settlement.  Further, the increase in 
infiltration can lead to a rise in the groundwater table that 
would result in softening of unconsolidated soils which 
would lower the soil bearing capacity.  Excessive 
groundwater mounding is considered a possibility in the 
northern portions of the site, which presently has a 
groundwater table near the surface. 

Overall Conclusions 

In general, the investigation program highlighted that: 
1. Multiple methods were needed to effectively 

characterize the sites – and that geophysics 
needs to be combined with intrusive sampling to 
yield the most accurate information. 

2. By analyzing the geophysical data and then using 
that information to plan the geotechnical drilling 
program, significant cost savings were realized.  
Further, this workflow allowed the boreholes to be 
targeted to specific high-risk areas. 

3. Geomatics control is critical to ensure that 
subsequent investigation steps can be targeted at 
very specific locations.  This then allowed 
accurate maps to be prepared that added value to 
the land-use planning and subsequent design 
stages. 

4. Identification of risk areas coupled with scaled 
recommendations for further investigation 
depending on the level of risk allowed for rational 
engineering and planning decisions to be made. 

Lessons Learned 

As with any project that is conducted over large distances, 
several lessons were learned during the course of these 
investigations.  These included: 

Heat is a significant concern.  Equipment, specifically 
circuit boards will melt and fail at high temperatures.  
Working at night became the best way to mitigate the heat 
risk and provided greater comfort to field staff. 

Language became a barrier with some local staff, 
particularly those with limited education.  Most laborers 
were eager to learn but ensuring adequate communication 
in several languages was a necessary consideration. 

Staffing with local labour became a challenge as 
workers who were hired with a specific job title would not 
perform other duties.  For example, a driver had to be hired 
to ferry workers from the camp to the work sites but the 
driver would not perform other work.  Laborers were strictly 
used for labour and could not drive. 

Working during the Ramadan was a challenge.  Meals 
had to be provided at sunset and before sunrise to ensure 
that the laborers would remain on-site for a full shift. 

By using the time difference between the project site 
and Canada, we were able to effectively have data 
analyzed while field staff slept, and had recommendations 
and direction ready when the next work day began. 
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