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Abstract 

The boom in industrial and infrastructure construction in Saudi Arabia re-
quires in-depth knowledge of the underground conditions to build a sustain-
able project. This paper gave a practical example of the challenges facing an 
existing facility built on a karstic limestone formation in 1970’s. Multiple 
geophysical techniques such as Microgravity, Electrical Resistivity Imaging, 
Vertical Seismic Velocity Profiling, Cross Hole Seismic Tomography, Ground 
Penetration Radar, Multi-Channel Analysis of Surface Waves, as well as bo-
reholes and down-hole video imagery, were deployed through the journey of 
assessing the karst associated hazards of potential sinkholes or general subsi-
dence. This paper described the karst processes, site geology, geophysical and 
geotechnical exploration program, and characterizes the subsurface karst 
conditions at the eastern province of Kingdom of Saudi Arabia. Results and 
findings of preliminary, geotechnical and geophysical investigations have 
been utilized to identify the major factors influencing the karst formation. 
Analyses and integration of obtained results to estimate the type and magni-
tude of risk affected the major components of industrial facility at the project 
site using well-known statistical approach were presented in this paper. Con-
sequently number of remedial measures implemented to combating the expe-
rienced and expected karst hazards at the studied industrial facility placed in 
karstified landform are given. A model for using integrated geophysical and 
geotechnical techniques to assess karst-related risks to a facility was further 
explored herein. 
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1. Introduction 

Karst terrain is generic term that describes areas which mimic the landforms 
found on the Karst Plateau in Slovenia, Cvijić, 1893. The term has also come to 
mean any features that are the result of dissolution of the bedrock, which might 
be carbonate, but also includes evaporates such as gypsum or halite. Although 
gypsum and halite can weather and erode very quickly under specific kinds of 
conditions, carbonate karst systems are relatively slow to develop. 

The rate of dissolution in carbonate rocks is strongly dependent on climate, sa-
turation, the amount of carbonate in the system to buffer groundwater with low 
pH, the type of materials (carbonate or not) up-gradient of the site, the rate in 
which groundwater flows through the rock, amount of magnesium in the rock, pH 
of the groundwater, etc. (Dreybrodt & Eisenlohr, 2000). Therefore, the actual rate 
of dissolution is difficult to evaluate precisely. However, typical rates may vary 
from less than 1 mg/cm2 per year to about 1000 mg/cm2 per year (White, 1988), 
which indicates that voids and caverns may take thousands of years or more to 
develop. Sinkholes and general subsidence are therefore the result of instability 
within the existing subsurface system. Karst is frequently characterized by different 
features such as caves, dolines (sinkholes), shafts, poljes, caverns, underground 
river systems, denuded rocky hills, karst plains, and collapses (Milanovic, 2004). 

The primary hazard to engineered structures in karst terrain is loss of founda-
tion support, which commonly occurs in two forms: sinkholes and general sub-
sidence. The most dramatic type occurs in the form of sinkholes that leave open 
holes in the ground surface and can compromise the vertical and lateral support 
of structures, depending on the size and location of the sinkhole relative to the 
structure and the foundation system used. Sinkholes occur when overburden 
(soil and/or rock) migrates downward into the underlying bedrock. 

Loss of foundation support may also occur from general subsidence over bu-
ried karst features. Subsidence generally happens via two modes: 1) material ra-
vels into the underlying bedrock which loosens the overburden soil causing it to 
sag; and 2) consolidation of soft under-consolidated soil at the bedrock surface 
due to the self-weight and/or surcharge loads from structures placed on the soil. 

In the last three decades, number of research studies for karst studies for karst 
matters within different applications have been undertaken. During this period, 
number of geotechnical investigation projects have been performed. It is noticed 
that severe misunderstanding and misleading the interaction of karst geology, 
geomorphology, karst hydrogeology karst formation, karst classification in the 
geotechnical engineering applications. Therefore, we intended to prepare this 
paper to demonstrate a case study for karst hazard assessment to be present a 
directional and operational approach for identification and evaluation the sus-
ceptibility of karst futures formation (e.g. sinkholes, voids, underground cavities 
and collapsing) that may occur and endanger the industrial and residential facil-
ities placed on karst landform, and then to provide the most adequate mitigation 
control measures to combating the expected/experienced karst hazard in a sys-
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tematical approach. 

2. Background 

Number of authors reported that the presence of natural karst features (e.g. cavi-
ties, caves, caverns, voids, karst, and sinkhole) in subsurface carbonates and eva-
porites causes severe problems for civil engineering and environmental man-
agement (Sum et al., 1996). It is noticed that the karstification process will con-
tinue till reaches a critical stage, where roof of the space will no longer support 
the weight of the overburden and other foundations. This will result in the de-
velopment of sinkholes, which have adverse impacts and catastrophic effects on 
both shallow and deep foundations. The presence of such cavernous features 
leads to restrictions in land utilization and causes variable geotechnical hazards 
like ground surface subsidence, collapsing of surface structures, cracks and fis-
sures in the surface buildings (Fischer & Canace, 1989).  

2.1. Karst Classification for Geotechnical Engineering Purposes 

Recently, it is realized that Karst frequently presents “difficult ground condi-
tions” to engineers, and is often inadequately understood by those only familiar 
with insoluble rock (Geologists) or foundation design (Geotechnical Engineers). 
Therefore, number of scientists have developed and improved an adequate prac-
tical karst classification for engineering purposes based on morphology, forma-
tion, process, location, dimension and complexity of karst features; and its im-
pacts on foundation (Fookes & Hawkins,1988; Ford & Williams, 1989 and Wal-
tham & Fookes, 2003) to put the key points how to design in Karst terrain as 
follows:. Karst ground conditions for engineering applications are divided into a 
progressive series of five classes (kI to kV) based on typical morphological as-
semblages. Additionally, the essential parameters describing each class for geo-
technical applications (e.g. location, associated sinkhole and caves, fissures, 
rockhead, recommended investigation and type of foundation) are summarized 
and presented in (Figure 1) Additionally, a special classification of karst sink-
holes for engineering purposes was developed by Waltham & Fookes, 2003 based 
on the mechanisms of the ground failure and the nature of the material which 
fails and subsides (Figure 2). 

International experiences considered understanding the process of karst for-
mation is a key for engineering design for structures placed on karstic terrain. 
Therefore, both karst classification schemes for engineering practice have been 
utilized fully in number of projects and showed a significant role in understand-
ing the type, characteristics, karst formation process, mode and degree of karst 
hazard that could trigger the structures and then applied the most adequate 
recommendations for prevention and remediation the expected karst hazard 
encountered at the project sites (Bennett, 1997, and Fookes & Hawkins, 1988; 
Xeidaki et al., 2004; Reith et al. 1999; Kannan, 1999; Siegel et al., 1999 and Vil-
lard et al., 2000). 
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Figure 1. An engineering classification of Karst for engineering applications (after Wal-
tham & Fookes, 2003). 
 

So that, engineering classification schemes of karst features are considered as 
essential and good practice in ground engineering and will offer guidelines to-
wards more efficient Karst hazard assessment and Geotechnical Investigation 
activities. 
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Figure 2. A classification of Karst sinkholes for engineering applications, after Waltham & Fookes, 2003. 

2.2. Karstification Phenomenon in the Kingdom of Saudi Arabia 

Karstification phenomenon in the Kingdom of Saudi Arabia are distributed in 
the carbonate and evaporite formations dominated in the Phanerozoic zone have 
been studied by different Authors and Organizations (Peters et al., 1990; Pint & 
Bjurström, 2000, Pint, 2003; Youssef et al., 2016 and Al-Saafin, 2007, RI-KFUMP, 
1984-1999 and SGS, 2000-2016). Many karst features (e.g. sinkholes, depres-
sions, underground cavities, shafts, cavernous and voids) discovered in the car-
bonate and evaporite rocks within the Phanerozoic karst zone distributed in the 
Northern, Eastern Provinces and Central Area of Saudi Arabia are shown Figure 
3. 

Comprehensive research studies conducted by RI-KFUPM (1984-1999), Dha-
hran and SGS, Jeddah in the eastern parts of Saudi Arabia for different purposes 
reported that karstification landforms over the Eastern and Northern parts of 
Saudi Arabia are distributed in the carbonate and evaporite formations of Umm 
Er Radhuma, Rus, Dammam; Dam Formations, and Salt Dome. Karst features at 
these formations have been developed as a result of the chemical leaching of the 
carbonate and evaporite formations by percolating water along the predominant 
jointing and fracturing systems. 

Different types of karst features (Sinkholes, depressions, stream, underground 
cavities and voids) with different sizes and at different depths have discovered in 
Al-Hassah, Dhahran, Al-Khobar, Dammam, Ma’aglah, Shawiah, Hafr Al Batin, 
and Arra’r cities in the Eastern and northern provinces of Saudi Arabia (Figure 
3) and tentatively classified for engineering purposes (Waltham & Fookes, 2003) 
as Immature Karsts (Classes kI & kII) and Mature Karst (Classes kIII - kV). 
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Figure 3. Generalized Geological Mp showing the karstic features (sinkholes and fissures) 
distributed in the Karst Phanerozoic Rocks zone distributed in Saudi Arabia. Karst fea-
ture at the study site (Blue Triangle) (modified after Youssef et al., 2016). 
 

In this context, it is worth mentioning that in the last four decades, a great in-
terest have given by different authors, institutes and organizations to study the 
karstification phenomenon in Saudi Arabia for many purposes such as forma-
tion of karst features, detection and impacts of karst on engineering and envi-
ronmental projects, replenishment of groundwater and mitigation of karst ha-
zards to safe and secure the structures placed on karst terrains. For instance, Da-
vies & Lord (1981) investigated the effect of cavities in the Ad Dammam and Rus 
formations (limestone) in the city of Al Khobar. Jado and Johnson (1984), re-
ported two large solution cavities in the Dammam dome. Vaslet et al. (1988), 
investigated a crevasse formed by solution action in Al Kharj area. Al Saafin & 
Ramos (1989), examined the geomorphology and groundwater recharge in the 
karstic terrain of the As Summan Plateau in the Umm Er Radhuma Formation, 
Ma'aglah area in Saudi Arabia. Zabramawi et al. (2009) conducted Karst study in 
An Nu’ayriyah area. Sabtan et al. (2013) evaluated the sinkhole hazard at Al Is-
sawiah, south of Qurayat, Jouf Region in the Northern Province of Saudi Arabia. 
Al-Saafin et al. (2018) and Al-Saafin & Ramos (2019) examined, detected the 
underground cavities for geotechnical purposes in Al-Hassah area using Remote 
Sensing, Geotechnical and Geophysical investigations. Grosch et al. (1987) stu-
died the cavities and mechanically eroded features in the Dammam and Ha-
drukh formations. Lord, 1981, El-Ruwaih & Khandker, 1981, Dhowian & Yous-
sef, 1981 and Touma & Bellerjeau, 1981 and Al-Sayari & Zotl, 1978, studied and 
reported the impact of cavities dominated in Dammam and Rus formations in 
the city of Al Khobar, Dhahran and Al-Hassah area. 
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3. Study Site 

A sound industrial facility site located in Al-Hassah Region southwest of Al- 
Hofuf city with about 7 km has been selected as a case study to demonstrate 
the methodology of karst hazard assessment as a part of geotechnical investi-
gation. 

The designated study site is located within a fenced compound of about 
146,000 m2. It includes water storage and storm water management ponds, a 
maintenance facility, and several ancillary structures. The facility also includes a 
control building on the northern side of water pumps, pipe scraper facilities, and 
several large, lined process storage ponds on the south and eastern sides of the 
site.  

Five of the pumps are located in a line extending east-west, just south of the 
center of the site. The sixth turbine-driven pump is located near the southern 
boundary of the site.  

Field observations and historical records at the study site reported that there 
are several “collapse features” were noticed in the vicinity of the study site in 
Hassah Region, and potentially underlying the site, and there are indications of 
historical karstic activity in the region. The “collapse features” were observed as 
enclosed depressions in historical aerial photographs and subsequently con-
firmed visually on the ground surface and via surveyed topographic plans. The 
area to the west of the compound where sinkholes have previously developed 
represents one of these enclosed depressions. 

Sinkholes previously developed to the west of the study site in or around 1993 
and were backfilled. Additional sinkholes developed in 1997. The last known 
sinkholes developed as a pair to the west of the site and were observed after large 
amounts of water (10,000 gallons or more) were released to that area in or 
around 2006 from cleaning the former biocide tanks that were previously located 
in the southwestern portion of the compound. 

The two sinkholes both had openings around 1 meter in diameter and the 
cavity belled out below the ground surface to a larger unknown diameter. The 
sinkhole openings also had erosional scars from the water flowing into them and 
tension cracks developed around the openings. Stakes were driven into the 
ground to mark the tension crack locations. 

The enclosed depression which is the site of sinkholes in vicinity of the study 
site was initially developed around 1993 and surveyed in 2002. 

4. Method of Study 

With reference to the National, International experience as will our involve-
ments in studying and evolution the karst terrain for engineering purposes 
(Waltham & Fookes, 2003) it is intended to carry out this study using a combi-
nation methods to accomplish and satisfy the main objective of this study, 
throughout the following sequential steps: 
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1) Preliminary site investigation, 
2) Geotechnical Investigation, 
3) Geophysical Investigation, and 
4) Probabilistic analysis. 
Methodology, results and findings of the above mentioned methods designat-

ed for this study will be discussed and summarized in the following sections: 

4.1. Preliminary Site Investigation 

A special emphasis has been given to carry out a Preliminary Site Investigations 
at the study site to build a thorough understanding on the natural setting en-
compassing the study site and its interrelationship to karstification phenome-
non. 

Previous geological, geotechnical, hydrogeological reports, geological maps, 
topographical maps, aerial photos and landsat images pertinent to study site and 
surrounding area have been collected. Additionally, a reconnaissance site visit 
has been executed to check the karstification landforms and karst features at the 
study site and surrounding area. 

Results and findings of the preliminary site investigation has been gathered, 
tabulated, studied, analyzed and interpreted to determine the major parameters 
that could contribute to karst formation. Short description and discussion of the 
gathered findings are summarized in the following sections: 

4.1.1. Geomorphological and Topographical Setting 
Topographic map study showed that the study site is located in Al-Hassah Re-
gion south west of Al-Hassah City. It is bounded with Jafurah sand seas on the 
eastern side and Assuman Plateau in the west side, and located on the east side 
of En Nala anticline axis which extends gently to north south  

Generally, the study site and surrounding area is located in a lowland area 
covered by Aeolian sand dunes and sand sheets that range in thickness up to a 
couple of meters. Underlying ground surface at the study area consists of sandy 
soil with carbonate fragments (gravel).  

Landsat images, and DEM study along with field observations showed that the 
study site is located in lowland area surrounded with uplifted cliffs and escarp-
ment. in the north and northwest sides. Elevation at the study sites and sur-
rounding area ranges from 150 m to 154 m above sea level (maSL), while eleva-
tion of uplifted cliffs and escarpment in the north and north west reaches up to 
170 maSL as shown in Figure 4. It is noticed that no pronounced streams occur 
at the study site because all rainfall over the study site percolate into the subsur-
face and evaporate. 

The study site as a part of Al-Hassah region is located in arid zone, Temper-
ature ranges from 24˚ to 42˚ but may exceed 50˚. The annual rainfall over 
Al-Hassah region reaches up to 100 mm per year. Rainy period over the study 
site is about 18 days per year, some thunderstorms with a maximum rain event 
reaches up to 52 m in a 24-hr period, and an average of 6 days per year  
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Figure 4. DEM showing the topography at the study site (UWSP) and surrounding area. 
 
(Williams, 1974). 

Additionally, Reconnaissance study, field observation and historical records 
showed the study site and surrounding area are dominated with pronounced 
karst features such as subsidence, buried and opened sinkholes, opened shafts 
and underground cavities. 

4.1.2. Geological Setting 
Geological map of the Arabian Gulf quadrangle (Powers et al., 1966) and a spe-
cific geological studies of Hofuf (Hussain et al., 2006) and Shedgum area (Saner 
et al., 2005) that are in vicinity to the study site depicted that the study site is 
mapped within the Shedgum Plateau. The Plateau is capped by relatively resis-
tant limestone and raised above the surrounding terrain. Shedgum Plateau as 
part of En Nala Anticline are slightly inclined at the ground surface and bedding 
on the eastern side of the anticline dips very slightly to the east and southeast. 

Generally, the study site is located at the base of Shedgum plateau that is cha-
racterized with the following Lithostratigraphical sequence from youngest to 
oldest (Figure 5): 

1) Hofuf Formation, is comprised of alternating of limestone, marl, sandstone 
and a thin veneer of highly weathered conglomerate. 

2) Dam Formation, consists mainly of limestone, marl interbedded with thin 
layers of clay and gypsum. 

3) Hadrukh Formation is mainly composed of calcareous silty sandstone and 
sandy marl with some sandy limestone. 

4) Dammam Formation consists mainly of limestone, dolomite, marl and 
chalk with thin layers of gypsiferous shales. 

5) Rus Formation mainly comprised primarily dolomitic marl, limestone and 
gypsum. 

6) Um Er Radhuma formation consists of limestone, dolomitic limestone and 
dolomite. 
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Figure 5. Generalized Lithostratigraphical sequence at Hofuf area (modified by Hussain 
et al., 2006, after Powers et al., 1966; Al-Sayari & Zotl, 1978). 

4.1.3. Geological Structures 
Geological Structures as a prime factor controlling karst formation in Shedgum 
Plateau, As Samman Plateau, Dammam Dome and surrounding area in Al- 
Hassah and Ma’aglah region have been studied by many authors for different 
purposes (Holtz, et al., 1978; Edgell, 1990; Al-Husseini, 2000; Saner et al., 2005 
and Hussain et al., 2006). 

Results of Research studies carried out by number of authors reported that 
Al-Hassah region that is hosting the study site and surrounding area in the east-
ern parts of Saudi Arabia had been affected and triggered by number of major 
structures such as Ghawar anticline, En Nalah anticline, Abu Jifan and Sahba 
faulting system as well number sets of jointing and fracture system. Generally, 
orientation of major structures and associated jointing and fracture system are 
trending N, NW and NE as shown in Figure 6. 

Number of research studies conducted in the karst features in the eastern 
parts of Saudi Arabia (Hotzel, Saafin, Hussain et al. 2006 and Saner et al., 2005; 
Al-Sayari & Zotl, 1978; Jado & Johnson, 1983; Grouch et al., 1987; Edgell, 1990; 
Shehata et al., 1990, Shehata et al., 2007; Grosch et al., 1987; Holm, 1960; Powers 
et al., 1966; Chapman, 1978) reported that Karst features distributed in the kars-
tic Formations in Al-Hassah and As Summan Plateau Region (e.g. Dam, Dam-
mam and Um Er Radhuma formations) had been developed along the distinctive 
fractures, joints system, fault plans and folding system trending in N, NE and 
NW direction as shown in Figure 7). These intersection discontinuities played 
an active role in controlling and formation of karst features at this region. 

4.1.4. Groundwater Setting 
The groundwater system studies in Hassah region as a part of the eastern prov-
ince of Saudi Arabia and hosting the study area have been conducted a by dif-
ferent authors (Naimi, 1965; Italconsult, 1969, BRGM, 1977; Yazicigil et al., 
1986; Allayla et al., 1987, De Jong et al., 1989; Rasheeduddin (1988), Al-Tokhais,  
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Figure 6. Showing the Major geological structures distributed in Al-Hasah Region that is 
hosting the Study Site (after Ziegler, 2001). 
 

 
Figure 7. Fractures and Joint sets in karstic Formation, at Al-Hassah region, oriented in 
NE and NW directions. (a) Hofuf formation and (b) Dammam Formation. 

https://doi.org/10.4236/gep.2020.85018


B. A. Nawaz et al. 
 

 
DOI: 10.4236/gep.2020.85018 288 Journal of Geoscience and Environment Protection 
 

et al., 2008, and El-Mahmoudi, 2011), and reported that Hydrogeological system 
in Al-Hassah region consists of four partly interconnected aquifers as follows 
(Figure 8 and Figure 9): 
 Neogene aquifer complex at the top-a mixture of Dammam Formation from 

some localities on top of the karstified fractured bedrock aquifers and 
 Dammam aquifer complex, a partly karstified fractured aquifer, 
 Umm Er Radhuma aquifer, a karstified fractured bedrock aquifer and 
 Aruma aquifer at the base—a karstified fractured bedrock aquifer and of minor 

importance. 
 

 
Figure 8. Geology & hydrogeology at Al-Hassah Area, after Al Tokhais & Rausch, 
2008. 
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Figure 9. Schematic sketch, illustrating the hydrogeological units of the aquifer system at 
the area of study, after Al Tokhais & Rausch, 2008. 
 

As shown in the hydrogeological/Geological Map (Figure 7) that the ground-
water at the Hassah region flows under the study site is directed from outcrop 
areas in the North and West to the south and east towards the Arabian Gulf.  

It is known that in the past years, groundwater flow previously and supplied 
the city of Hofuf with water via the karst springs. Currently, the springs no 
longer flow due to un-regulated over-pumping of the Neogene aquifer that has 
reduced the groundwater level considerably (Edgell, 1993 and Nejem, 1994). 

In conclusion, Hydrogeological study reveals that the study site as a part of the 
eastern Province of Saudi Arabia had received excessive amount of rainfall dur-
ing the last pluvial period (Gutiérrez et al. and Nejem, 1994) that was percolated 
down thru the presence of fracture and joint systems and played an active role in 
karst formation at Al-Hassah region that is hosting the study site. 

4.2. Geotechnical Explorations 
4.2.1. Subsurface Exploration and Field Testing 
Number of geotechnical site investigation projects have been conducted at the 
study site. Results of subsurface exploration, field testing and lab testing un-
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dertaken at the study site are summarized in Table 1 and Figure 10 and Fig-
ure 11. 

Sample of subsurface profile at the study site showing the stratigraphical suc-
cession and underground cavity encountered between 14 m - 17 m depth from 
existing ground surface. 

Based on the information collected from previous field investigations, the 
stratigraphy at the site typically includes the following layers, from the top down 
as per Figure 12. 
 
Table 1. Summary of subsurface exploration and field testing undertaken on the study 
site. 

Test Description Outcome 

Test Borings 
Six sets of borings were drilled 
between 1976 and 2009 

Obtain geotechnical data for the 
original foundation design at the 
plant; try to identify potential 
karst features; provide information 
for a new turbine/pump 

Borehole Video 
Camera Studies 

Eight boreholes were imaged with a 
video camera. The camera and a 
supplemental light were slowly lowered 
through the boreholes to film the walls. 

Cavities, fissures and other karst 
features were panned by the 
camera 

Laboratory 
Testing 

Laboratory testing was performed 
as part of three previous 
subsurface investigations. 
Laboratory testing included 
24 sieve tests; 20 hydrometer tests; 
22 specific gravity; 35 natural moisture 
contents; 3 unit weight tests; 
31 Atterberg Limits; 17 unconfined 
compression tests on soil samples; 
8 Unconfined compression tests on rock 

Plotted Atterberg Limits on a 
plasticity chart and natural 
moisture content versus depth 
are shown in Figure 10. 
Most of the test results are 
clustered around the A-line on the 
plot, with liquid limits ranging 
from 45 percent to 70 percent and 
classifying as CH or MH soils. 
Natural moisture contents of the 
soils ranged from 7.2 to 33.2 
percent with most of the values 
between 22 and 32 percent. 

 

 
Figure 10. Laboratory Atterberg limits and moisture content test results. 
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Figure 11. Sample of subsurface profile showing the stratigraphical succession at the study site (After Schnabel Engineering, 2012). 

 

 
Figure 12. Generalized Subsurface Lithostratigraphical Succession at the study site. 

4.2.2. Geophysical Explorations 
Multiple geophysical technologies have been used on the western side and with-
in the compound to evaluate the subsurface conditions with regard to karst fea-
tures. A summary of the Geophysical methods applied is shown in Table 2. 

4.3. Risk Assessment 
Approach 
The role of the risk assessment is to develop the probability of particular  
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Table 2. Summary of geophysical investigations. 

Test Description Outcome 

Microgravity 

A microgravity study was conducted adjacent to the west 
side of the site and into the southwestern edge of the 
fenced compound. Microgravity surveys are used to 
measure small changes in the acceleration due to gravity 
(the gravity field) that are caused by changes in the 
density of material underneath the sensor. The changes 
may be the result of deep crevasses in the bedrock 
surface due to fracture zones, voids in the bedrock, etc. 
The purpose of the study was to further investigate the 
subsurface with regard to sinkholes that developed. 

Results are generally comparable in that they 
provide estimated residual gravity in (mgals) 
values of the subsurface. 

Electrical 
Resistivity 
Imaging 

Electrical resistivity data was collected to the west and 
within the plant compound during the Phase II and III 
Investigations, using two different technologies: 
galvanic current transfer, and capacitive induction. 
These measurements were collected within the paved 
compound, west of the turbines, and were done 
instead of galvanic measurements to avoid the 
need to drill through the pavement to insert electrodes. 

Results are generally comparable in that they provide 
estimated resistivity values of the subsurface. 

Vertical 
Seismic 
Velocity 
Profiling 

(VSP) 

Vertical seismic velocity profiling was 
performed around the five turbine 
areas as part of the Phase V Investigation. 

The raw data is generally of poor quality, indicating signs of a 
small signal-to-noise ratio including contamination from 
spurious low frequency and very high frequency noise. 
The signal times within the records are subsequently 
difficult to determine and the resulting modeled velocities 
are therefore suspect. 
Additionally, high velocity artifacts adjacent to the boreholes 
and corresponding relatively low velocity artifacts away from 
the borehole area are common with this type of analysis. 

Ground 
Penetrating 

Radar (GPR) 

Ground penetrating radar data was collected as 
part of the risk assessment investigation in Phase IV. 
Data was collected with both 200 MHz and 
400 MHz antennas at the site. The depth of 
penetration for GPR at the site is about 30 ft (9 m). 

Although the result cross-section profiles indicate a significant 
amount of ringing and energy loss in about the upper 8 ft 
(2.5 m) and the signal strength beneath this layer appears weak. 
GPR could be used successfully around the turbine foundations 
to observe voids directly underneath the pavement surface 
that would be an imminent risk. 

Multi-Channel 
Analysis of 

Surface Waves 
(MASW) 

MASW was collected at the site during the 
Phase IV risk assessment investigation, 
the Phase V baseline investigation, and then 
again during the Phase VI investigation. 
The Phase V and VI data sets were also collected 
along the same traverses with the 
geophone vibration sensors in as close to 
the same locations as was feasible. 

In general, the data collected in Phase IV indicate a general shear 
wave velocity (Vs) of about 650 to 1300 fps (~200 to 400 m/s) 
within the near surface fill and potentially the top of the natural 
soil profile. The profiles indicate a probable change in material 
at about 14ft to 17 ft (~5 m) depth, and associated general shear 
wave velocities in the lower material that range from about 
1300 fps to 2500 fps (~400 m/s to 750 m/s). The velocity profile is 
generally smooth and consistent both laterally and vertically. We 
anticipate this material represents the underlying marl, natural soil, 
and disintegrated rock from the in-place weathering of the 
underlying limestone bedrock. Another change in material shear 
wave velocity occurs at a depth of about 45 ft to 50 ft (~14 m to 15 
m) depth, which we anticipate represents the underlying bedrock 
surface and velocities greater than about 3000 fps (~900 m/s). 
In contrast to the Phase IV results, the data obtained in 
Phase V and Phase VI surrounding the turbines is in general 
less homogeneous and smooth, especially in the range of 
depths from about 13 ft to 33 ft (~4 m to 10 m). The profiles 
also indicate variations in the shear wave velocity that form 
generally horizontal zones, which seem to be indicative of 
increased weathering along the near horizontal bedding 
planes and/or variations in susceptibility to weathering within 
slightly different horizontally bedded lithological layers 
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hazard that will affect failure in a system. Understanding the probability pro-
vides a tool for evaluating appropriate means to manage the risk by endorsing 
risk reduction measures or considering the potential consequences if failure oc-
curs (Galve, et al., 2009, and Tolmachev & Leonenko, 2011). 

Failure may be defined to be any impact that significantly affects the system or 
critical parts of the system. Also, the risk probability may be quantitative, pro-
viding absolute probabilities that the hazards will occur (e.g., a 30% chance of 
rain falling and making a land slide) or qualitative, providing relative probabili-
ties of exposure to the hazard (e.g., a low, moderate, or high chance of some-
thing occurring). Quantitative risks can be estimated if failure mechanisms 
within the system are fully understood and enough statistical information is 
known about each mechanism that leads to the failure. These are commonly 
used in controlled systems where the materials are engineered, the properties are 
well known, and large amounts of statistical data are known about how the ma-
terials react in the specific conditions. However, karst regimes are complex sys-
tems that are seldom fully understood and vary significantly geographically, so 
that statistical information regarding how they react to often unidentified 
stresses is not fully known. Therefore, developing a truly quantitative assessment 
is not generally feasible, as is the case for this case. The risks must be qualitatively 
based on the available information, the history of similar situations, professional 
judgment, and an understanding of geologic and karst processes. 

Before discussing the approach developed for the site, it is worth defining 
terms with regard to hazard, risk, failure, consequence, and residual risk (UN- 
ISDR (2004) and TC32—Technical Committee 32, 2004). 
 Hazards are potentially harmful items or occurrences to persons, systems or 

other entities. An example of a karst hazard is a sinkhole. 
 Risk is the uncertainty or probability of exposing persons, a system, or other 

entities to a hazard. Risk is often quantified in terms of probability. An ex-
ample of risk is the probability that a sinkhole will develop underneath one of 
the critical structures on the site. 

 Failure is defined as some level of impact the hazard could have. Generally, 
failure is also defined with respect to the consequence of the hazard even oc-
curring. For example, failure could be defined at the site as any movement in 
the turbine foundations, or any karst-related event that requires stopping the 
turbine. 

 Consequence in this usage is the quantifiable outcome of failure occurring at 
the site. This may include safety, cost, schedule, quality, or other quantifiable 
outcome. For example, the cost involved with performing an emergency re-
pair and underpinning for one of the turbine foundations. 

 Residual risk is the risk that remains after mitigation measures have been put 
in place. That is, even though actions may be made to prevent hazards from 
impacting the system, there will always be some risk as long as the hazards 
exist. 
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The following process for has been developed for evaluating qualitative risk 
based on approaches used by the US Army Corps of Engineers for evaluating 
earthen structures and other similar structures. The approach consists of four 
phases, as shown below. 
 

 
 

The results of each phase in the process are incorporated and overlaid on the 
following phases. The result of this process is a tool to evaluate the risk of karst 
development at each structure and the ability to consider the overall operational 
and cost consequences with respect to the risk. In addition to providing a model 
to develop a meaningful risk assessment, this model will provide information on 
how remedial measures will impact the overall risk and consequences to that 
risk. 

1) The first phase, Hazard Analysis, includes developing a list of potential ha-
zards with regard to karst based on professional judgment and experience.  

2) The second phase, Probabilistic Risk Analysis, is to develop a list of risk 
factors that could potentially contribute to the overall risk of exposure to the 
hazard. During this phase, relative weights are given to each of the risk factors 
based on how instrumental they are with regard to exposing the hazard and ac-
cording to the conditions at a particular location. Considerations that go into 
developing this are the proximity event, the probability of exposure, and the 
possible frequency of exposure. For example, if the hazard is a sinkhole, then 
significant potential for having water flow to that area has a large impact on the 
overall risk. However, the potential for that to happen may be very small, there-
by mitigating the impact.  

3) During the third phase, Failure Potential Analysis, the potential for failure 
in the event that the structures are exposed to the hazard is evaluated. This is an 
evaluation of the vulnerability of the structure to being exposed to the hazard. 
For example, the possibility that 1-m diameter sinkhole under the turbine foun-
dation will damage the turbine seems to be relatively small as compared to a 
10-m diameter sinkhole. 

4) The fourth phase, the consequence of a failure for each hazard is estimated 
in terms of cost of repair, consequential costs due to lost time, safety, or sche-
dule.  

The available information does not adequately provide the clarity or density of 
information needed to conduct a complete risk analysis as discussed above. Mul-
tiple levels of information are either missing around the critical structures or 
contain sufficient ambiguity that prevents making a clear designation of the risk 
factors. Therefore, the designations were estimate conservatively or been omitted 
entirely where no information exists to help estimate the factor, and therefore 
including them would not serve to help define areas of greater risk. Additionally, 
not enough information were gathered regarding the operations and how a fail-
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ure of parts of the pump station, downstream systems, and upstream systems 
would be affected or the costs involved to develop a reasonable quantitative es-
timate of the consequences. This can be assisted when further development of 
this model be desired. 

1) Hazard Assessment 
Based on the understanding of the karst processes and the conditions on and 

underneath the site, the following are the expected hazards related to the under-
lying karstic conditions. Exposure to these hazards could potentially have nega-
tive impacts to both safety and operations at the facility (Zhou & Beck, 2011; 
Buttrick & van Schalkwyk, 1998, and Beynen, 2011). 

a) An open sinkhole. This could result in loss of foundation support either 
vertically, laterally, or both, thereby negatively impacting the service of the tur-
bine pumps. Also, sinkholes are, by nature, acute features in that they tend to 
manifest themselves rapidly and may need immediate action to prevent further 
damage to critical structures. Given the soil conditions at the site, dropout/cover 
collapse sinkholes are most likely to occur. Based on voids observed in the bo-
rehole videos, it is believed that voids in the soil may have developed via the 
physical erosion of water flowing through fractures in the soil. 

b) A “hidden” sinkhole. These sinkholes are defined as those that develop un-
derneath pavement or foundations that bridge over them, so that their presence 
is unknown. These could potentially lead to collapse as vehicles drive over top of 
the voids or eventual movement of critical structure foundations. 

c) Long term subsidence due to consolidation of the underlying soil or loss of 
soil mass into open joints and voids in the underlying bedrock. This can result 
from ponding water which could eventually initiate such situation. 

2) Probabilistic Risk Model 
Attempts to generate susceptibility models using probabilistic methods are 

very rare (Yilmaz, 2007) and the assessment of their prediction capability (inde-
pendent evaluation) has been presented only in a preliminary paper by Galve et 
al. (2008). Some of the criteria used to delineate susceptibility zonations include: 
sinkhole density (Brook & Allison, 1986), nearest neighbor analysis, which pro-
vides a measure of the sinkhole clustering (Zhou et al., 2003), the establishment 
by means of expert criteria of threshold values for a given variable (Kaufmann & 
Quinif, 2002; Gao & Alexander, 2003), or the intuitive application of a scoring 
system to a group of conditioning factors (Brook & Allison, 1986; Zhou et al., 
2003; Jiang et al., 2001; Tolmachev et al., 2005). 

5. Results & Discussion 

Results and findings of the above sections have been summarized and discussed 
in the following sections to identify, evaluate the expected and experienced karst 
hazard at an industrial facility plant; and then to recommend number of mitiga-
tion control measures to stop or minimize the karst risk that could endanger the 
facilities of studied plant placed on karst landform.  
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5.1. Natural Setting Encompssing the Project Sit and Suurounding  
Area and Kastification 

Results and findings of the Preliminary Investigation revealed that the natural 
setting encompassing the study site within Shedgum Plateau is vulnerable and 
susceptible for karstification based on the following:  

The study site is located over lowland area (Depression) relatively to the sur-
rounding uplifted escarpment that collected excessive amount of rainfall during 
the last pluvial period.  

Rock type encountered at the study site mainly comprised of soluble carbo-
nate rocks and having excessive number of joints.  

Additionally pronounced sinkholes and other karst features have been ob-
served at the study site and surrounding area. 

Results of this preliminary Investigation at the study site and surrounding 
area indicated that the Al-Hasah area and study site is classified as karstification 
terrain and it is susceptible for Karst formation. 

Results and findings of the preliminary Investigations revealed that karst fea-
tures dominated at the study site and surrounding area are classified as mature 
karst (classes III - V). Therefore, more rigorous ground investigation with com-
bination methods should be carried out to collect the required parameters that 
are needed for hazard/risk assessment and consequently to provide the most 
adequate mitigation measures (Waltham, et al., 1988, Waltham & Fookes, 2003, 
and Thomas & Roth, 1999).  

5.2. Geotechnical, Geophysical Characteristics of Earth Material  
and Risk Assessment of Karst at the Project Site 

Have been integrated to determine the factors influencing the potential of 
karst hazards experienced at the project site are summarized in the following 
sections:  

5.2.1. Factors of Risk and Hazard of Karst 
This work presents a method of quantitatively developing and independently 
testing sinkhole susceptibility and hazard models in a 50 km2 sector of the Ebro 
Valley evaporite karst in northeast Spain. 

Risk factors that contribute to the potential exposure to the above hazards are 
generally related to the existing geologic conditions underlying the location, wa-
ter conditions both underlying the site and management of surface water at the 
site, and changes made to the natural site conditions. A list of factors was ob-
tained for each of those broad categories.  

The list of risk factors is reduced based on the historical information (boring 
logs, borehole video footage, laboratory test results, and geophysical surveys) 
regarding the subsurface conditions underlying the turbines. Risk factors that 
could not be evaluated due to lack of information, or were not applicable to this 
site, were eliminated from consideration. Risk factors eliminated from this anal-
ysis due to lack of information may still substantially contribute to the develop-
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ment of hazards on site. The following is the reduced list of risk factors. Sources 
of information were included in parentheses after each. 

1) Geological Factors: Depth to bedrock (test borings and geophysical results), 
Overburden soil potential for raveling (laboratory testing, BHs), Overburden soil 
potential for desiccation (laboratory testing), Potential for near-surface bedrock, 
disintegrated rock, and boulders (test boring logs and geophysics), Quality and 
fracturing of rock within the top 5 m of bedrock (test boring, video logs, and 
geophysics), Presence and size of known existing voids within soil (test boring 
and video logs), Presence and size of known existing voids within rock (test 
boring and video logs), The proximity of known existing voids to the structure 
(test boring and video logs), History of past sinkholes and depressions (reports 
and interviews), Soft zones in underlying soil (geophysics), Decrease in shear 
wave velocity within the underlying soil over time (geophysics), and Bedrock 
orientation (test borings, video logs, and published geologic papers) 

2) Groundwater factors: Depth to groundwater (published papers, hydrologic 
report, and interviews), Groundwater pumping history (published papers and 
interviews), and Evidence of past near surface groundwater flow (video logs) 

3) Surface Water and Infiltration factors: Existing and historic pipe leaks (in-
terviews, site plans), Existing and historic process water discharge (reports and 
interviews), and Storm water ponding and storm water runoff on site (site ob-
servations, rep 

4) Site Features factors: Existing and former buried structures and utilities 
(interviews and site plans), Soil disturbance by site activities (interviews), and 
Impervious surfaces (historical and current) 

5) Data Coverage factor: This factor is introduced to provide additional risk 
depending on the relative amount and general quality of the data in the areas in 
order to counteract the impact of data density. Areas with low amounts of in-
formation have higher associated risk than areas without information. It is worth 
noting that some areas around the turbines have much more information re-
garding the subsurface conditions than others. Although attempt was made to 
prevent artificially increasing the risk in any particular area based on the fact 
that those areas had more investigations, it is anticipated that the distribution of 
information has an impact on the results. For example, an area with a test boring 
may have a higher risk than an area without a test boring because a void was 
encountered in the test boring. However, it would be misleading to believe that 
the area without a test boring therefore truly has a lower risk. Perhaps no void 
was encountered because test borings were not conducted in that location. 

5.2.2. Risk and Hazard of Karst Analysis at the Project Site 
Each of the above risk factors were evaluated for the various critical structures, 
using a relative weighting based on the severity of the conditions at the specific 
location as discussed by Galve et al., 2009. 

Following is a discussion of each risk factor and the approach used to assign 
the weighting: 
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6) Depth to bedrock 
The size of the surface expression of a sinkhole is partially controlled by the 

depth to bedrock and the thickness of the soil cover. Shallow depth to bedrock 
typically results in smaller or narrower sinkholes at the ground surface. Review 
of the historic borings revealed that no consistent criteria were used to define the 
top of bedrock or to determine the appropriate depth to start coring rock. Some 
investigations used SPT N-values to define the top of rock and the start of rock 
coring. Other investigations started coring within a few meters of the ground 
surface or as deep as 20 m below the ground surface. No explanation was pro-
vided in these reports for how the depth to start coring was determined. After 
plotting the depth at which rock coring began for each borehole, no clear trend 
or correlation was observed due to the poor quality of the data. Reviewing the 
video footage cannot result in a clear delineation between soil and rock. The 
poor quality data limits the use of this data in the determination of risk. 

7) Overburden soil potential for raveling 
The density and plasticity (i.e., cohesion) of the overburden soils determine in 

part how erodible the soils are and how much potential the soils have to develop 
shrink-swell cracks. Soils with lower levels of cohesion (granular soils like sand 
and fine-grained soils like silt) are more prone to erosion. High plasticity soils 
are more prone to shrink-swell behavior and shrinkage cracks. Review of the 
historic borings revealed that most of the previous investigations did not collect 
soil samples during drilling for classification and laboratory testing. In addition, 
the descriptions on some borings were inconsistent, such as classifying silty sand 
with limestone fragments to be marl fill. Laboratory test results available indicate 
that the overburden soils generally consist of silty (ML, MH), sandy (SM, SC), 
and clayey (CL, CH) soils. It is assumed that this is a uniform risk across the site. 

8) Overburden soil potential for desiccation 
Fine grained soil such as clay and silt have the ability to reduce in volume 

upon drying. This is even more true for fat (highly plastic) clay and highly plas-
tic silt and more so with clay than silt. Review of laboratory data from previous 
reports provided relative rating of the soil on site to desiccate. 

9) Potential for near-surface bedrock, disintegrated rock, and boulders  
The presence of a capstone layer on the rock can create cover-collapse “ca-

prock” sinkholes. Additionally, near surface boulders and thick layers of disinte-
grated rock are potential sinks for soil to ravel into them and form sinkholes. 
Capstone bedrock and boulders were not observed in the boring logs on video 
footage and therefore are not anticipated to be a significant risk factor. Disinte-
grated rock was estimated based on geophysical results. 

10) Quality and fracturing of rock within the top 5m of bedrock  
Highly fractured rock near the surface of the bedrock allows for easier infiltra-

tion of water into the bedrock. In general, highly fractured rock was observed at 
shallow depths in all borings. Due to the inconsistent methods used to define top 
of rock in the previous exploration programs, it was not possible to determine if 
this was within the top 5 m of bedrock or residual soils and disintegrated rock. It 
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is assumed that this is a uniform risk across the site. 
11) Presence and size of existing voids within soil 
Voids observed within the overburden soils and disintegrated rock indicate 

that soil is raveling into voids in the bedrock below. 
12) Presence and size of existing voids within rock 
Overburden soil may fall into existing voids in the bedrock below. Due to the 

inconsistent methods used to drill and log historic borings, voids considered are 
only those observed to be open in the video footage or specifically noted as open 
voids on the logs. Most of the open voids were encountered at depths deeper 
than 10 m below the ground surface. Open voids were observed in few locations 
within 10 m of the ground surface. 

13) The proximity of existing voids to the structure 
The closer existing voids are to existing structures, the greater the risk that the 

voids may cause damage to existing structures. Open voids were observed under 
the north end and middle of all turbines. 

14) History of past sinkholes and depressions on site 
Sinkholes and depressions that have previously appeared on the site indicate 

that there are solution features below the ground surface that are active. A sink-
hole developed in 2002 on the west side of the site and the southwest area of the 
site near the biocide tanks. 

15) Soft zones in underlying soil (geophysics) 
Soft zones just above the bedrock surface, sometimes called epi-karst zones, 

are common in karst terrain. They are the result of the underlying bedrock chem-
ical weathering and eroding at the base of the natural soil and leaving non-soluble 
portions of the parent rock. This residual soil is therefore under-consolidated 
and has the potential for subsidence due to the weight of the soil above it and/or 
the addition of loads from structures at the ground surface. Evaluation was made 
to the shear wave velocities in the underlying soil to estimate if such zones exist. 

16) Decrease in shear wave velocity within the underlying soil over time 
Reduction in shear wave velocity may correspond to a similar reduction in 

stiffness in the underlying soil. This information was obtained by comparing the 
shear wave velocity values collected in 2007 and 2011. 

17) Bedrock orientation 
Dipping bedrock forms pinnacles at the rock surface and typically smaller 

sinkholes than horizontally-bedded rock, which is more prone to collapse sink-
holes. In addition, infiltrating surface water can become trapped and flow down 
between the bedding layers, creating preferred solution channels. Based on pub-
lished regional geology descriptions, the orientation of the bedding is considered 
horizontal. This is assumed to be a uniform risk across the site. 

18) Depth to groundwater 
Many sinkholes are triggered by changes in capillary forces in the pore spaces 

of the overburden soil when the depth to groundwater varies. In all borings, 
groundwater was not encountered. This is not unexpected due to the regional 
pumping of groundwater and the impervious pavement covering portions of the 
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site. Therefore, this is assumed to be a uniform risk across the site. 
19) Groundwater pumping history 
Similarly, the drawdown of groundwater levels due to pumping can trigger 

sinkhole activity. The interviews with site personnel reveals that the groundwa-
ter has significantly dropped in the area in the years after the plant was con-
structed due to pumping. However, no groundwater was observed in the sub-
surface explorations from 1976 to present. This is assumed to be a uniform risk 
across the site. 

20) Evidence of past shallow groundwater flow 
Evidence of past groundwater flow can indicate preferred water channels. Re-

view of video footage revealed that near surface materials were coated with a cal-
cite crust. 

21) Existing and historic pipe leaks 
Pipe leaks is a source of water that can drive the downward migration of soil 

into voids triggering sinkholes at the surface. A pinhole leak was developed in 
the water transmission pipes on the western side of the compound prior to ab-
andoning them below ground. 

22) Existing and historic process water discharge 
Discussions with site staff reveals that process water is temporarily stored in 

ponds on the east side of the site. Also, a release of water used to clean biocide 
tanks in 2006 was allowed to discharge to the western side of the site triggering 
sinkholes. 

23) Storm water ponding and storm water swales and channels 
Storm water ponding and runoff, if allowed to percolate into the soil, can 

drive the downward migration of soil into voids triggering sinkholes at the sur-
face. It was observed that there are several areas on the site where surface water 
and/or storm water has been allowed to pond or overflow swales, channels, and 
depressions. 

24) Existing and formerly buried structures and utilities 
Existing and formerly buried structures can create preferred drainage chan-

nels or divert water flow. The majority of the water transmission pipes within 
the compound were buried until they were replaced in 1992 and 2008. We un-
derstand that the original pipes were abandoned in place but that pipes near the 
existing control room were excavated and removed when the building was con-
structed in its current location in 2008. The excavations were reportedly back-
filled with soil, sand and pipe bedding material. 

25) Soil disturbance by site activities 
Soil disturbance by earthwork activities on site can change the stress levels and 

alter drainage pathways. Fill soils were reported at the top of some of the historic 
borings. In addition, the surface of the site had to be modified to create the pad 
for the pumping station, the storm water ponds, and other structures. 

26) Changes to area covered by impervious surfaces 
Impervious surfaces can concentrate infiltration of storm water runoff to small 

areas. In addition, large impervious surfaces can reduce the surface water infil-
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tration overall at the site lowering the groundwater table locally. The majority of 
the pumping station has been built on a large relatively impervious concrete pad 
eliminating storm water infiltration under the center of the plant and concen-
trating it at the edges and channels. 

27) Previous sinkhole identification and remediation activities (drilling, grout-
ing, void filling, etc.) 

Previous exploration and remediation can create and modify existing drai-
nage pathways. The boreholes from previous exploration programs were left 
unfilled at the end of work. These open boreholes create new conduits for ground- 
water.  

5.2.3. Risk and Hazard of Karst Calculation and Evaluation at the Project  
Site 

Summarizes the criteria used to calculate risk for each risk factors. Each risk 
factor was assessed based on its likelihood and impact, as per the risk matrix 
shown in Table 3 and Table 4. 
 

Table 3. Risk assessment analysis—criteria for risk factors. 

Criteria 

Risk Level (Assigned Points) 

1 
2 3 

4 

(Low Risk) (High Risk) 

Geology 

1. Depth to bedrock (m) >15 10 - 15 5 - 10 <5 

2. Soil Raveling Potential CH NH/CL SC/SM/ML SP/SW 

3. Soil Desiccation Potential SP/SW SC/SM/ML MH/CL CH 

4. Potential for Boulders - No Cap rock - Cap rock 

5. Fracturing of top 5m of Rock Unfractured 
Slightly 

Fractured 
Moderate 
Fractured 

Highly 
Fractured 

6. Voids and Fissures in Soil - No - Yes 

7. Depth of Void (m) >15 10 - 15 5 - 10 <5 

8. Proximity of Voids (m) >30 15 - 30 3 - 15 <3 

9. History of Sinkholes, within 30 m - - - Yes 

10. Shear Wave Velocity (m/sec) >400 250 - 400 150 - 250 <150 

11. Decrease in Shear Wave Velocity (m/sec) <70 70 - 140 140 - 250 >250 

12. Bedrock Orientation Horizontal Slight Dip Moderate Dip Steep Dip 

Groundwater 

13. Depth to Groundwater (m) >15 10 - 15 5 - 10 <5 

14. Groundwater Pumping History Never Stopped Deep Shallow 

15. Groundwater Flow in Voids - No - Yes 

Surface Water 
& Infiltration 

16. Pipe Leak, within 30 m No - - Yes 

17. Process Water Discharge, within 30 m - - - Yes 

18. Storm water Ponding, within 30 m - - - Yes 

Site Features 

19. Buried Structures, within 30 m - - - Yes 

20. Soil Disturbance, within 30 m - - - Yes 

21. Impervious Surfaces, within 30 m No - - Yes 

General 22. Data Coverage Extensive Some Limited Sparse 
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Table 4. Risk assessment matrix. 

Likelihood 

Very Likely 3 4 5 

Likely 2 3 4 

Unlikely 1 2 3 

 

Low Moderate High 

Impact 

 
Appropriate weighting for each of the risk factors is used for the calculations 

of the risks for both sinkhole and subsidence in Table 5 and Table 6, respec-
tively. 

According to the risk model for sinkholes, the highest risk for exposure to a 
sinkhole hazard is at the north and south ends of GT3. The northern side of GT2 
also has a high risk. Results and findings showed that the southern side of GT3 is 
ranked number one as the area with the highest risk. The driving factors at the 
north end of GT5 are “voids seen in the soil” and “proximity to voids.” The low-
est risk is at GT4 and specifically the southern end of GT4. 

Regarding subsidence, the northern and southern portions of GT3 have the 
highest risk in similar fashion to the sinkhole risk. However, the ranking at the 
northern end of GT5 decreased slightly relative to the other turbines. The lowest 
risk area is the northern portion of GT4. Results of risk assessment showed the 
relative risk of subsidence by area and the relative rank each area has. Numbers 
indicate relative rank in risk from highest to lowest. 

In general, the eastern and northern sides of the turbine area seem to have 
greater risk for developing sinkholes and subsidence than the west. This assess-
ment agrees with reports submitted previously by Al Jahat Co. and Geophysical 
Services, LTD. Also, the primary risk factors that seem to drive the risk at the 
site, given the available information, are the depth to bedrock, voids observed in 
the soil, the depth to voids in the underlying bedrock, proximity of voids in the 
subsurface to the structures, soft zones underlying the site, and the decrease in 
shear wave velocities underneath the structure foundations. 

5.2.4. Risk and Hazard of Karst Reduction at the Project Site 
Although it is not feasible to remove the hazards from the site, there are two 
general ways to reduce the risk of exposing the critical structures to those ha-
zards: learn more about the conditions to reduce ambiguity and subsequent 
conservatism, prevent the hazards from manifesting themselves by preventive 
measures, or reduce the impact of the hazards on the structure in the event of 
manifestations. 

1) Data Gaps 
Some potentially significant risk factors were removed from the risk model 

due to inadequate information to evaluate them. Including them would not have 
added contrast to specific areas on the site because the weighting values for the 
entire site would likely be similar. Additionally, there is limited information on  
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Table 5. Risk assessment analysis—sinkhole hazard. 

Criteria 
Relative 
Weight 

Structure Name 

GT-1 GT-2 GT-3 GT-4 GT-5 

N M S N M S N M S N M S N M S 

1. Depth to bedrock (m) 3 3 3 3 3 3 3 3 3 3 3 3 3 2 3 3 

2. Soil Raveling Potential 2 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 

3. Soil Desiccation Potential 3 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 

4. Potential for Boulders 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 

5. Fracturing of top 5m of Rock 2 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 

6. Voids and Fissures in Soil 4 2 2 2 4 2 2 4 2 4 2 2 2 4 2 2 

7. Depth of Void (m) 3 2 2 2 2 2 2 2 3 4 2 2 1 2 2 2 

8. Proximity of Voids (m) 4 4 2 3 4 3 2 4 3 3 4 3 3 4 3 3 

9. History of Sinkholes, within 30 m 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

10. Shear Wave Velocity (m/sec) 2 3 3 4 3 3 3 3 3 3 2 3 4 3 3 3 

11. Decrease in Shear Wave Velocity (m/sec) 2 3 3 2 4 4 2 4 4 4 1 1 1 1 1 1 

12. Bedrock Orientation 3 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

13. Depth to Groundwater (m) 3 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

14. Groundwater Pumping History 2 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 

15. Groundwater Flow in Voids 2 2 2 2 2 2 2 2 2 4 2 2 2 2 2 2 

16. Pipe Leak, within 30 m 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

17. Process Water Discharge, within 30 m 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

18. Storm water Ponding, within 30 m 4 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 

19. Buried Structures, within 30 m 3 1 1 1 1 1 1 1 1 1 1 1 1 2 2 2 

20. Soil Disturbance, within 30 m 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

21. Impervious Surfaces, within 30 m 3 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

22. Data Coverage 2 3 4 3 2 4 4 3 4 3 4 4 3 3 4 4 

 

Total Risk 117 111 113 125 117 109 127 120 133 113 111 108 121 114 114 

Ranking 6 9 8 3 6 10 2 5 1 8 9 11 4 7 7 

N: North side, M: Middle side, S: South side. 

 
Table 6. Risk assessment analysis—subsidence hazard. 

Criteria 
Relative 
Weight 

Structure Name 

GT-1 GT-2 GT-3 GT-4 GT-5 

N M S N M S N M S N M S N M S 

1. Depth to bedrock (m) 2 3 3 3 3 3 3 3 3 3 3 3 3 2 3 3 

2. Soil Raveling Potential 2 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 

3. Soil Desiccation Potential 2 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 

4. Potential for Boulders 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 

5. Fracturing of top 5m of Rock 2 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 
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Continued 

6. Voids and Fissures in Soil 2 2 2 2 4 2 2 4 2 4 2 2 2 4 2 2 

7. Depth of Void (m) 2 2 2 2 2 2 2 2 3 4 2 2 1 2 2 2 

8. Proximity of Voids (m) 2 4 2 3 4 3 2 4 3 3 4 3 3 4 3 3 

9. History of Sinkholes, within 30 m 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

10. Shear Wave Velocity (m/sec) 4 3 3 4 3 3 3 3 3 3 2 3 4 3 3 3 

11. Decrease in Shear Wave Velocity (m/sec) 2 3 3 2 4 4 2 4 4 4 1 1 1 1 1 1 

12. Bedrock Orientation 3 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

13. Depth to Groundwater (m) 3 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

14. Groundwater Pumping History 2 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 

15. Groundwater Flow in Voids 2 2 2 2 2 2 2 2 2 4 2 2 2 2 2 2 

16. Pipe Leak, within 30 m 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

17. Process Water Discharge, within 30 m 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

18. Storm water Ponding, within 30 m 2 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 

19. Buried Structures, within 30 m 2 1 1 1 1 1 1 1 1 1 1 1 1 2 2 2 

20. Soil Disturbance, within 30 m 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

21. Impervious Surfaces, within 30 m 3 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

22. Data Coverage 2 3 4 3 2 4 4 3 4 3 4 4 3 3 4 4 

 

Total Risk 95 93 95 99 97 91 101 99 107 89 91 91 95 93 93 

Ranking 5 6 5 3 4 7 2 3 1 8 7 7 5 6 6 

N: North side, M: Middle side, S: South side. 

 
many of the risk factors used, and therefore necessarily estimated the conditions 
conservatively.  

Filling these gaps with information will provide a more realistic risk model, 
and may emphasize specific areas of greater or lesser risk. Based on the risk 
model developed, ambiguities in the following risk factors have significant im-
pacts in the potential risk at the site. 
o Soil density, gradation, and moisture conditions underlying the structure 

foundations 
o Depth to bedrock 
o Presence and depth of partially weathered boulders or disintegrated rock 
o True thickness of fill 
o Location of abandoned pipes and whether or not they act as conduits for re-

taining moisture 
o The shallow groundwater flow regime within the zone of the soil and rock, 

and if water from the process water overflow or the storm water basins flows 
underneath the site 

o Long-term movement of the turbine foundations 
Although it not feasible or cost effective to collect detailed information on all 

of the potential risk factors, the following steps are recommended to reduce the 
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amount of ambiguity in the risk model and to provide needed information to 
perform the risk reduction measures. 
 Conduct a subsurface exploration plan including test borings with sampling 

through the fill and soil overburden. Soil samples should be logged by a 
trained geotechnical engineer and analyzed in the laboratory for classification 
indices, strength, and erosion potential. 

 Continue to collect elevations on the turbine foundations at regular intervals 
to monitor the foundations movements. 

 Although the geophysical investigations have been very helpful, multiple 
changes were conducted on the site in between the first and second round of 
data collection around the turbines. It is recommended to collect another 
round of geophysical data at the turbines as was conducted previously to 
further evaluate trends in the data and eliminate the other potential influ-
ences on the data. 

2) Supplementary Subsurface Exploration 
A supplemental subsurface exploration program was conducted in prepara-

tion for developing a remedial design and to help alleviate the soil-related un-
knowns. The supplementary subsurface exploration served to fill many of the 
key data gaps, and has significantly aided in evaluating the risk of karst related 
activity at the site. The borings indicated that the outer portions of the site ap-
pear to have fill placed directly on Aeolian (i.e., windblown) sand. Stiff to very 
stiff fat clay residual soil and disintegrated rock underlie the fill and Aeolian 
sand down to bedrock. The bedrock was cored and encountered highly to in-
tensely fractured limestone, much like the bedrock underlying the main turbine 
pump block. 

3) General Assessment 
The test borings provided detailed soils information and confirmed that the 

conditions around the remaining portions of the site generally have low risk of 
soil raveling into open fractures and voids of the underlying bedrock. This is 
primarily because the soil located in between the ground surface and the bedrock 
has very high cohesion (i.e., stickiness), is partially cemented, and is very stiff. 
The soil therefore acts as a bridging agent and a buffer to prevent material from 
migrating downward into open fractures or voids in the subsurface. For the 
same reason, this type of soil is not prone to migration due to vibration from the 
turbines. 

6. Preventive and Mitigation Measures 

With reference to the national and international experience in karst manage-
ment and planning to minimize the encountered risk of structures placed over 
karst area (Fisher and Canace, 1989, Destephen & Warge 1992; Beck et al., 1999; 
Beck & Herring 2001; Beck & Pearson, 1995). Continuous monitoring and pre-
ventive measures have been applied comprising of the following: 
 Surface run-off water management by creating an impervious boundary at 

the ground surface via paving and directing surface water runoff from the 
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western side of the site to a concrete-lined swale. The swale directs surface 
water runoff to a storm water management basin located to the west-southwest 
of the site. 

 Modification to the plant surroundings has been performed to improve sur-
face water management.  

 The existing water effluent pond liners have been refurbished.  
 Pipelines have been day lighted to avoid any leakage risk. 
 Further monitoring of existing conditions is implemented such as weekly site 

reconnaissance visits by plant personnel with the aim to observe and record 
the development of depressions or cracks in the pavement area around the 
gas turbines, to observe the exposed faces of the concrete foundation, and to 
observe the operation and alignment of the gas turbines and piping. 

 Horizontal and vertical movement monitoring has been initiated, and a base-
line has already been obtained. 

 The recommended monitoring frequency should be increased as needed, if 
distress of the foundations, gas turbines, or ancillary structures is observed, 
or if a movement trend is observed on the monthly monitoring data. 

 Groundwater Risk: The groundwater table is about 200 m deep underlying 
the site and has little impact on the near surface conditions with the excep-
tion that it has dropped significantly since about 1993, which presents a 
modest risk to increased karst activity in the region due to loss of support 
and increased vertical groundwater gradients down to the new groundwater 
table elevation. 

Two types of remediation schemes were studied, namely:  
1) Improvement of the in situ soils supporting the gas turbines, and  
2) Structural retrofitting of the foundations supporting the existing gas tur-

bines. 
Furthermore, the conceptual remediation schemes presented herein may not 

be implemented until deformations, potential instability or lack of support is 
evidenced at the existing foundation that limits the operation of the gas turbines.  

The in situ ground improvement conceptual remediation schemes range from 
a comprehensive scheme where the in situ soils and rock beneath the foundation 
of each gas turbine and ancillary structure will be treated from the bottom of the 
existing foundation to a depth of about 16 m, to a less comprehensive scheme 
where just the soils directly beneath the foundations are treated to a depth of 
about 8 m (Schnabel Engineering, 2012, 2015). 

Zone A, located directly underneath the engineered fill, extends from a depth 
of about 2 to 4 m below the existing paved surface to a depth of about 8 m below 
the existing paved surface. Zone A consists of soils locally known as Marl, resi-
dual Silty Sand, and residual Clayey Sand with disintegrated rock fragments.  

Zone B is located underneath Zone A from a depth of about 8 m to 15 m be-
low the existing paved surface. Zone B consists of fine-grained highly fractured 
and weathered limestone, with near vertical fractures and sizeable cavities. Pre-
viously a foam grouting trial was performed at the base of this zone and 200 m3 
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of foam grout were injected without a surge of pressure. 
Zone C, located underneath Zone B, consists of slightly weathered limestone 

with cavities. A large cavity at around 16 m below the existing paved surface was 
also encountered during the previous foam grouting trial, and treated with about 
100 m3 of foam grouting without a pressure surge. 

Two potential technologies for the treatment of the soil and rock beneath the 
gas turbines are the following: 

1) Low Mobility Grouting (LMG), 
2) Jet Grouting. 

7. Conclusion & Recommendations 

Based on the gathered data, it comes out with the following conclusions and 
recommendations to treat the affected Zones (Zones A, B and C): 
 Natural setting, field observations and historical records of karst features at 

the study site and surrounding area proved that Al-Hassah Region is classi-
fied as “Karstification Landform” and dominated with different types of karst 
features which can be grouped from Immature Karsts (Classes kI & kII) to 
Mature Karsts (Classes kIII - kV). Due to insufficient information on karst 
feature observed at the study site (e.g. karst morphology, size & dimensions, 
and extension etc.) in additional to its sensitivity, it is preferable to consider 
the karst at the study site as a mature karst (Classes kIII - kV). Therefore, ri-
gorous ground investigation using combination of investigations was consi-
dered and undertaken. 

 Risk Assessment of the site using probability analysis approach applied in 
this study show remarkable results in ranking the risk (from Low Risk to 
High Risk); estimating and predicting the likelihood of future subsidence that 
could occur under the facilities. 

 The absolute risk of sinkholes developing around and under the main turbine 
pump block, and the site in general, is low. That is, although risk of karst re-
lated sinkholes and subsidence remains at the site due to the fact that it is 
underlain by carbonate bedrock, developing these features is very unlikely to 
occur without the driving force of large quantities of water.  

 Sinkholes that might occur, given concentrated exposure to large volumes of 
water, type of sinkholes will be limited lateral extent in accordance with the 
soil characteristics and sinkholes historically observed in the area.  

 Treatment of the soil is not required at the site due to the site conditions and 
normal levels of risk regarding sinkholes in the region, and would not rec-
ommend proceeding with the treatment program under ordinary circums-
tances especially risks involved with the treatment i.e. low mobility grouting 
program may outweigh the risk of developing sinkholes.  

 Managing water on and around the site is also a significant factor to mini-
mizing risk in all karst terrain. Surface water and infiltrating groundwater 
head have the potential to open clay-filled fractures in the bedrock and ravel 
soil into the fractures and voids. 
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 Mitigating actions have already been performed at the site to reduce infiltra-
tion by paving the ground surface and partially directing surface water to in-
filtration basins located away from the facility.  

 A special emphasis should be given to prevent the potential of water infiltra-
tion into the partially desiccated marl and erode the soil into the underlying 
bedrock fracture and void system by maintaining and avoiding spilling large 
amounts of water on the ground surface or within unlined storm water man-
agement basins.  

 Joints between adjacent structures and the asphalt pavement should be 
sealed, and all abandoned boreholes should be backfilled and sealed to avoid 
allowing groundwater to enter the subsurface and/or the borings from acting 
as conduits. 

 Two potential for the treatment of the soil and rock beneath the gas turbines 
have been undertaken successfully. 
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