
INTERNATIONAL SOCIETY FOR 

SOIL MECHANICS AND 

GEOTECHNICAL ENGINEERING 

This paper was downloaded from the Online Library of 
the International Society for Soil Mechanics and 
Geotechnical Engineering (ISSMGE). The library is 
available here: 

https://www.issmge.org/publications/online-library 

This is an open-access database that archives thousands 
of papers published under the Auspices of the ISSMGE and 
maintained by the Innovation and Development 
Committee of ISSMGE.   

https://www.issmge.org/publications/online-library


Proceedings of the 17th International Conference on Soil Mechanics and Geotechnical Engineering  

M. Hamza et al. (Eds.)  

© 2009 IOS Press.  

doi:10.3233/978-1-60750-031-5-1056 

1056

Enhanced site characterization of covered karst with surface and borehole seismic 
imaging 

Caractérisation d’un site revalorisé par la formation d’un karst de couverture grâce à l’imagerie 
sismique de sa surface et de ses cavités 

R. J. Whiteley & S. B. Stewart 
Coffey Geotechnics, Sydney, Australia 

ABSTRACT 
Covered karst is highly problematic ground with major geohazard potential.  Use of  a modified OUT Principle approach, termed the
OTU Principle (Observation, Technological Development, Understanding) is advocated to enhance site characterisation of covered 
karst areas. This involves combining boreholes, material observation and geotechnical testing with surface and borehole P-wave 
seismic technologies.  Use of the  OTU principle is demonstrated with a building settlement problem that occurred at a school in
Kuala Lumpur, Malaysia.  OTU identified and mapped a large sinkhole and pinnacle or overhang karst feature beneath the school and
a substantial thickness of low velocity soils or fill materials beneath the foundations that were partially on shallow limestone at the 
sinkhole margin.  This improved site characterization, led to greater understanding of the differential settlement processes and
stimulated investigation of the surrounding area that identified significant de-watering of a nearby construction site and provided a
likely explanation for the settlement.  In this example, OTU been shown to improve the effectiveness of responses to geotechnical 
incidents in covered karst. 

RÉSUMÉ
Le Karst de couverture représente une grande problématique en matière d’études des sols avec un potentiel de risque incontrôlable
majeur. L’utilisation modifiée du principe OUT, nommé en anglais OTU (Observation, Développement Technologique,
Compréhension) est destinée à revaloriser la caractérisation d’une aire avec des karsts de couverture. Cela implique la combinaison de
concrétions, d’observation matérielle et de tests géotechniques avec des technologies pour les ondes P sismiques. L’utilisation du
principe d’OTU a été démontrée lors d’un problème dans la construction d’une école à Kuala Lumpur, Malaisie. L’OTU a identifié et
cartographié d’un côté, une grande doline et un sommet et d’un autre, la caractéristique d’un karst de surplomb en dessous de l’école,
ainsi qu’une épaisseur substantielle de sols à vélocité basse, ou bien rempli de matériels en dessous des fondations qui étaient
partiellement sur un calcaire peu profond à la marge d’une doline. Cette caractérisation améliorée du site a mené à la plus grande
compréhension des processus d’établissement différentiels. Elle a stimulé l'investigation du secteur environnant ce qui a identifié
l'écoulement significatif d'un site proche en construction et a fourni une explication probable pour la mise en place du site. Grâce à cet 
exemple, l’OTU a été reconnu pour améliorer l'efficacité des réponses aux incidents géotechniques dans le cas d’un karst de
couverture. 
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1 INTRODUCTION 

Karst occupies 10 to 15% of the world’s land surface   annually 
causing many millions of dollars of infrastructure damage due 
to ground instabilities, essentially created by dissolution 
features. Covered karst is highly problematic ground with even 
greater geohazard potential than bare karst as these features are 
obscured.  The  extreme variability of karst also places limits on 
how successfully it can be classified at a given site (Waltham 
and Fookes, 2003). 

Improvements to geotechnical design  and to the 
effectiveness of responses to geotechnical incidents in covered 
karst regions can be achieved by systematic application of a 
modified OUT Principle (Observation, Understanding and 
Technological Development) advocated for problematic soils by 
Leroueil (2001). This is termed the OTU Principle  
(Observation, Technological Development, Understanding) 
approach to site characterisation in covered karst. 

In covered karst regions direct observation can only 
normally be achieved by drilling and sampling, but drilling 
alone is inadequate as geotechnical model complexity 
invariably increases with increasing borehole density.  Also 
within cities and urban areas, preferred borehole sites are often 
not available. While boreholes are important for site 
characterisation in covered karst regions their worth is greatly 

increased when combined with advanced geophysical 
technologies, specifically surface and borehole P-wave seismic 
imaging.  These technologies extend the very limited radius of 
investigation of boreholes, fill-in the gaps between boreholes 
and target specific areas for further investigation.  Improved site 
characterization is also achieved by calibrating seismic 
velocities with borehole geotechnical logs and by integrating all 
the available information into overall site assessments. 

The following case study demonstrates application of the 
OTU Principle to improved characterization of covered karst for 
a building settlement problem that occurred in Kuala Lumpur 
(KL), Malaysia. 

2 GEOPHYSICAL AND SEISMIC TECHNOLOGIES  

Seismic technologies are not the only geophysical methods that 
are applicable in covered karst regions and combinations of 
seismic with other methods such as gravity, and electrical 
resistivity is desirable (e.g. Rafek & Duplitzer, 1998).  Seismic 
technologies do, however, have the advantage of providing 
more direct relationships with engineering properties of earth 
materials (Barton, 2006) and a typically large seismic velocity 
contrast frequently exists between soils and limestone.  This 
contrast generally allows the rock interface to be mapped with 
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the well-known surface seismic refraction method (Whiteley, 
1994)  using recently improved interpretation methods such as 
Wavefront  Eikonal Tomography  (e.g. Hiltunen & Cramer, 
2008) for dense data sets, interactive ray tracing methods for 
sparser data sets (Whiteley, 2004) or a combination of these 
methods (Whiteley & Eccleston, 2006).  These newer 
interpretation methods cope much better with the highly 
variable subsurface conditions in covered karst areas.  Recently 
surface wave seismic methods (MASW, Multiple Analysis of 
Surface Waves) are also applied together with P-wave refraction 
to exploit S-wave velocity contrasts at the rockhead and better 
characterize the materials present at covered karst sites 
(Sheehan et al., 2004). 

While surface seismic methods do provide indications of 
sinkholes and cavities within the limestone bedrock from lower 
velocities regions when these intersect or are close to the rock 
interface (Sheehan et al., 2005) borehole seismic imaging 
methods are required to improve the definition of these and the 
more irregular features at the rock interface.  This imaging, 
collectively termed borehole seismic transmission tomography, 
can involve surface-to-borehole and/or crosshole seismic 
methods (Whiteley, 2000) with vertical seismic profiling (VSP) 
at boreholes providing the calibrations with geotechnical 
parameters.

3 CASE STUDY: BUILDING SETTLEMENT IN KUALA 
LUMPUR 

Most of Kuala Lumpur (KL), Malaysia’s largest city including 
its central business district, is underlain by dolomitised and 
calcite-rich Silurian limestone with extensive covered karst.  
Using Waltham and Fookes’ (2003) system this could be 
classed as Extreme Karst, class kV (Zabidi & De Freitis, 2006), 
occurring at two general scales i.e., a smaller scale where both 
undulating and highly irregular buried karstic landscapes, 
essentially the Quaternary rockhead (Tan, 1987), are present 
below an almost horizontal ground level, and a larger scale 
where discontinuities within the limestone have been opened by 
dissolution, forming pinnacles and caves,  many of which have 
collapsed and are partially or completely filled.  Building 
settlements and high-rise building construction on the covered 
KL karst have always been challenging (Tan & Komoo,  1990) 
and numerous karst-related geotechnical problems have 
occurred during construction of major buildings (e.g. Mitchell, 
1985; Pollalis, 2002). 

Some years ago a secondary school in a limestone area on 
Jalan Ampang, KL experienced foundation settlement, cracking 
and disruption to stairways that forced its closure.  The two 
storey building was a relatively light frame construction on a 
raft foundation but no further construction details were available 
and the cause of the rapid settlement was uncertain. As there 
was no subsurface information and rapid response was needed it 
was decided to complete seismic refraction profiles adjacent to 
the building and, from the results obtained, to target three 
boreholes around the building near the problem areas for 
borehole seismic imaging beside and beneath the building, 
which could not be entered due to safety concerns. 

While there is no comprehensive compilation of the P-wave 
velocities for KL limestone, information summarized from 
numerous unpublished seismic survey reports, provide some 
guide to the expected seismic velocity distribution (Table 1). 

The dry soils are typically from 1 to 5m thick and low to 
very high strength limestone rockhead (1.9-7.0km/s) can be 
encountered over the wide depth range from about 1 to 80m, 
often varying rapidly in seismic velocity and depth over lateral 
distances of meters. 

Figure 1 shows the School site plan, two of the seismic lines 
(Lines 2 and 3) and boreholes (DB/1, DB/2 and DB/3) that were 
located near the observed settlement areas. 

Figure 1. Plan of School site 

Table 1. Guideline for P-wave seismic velocities in limestone areas of 
Kuala Lumpur 

P-wave 
velocity 
(km/s) 

Description Geotechnical 
Classification 

0.2-1.4 Dry fills, clays, sands, gravels Dry soils 
1.4-1.9 Saturated silts,  clays, sands, 

gravels, limestone rubble 
Saturated soils, 

N<30* 
1.9-3.5 Voided limestone & marble** Low to medium 

strength 
3.5-7.0 Limestone & marble** Medium to very 

high strength 
* refusal in rubble  ** possible cavities 

The seismic refraction travel-time data and interpreted 
seismic section along Line 3 obtained with interactive seismic 
ray tracing is shown in Figure 2. The theoretical solid lines on 
the travel-time plot are in close agreement with the field data for 
this interpreted seismic section. This section is relatively 
complex with large lateral variations in both soil velocities and 
the bedrock depths.  Although some of the interpreted rock 
interface is uncertain, this section indicated that the School has 
been partially constructed on low to medium strength limestone 
(2.5km/s, Table 1) over a filled sinkhole. 

Figure 2. Interpreted seismic refraction section: Line 3 

Boreholes DB/3 and DB/2 were targeted to test the refraction 
interpretation and to provide direct subsurface information near 
the problem areas. These showed very large differences in the 
depths to limestone, i.e. about 21m in DB/3 and 44m in DB/2 
(Figures 3 and 4). These depths are consistent with interpreted 
rock depths on the seismic refraction section near these 
locations shown in Figure 2. 

Geotechnical logging and SPT testing was also completed in 
these boreholes together with vertical seismic profiling (VSP) 
for calibration purposes after installation of grouted PVC 
casing.  The interpreted VSP profiles and geotechnical 
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information for these boreholes are also shown in Figures 3 and 
4 respectively.  In both boreholes most of recorded SPT values 
were less than 10 indicating generally loose or soft soil 
materials.  In borehole DB/3 (Figure 3) the seismic velocities in 
the limestone below about 17m, where rock was expected from 
the refraction interpretation, are quite variable from about 2.3 to 
3.9km/s, being lower at depth where large cavities were 
encountered in the limestone below about 32m depth. 

Figure 3. Interpreted VSP & Geotechnical Log for DB/3

In DB/2 (Figure 4) where limestone was encountered at 
much greater depth the VSP did not extend to this depth and 
could not determine a rock velocity in this hole.  Higher 
velocities, indicative of rock materials (2.1km/s) were 
encountered in the overburden between 17 and 24m where the 
higher SPT values (N=12 to 19) were also obtained and 
limestone rubble was suspected. 

Figure 4. Interpreted VSP & Geotechnical Log for DB/2

Figure 5 is a P-wave seismic tomographic image (STI) 
obtained along Line 3 (Figure 1) using a combination of 
crosshole seismic between DB/2 and DB/3 and surface-to-
borehole seismic for the remainder of the line. 

This shows many of the features observed on the seismic 
refraction section in Figure 2 but with more detail on the 
seismic velocity distribution in the soil/fill materials and on the 
shape of the limestone interface.  The extent of the  low velocity 
material extending immediately under most of the building 
footprint can be clearly observed with some higher velocity 
matrials on the eastern end. This unusually thick section of low 
velocity material, that would normally be below the water table, 

was considered to be a contributing factor to the differential 
settlement experienced by the School. 

Figure 5. Borehole P-wave STI : Line 3 

The limestone interface was intersected in DB/3 where 
rapidly increasing seismic velocities are evident in this image 
and the extent of cavernous limestone below this interface are 
indicated by the region of decreased velocities that was also 
observed on the interpreted VSP in Figure 3 below about 32m 
depth.  Limestone was intersected in DB/2 below this image and 
shallower bedrock to the side of the image has been projected 
into this image plane. 

Between DB/3 and DB/2, where the seismic refraction 
section was uncertain (Figure 2), the shape of the limestone 
interface is complex with a pinnacle or overhang evident.  It 
should be noted that the shape of this feature may also be 
distorted in the image if it lies outside of the actual image plane. 
DB/2 intersects or passes close to this feature near 20m depth.  
This is probably the reason why higher SPT values and seismic 
velocities were obtained on the VSP over this depth interval 
(Figure 4) i.e. the borehole appears to have just grazed this karst 
feature.   

Figure 6. Crosshole P-wave STI : Line 2 

Figure 6 shows the crosshole STI completed on Line 2 
beneath the building (Figure 1).  This image is not complete as 
DB/1 collapsed below the limestone interface but it does show 
another view of the limestone interface and what now appears to 
be a pinnacle near 30m depth beneath the building. 

After these geophysical and geotechnical results were 
obtained  more extensive investigation of the surrounding areas 
was undertaken.  This revealed a major excavation  some 50m 
distance from the School that had been de-watered and was 
being actively pumped. This also provides a likely explanation 
for the thick low velocity materials beneath the building and the 
settlement.  It is now believed that dewatering of the soils and 
fill materials beneath the building lowered the seismic velocities 
and reduced foundation support  beneath most of the building 
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located over the large sinkhole revealed by the seismic results.  
These also indicated that the eastern end of the building was on 
shallow limestone that was unaffected by the de-watering, that 
leading to differential settlement and cracking of the foundation 
slab.  It is not clear whether the cavernous karst limestone and 
the pinnacle or overhang revealed in the seismic images 
contributed to this settlement problem. 

This situation was remediated by grouting beneath the 
School and repair of the foundation slab and stairway.  The 
building was also re-furbished, re-occupied and continues to 
function today without any recurrence of the settlement 
problem. 

4 CONCLUSIONS 

Application of  a modified OUT Principle approach, termed the 
OTU Principle (Observation, Technological Development, 
Understanding) to site characterization in covered karst for a 
building settlement problem that occurred at a school in Kuala 
Lumpur, Malaysia has been shown to improve the effectiveness 
of responses to geotechnical incidents in covered karst.  This 
involved the combination of borehole drilling, material 
observation, geotechnical testing with surface and borehole P-
wave seismic technologies. 

This approach identified and mapped a large sinkhole and 
pinnacle or overhang karst feature beneath the school and a 
substantial thickness of low velocity soils or fill materials 
beneath the foundation that was partially on shallow limestone 
at the sinkhole margin.  This, in turn, led to improved 
understanding of the differential settlement processes and 
stimulated investigation of the surrounding area that identified 
significant de-watering of a nearby construction site and 
provided a likely explanation for the settlement. 
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