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SUMMARY 

In underground construction and foundation engineering uncertainties 
associated with subsurface properties are inevitable and crucial to deal 
with. One important uncertainty parameter is the level of the bedrock 
surface. The common practice in Sweden for detecting the bedrock sur-
face in site investigations has long been the soil-rock-sounding. There are 
also numerous geophysical applications that can be used to detect the 
bedrock surface, but these methods are generally not used to their full 
potential. Common to all available investigation methods is the im-
portance of optimizing the site investigation program based on a cost-
benefit perspective. This study aims to address this important issue by 
identifying how site investigation sampling methods and data processing 
could be used to optimize site investigation programs. A 3D gridding 
and modeling computer software (Surfer 8.02®) was used in the study to 
allow a great number of different scenarios to be tested and evaluated. 
Four digital elevation models representing four fictitious rock surfaces 
were created using a real shaft in Täby Centrum as reference. To opti-
mize the use of soil-rock-sounding in site investigations three different 
sampling techniques (right-angle-grid, radial-grid and structurally random 
grid), a varying number of sample points (1-100) and two different inter-
polation methods (Inverse Distance Weighting and point Kriging) were 
tested on the modeled reference surfaces. For each scenario a predica-
tion of the rock surface was interpolated from the available point data re-
trieved from the simulated soil-rock-sounding. The accuracy of the pre-
diction was calculated by overlaying the predicted and the true reference 
surface and summarizing the deviation, and dividing by the horizontal 
area of the surface. Several scenarios were also tested to evaluate how 
continuously distributed data such as a section profile, resembling the 
data from a geophysical survey, could improve the accuracy of the pre-
diction compared to adding additional sampling points. This study con-
cludes that the arrangement of sample points does have an impact on the 
accuracy of the prediction. It also shows that the difference increases 
with an increased number of sample points. Arranging the sampling 
points in a right angle grid gives slightly higher average accuracy and pre-
cision compared to a radial grid. The radial grid in turn gives a higher ac-
curacy and precision than a random grid. The study suggests that the 
most suitable method of interpolation is dependent on the number of 
sample points. Kriging will yield a higher accuracy than Inverse Distance 
Weighting when the number of sample points is enough to generate a 
spatial variability representative for the entire surface. With a surface di-
mension of 120 x 120 m2, as in this study, this was reached at approxi-
mately 9 sample points. Most importantly the study shows how continu-
ous data significantly improves the accuracy of the rock surface 
predictions and therefore concludes that geophysical measurement 
should be used combined with traditional soil rock sounding to optimize 
the pre-investigation program. 
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SUMMARY IN SWEDISH 

Osäkerheter rörande markförhållandena är en parameter som man alltid 
måste hantera vid grundläggning och exploatering. En viktig osäkerhets-
parameter är bergnivå. I Sverige undersöks vanligen djupet till berg med 
jord-berg-sondering. Men det finns också ett flertal geofysiska metoder 
med stor potential som kan användas för att bestämma djup till berg. 
Oavsett undersökningsmetod måste kostnaden för undersökningarna all-
tid ställas i relation till nyttan som den ökade kunskapen medför för pro-
jektet. I denna studie undersöks hur geotekniska förundersökningar av 
bergnivån kan optimeras utifrån val av undersökningsmetodik och inter-
poleringsmetod. Studien genomfördes med hjälp av ett 3D modelle-
ringsprogram (Surfer 8.02®) där ett stort antal olika scenarier testades. 
Med utgångspunkt i ett pågående byggprojekt i Täby Centrum togs fyra 
fiktiva bergytor fram. På dessa testades tre olika provtagningsmetoder 
(rutnätsprovtagning, radiell provtagning och strukturerad slumpmässig 
provtagning) med ett varierande antal provtagningspunkter (1-100) och 
två olika interpoleringsmetoder (Inverse Distance Weighting and point 
Kriging) för att utvärdera vilken metodik som var lämpligast vid model-
lering av bergytan. För varje scenario interpolerades en berggrundsyta ut-
ifrån tillgängliga sonderingsdata. Därefter jämfördes den interpolerade 
versionen med den ursprungliga referensytan genom att lägga dessa över 
varandra och summera de avvikande volymerna och dela med schaktens 
area. Ett flertal scenarion undersökte också hur profildata likande de som 
erhålls vid en geofysisk undersökning, förbättrade noggrannheten jäm-
fört med hur många extra sonderingspunkter som hade behövts för att 
uppnå ett likvärdigt resultat. Studien visade att provtagningsmetodiken 
vid sondering påverkade resultatets noggrannhet. Rutnätsprovtagning var 
bättre än radiell provtagning, som i sin tur var bättre är strukturerad 
slumpmässig provtagning. Skillnaden mellan metoderna ökade dessutom 
när antalet provpunkter ökade. Studien indikerade att Kringing var lämp-
ligare än IDW när antalet provtagningspunkter var stort nog för att 
uppnå en representativ spatial variation för att beskriva höjdskillnaderna 
på ytan. Med den valda ytan i denna studie (120x120 m) uppnåddes detta 
vid ca 9 provtagningspunkter. Studien visade också att kompletterande 
profildata avsevärt förbättrar noggrannheten och slår fast att traditionell 
jb-sondering bör kombineras med geofysiska undersökningar för att op-
timera resultatet av undersökningarna.  
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ABSTRACT 
In underground construction and foundation engineering uncertainties associated with 
subsurface properties are inevitable to deal with. Site investigations are expensive to 
perform, but a limited understanding of the subsurface may result in major problems; 
which often lead to an unexpected increase in the overall cost of the construction pro-
ject. This study aims to optimize the pre-investigation program to get as much correct 
information out from a limited input of resources, thus making it as cost effective as 
possible. To optimize site investigation using soil-rock sounding three different sam-
pling techniques, a varying number of sample points and two different interpolation 
methods (Inverse distance weighting and point Kriging) were tested on four modeled 
reference surfaces. The accuracy of rock surface predictions was evaluated using a 3D 
gridding and modeling computer software (Surfer 8.02®). Samples with continuously 
distributed data, resembling profile lines from geophysical surveys were used to evalu-
ate how this could improve the accuracy of the prediction compared to adding addi-
tional sampling points. The study explains the correlation between the number of 
sampling points and the accuracy of the prediction obtained using different interpola-
tors. Most importantly it shows how continuous data significantly improves the accu-
racy of the rock surface predictions and therefore concludes that geophysical meas-
urement should be used combined with traditional soil rock sounding to optimize the 
pre-investigation program. 

Key words: Bedrock surface prediction; Geotechnical site investigations; Sam-
pling techniques; Geophysics; Kriging; Inverse distance weighting 

1. INTRODUCTION 
In underground construction and foundation engineering uncertainties 
associated with subsurface properties are inevitable and crucial to deal 
with. One important uncertainty parameter is the level of the bedrock 
surface, which is the top of the consolidated bedrock underlying the ba-
sal sub soil. A reason for its importance is because it governs a lot of 
costly factors, such as: the quantity of soil that needs to be excavated or 
rock that needs to be blasted, transported and deposited. It could also 
determine the length of bearing piles for deep foundation or sheet piling 
walls for excavations; as well as being a crucial factor when determining 
the groundwater condition.  
Knowing the level of the bedrock surface head early on in the construc-
tion process allows for adjustments in the design to site specific condi-
tions and thereby avoiding unnecessary and expensive blasting, excava-
tion or fillings (Brus et al, 1996; McDowell et al, 2002). It also allows a 
more accurate estimate on construction cost, where as a limited under-
standing of the subsurface may result in major problems which often 
lead to an unexpected increase in the overall cost of the project (Dan-
ielsen & Dahlin, 2009; Martinez & Mendoza, 2010). Using predicted lev-
els of the bedrock surface in a building information model (BIM) pro-
vides a powerful tool for using the geological information throughout 
the whole project. Different stages in the construction project have dif-
ferent requirements on the level of detail of the geological information 
needed (Danielsen, 2007). Therefore, an effective geotechnical investiga-
tion program should be adaptable and continually refined as new investi-
gations take place, based on the current requirements.   
Site investigations are expensive to perform and, even with a thorough 
site investigation, there is no guarantee that problems will not arise since 
problematic zones in the bedrock could be missed or underestimated. 
However, as long as the expected benefit associated with the new infor-
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mation is larger than the costs associated with the site investigation it can 
be regarded as cost effective (Danielsen, 2010). An optimized pre-
investigation is necessary for making the best decisions with the infor-
mation available (Danielsen, 2010). The challenge lays in how to opti-
mize the pre-investigation program to get as much correct information 
out from a limited input of resources, and making it as cost effective as 
possible.  
The common practice in Sweden for detecting the bedrock surface in 
site investigations has long been the soil-rock-sounding (SGF, 1999). Us-
ing an air pressured or hydraulic drilling rig, a hole is drilled while re-
sistance is continuously registered and the cuttings are studied (SGF, 
1999) (Fig 1). This method of drilling has the advantage that it can quite 
accurately determine the exact level of the bedrock surface (within a 
tenth of a meter) (SGF, 1999). The disadvantage however is that drilling 
is expensive, time consuming, destructive in the way that the ground 
needs to be disturbed, and it only gives the bedrock surface level at a cer-
tain point (Danielsen & Dahlin, 2009). 
Over the last decades the involvement of geophysical methods in ge-
otechnical site investigations has been a promising approach (Soupios et 
al, 2007). Geophysical site investigation methods are not a novel ap-
proach; the methods have been used ever since the early 20th century 
when the German brothers Conrad and Marcel Schlumberger introduced 
the idea of using electrical resistivity as a method to study the subsurface 
(Samoueliana et al, 2005). Geophysics (especially seismic) was adapted by 
the oil and gas prospecting companies since the depth at which they in-
vestigate makes drilling very expensive (Samoueliana et al, 2005). 
In geophysical investigations the physical properties of the ground is cor-
related with the geotechnical properties (Cosenza et al, 2006), for exam-
ple considering the electrical resistivity as a proxy for spatial and tem-
poral variability of the soils physical properties (McDowell et al, 2002). 
Many examples show how geophysical methods can be used successfully 

Fig . 1. Soil rock sounding is performed in a preconstruction site 
investigation in central Stockholm to identify the level of bedrock 
surface. (Photo taken by the author 2012.) 
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in geotechnical site investigations (McDowell et al, 2002; Wisen, 2005). 
For example, studies have shown that the resistivity and seismic refrac-
tion generally gives the same results as soil rock sounding regarding the 
level of the bedrock surface (Farvardini, 2010). Geophysical methods are 
also recommended in the Swedish geotechnical society’s field book. 
(SGF, 1996) There are numerous geophysical applications that can be 
used to detect the bedrock surface. These include: ground penetrating 
radar (GPR), seismic refraction, seismic reflection, resistivity methods, 
time domain electromagnetic soundings (TDEM), conductivity meas-
urements, spectral analysis of surface waves (SASW) and gravity meas-
urements (SGF, 1996; SGF, 1999; SGF, 2006; SGF, 2008a; SGF, 2008b; 
SGF, 2008c; CFLH, 2012). Common for all these methods is that they 
are nondestructive; hence do not disturb the soil as in the case of drilling 
or excavation. Geophysical investigations are economic and efficient 
methods and less time consuming than drilling (Sudha et al, 2008). To-
day geophysical methods are generally still not being used to their full 
potential in geotechnical site investigations, even if the knowledge of the 
potential of geophysical methods and methodology has increased over 
the last decades (Wisen, 2005). 
One reason why geophysics has not reached its full potential may be that 
it takes experience and knowledge of geological conditions in order to 
make a correct interpretation of the geophysical data (Danielsen, 2010; 
Magnusson et al, 2010). It is usually a geophysicist who evaluates the re-
sults, leaving the engineer with little understanding of the resolution and 
sensitivity of the methods. Thus, the engineer does not always have ap-
propriate expectations of the advantages and limitations of the geophysi-
cal methods (Danielsen, 2010). Therefore the geophysical data can seem 
quite vague to engineers with little or no experience with geophysics 
(Danielsen, 2007). 
Another negative aspect of geophysics that is often pointed out is the 
sensitivity to noise from underground pipes and cables which makes 
methods such as resistivity unsuitable in urban environments. However 
geophysical methods can be adjusted to work well even in urban areas 
with extensive noise (Martinez & Mendoza, 2010). In general, geophysi-
cal techniques offer reliable, rapid and cost efficient means to increase 
the understanding of the geological settings (Brus et al, 1996). However 
the accuracy at the measured points is site dependent, and usually not as 
high as compared with geotechnical drilling, but on the other hand gives 
a continuous picture of the study area (Johansson et al, 1996). It is often 
stated therefore that the geophysical measures should not stand alone, 
and that the best gain is when the geophysics act as complement to tradi-
tional investigations methods (SGF, 2006; Danielsen, 2010). Drilling 
holes can be used to adjust the geophysical measurement, which in turns 
gives a relatively apparent picture of what happens in between the bore-
holes (Fig. 2).  It is also suggested that geophysical methods should be 
performed before drilling takes place to create an optimized and focused 
drilling program (Danielsen, 2010). 
Once the data is collected in the site investigations it needs to be pro-
cessed in order to create a bedrock surface model or a digital elevation 
model.  
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This is done by using a spatial interpolator to estimate the value of all 
unknown points on the surface from the set of known data points. There 
are numerous ways to perform the interpolation. One common method 
is triangulation, in which each data point is connected by a line to create 
a network of nonoverlapping triangles, called “triangulated irregular net-
work” or “TIN” (Shamos  
& Hoey, 1975). This is a simple and straight forward approach; however 
it is a quite blunt method since it only account for the data point closest 
to the unknown point. A more sophisticated method is to assign the val-
ue of the unknown points a weighted average of all surrounding points. 
One such method is inverse distance weighted or “IDW”. The basic as-
sumption with IDW is that the closer the data point is to the unknown 
point the more influence it will have over its final value. Each data point 
is assigned a weighting factor that is governed by its distance to the un-
known point. The weighting factors decreases as distance from the un-
known point increases (Davis, 1986). 
Another way to further exploit the data in order to assign a value to un-
known points is to look at the statistical properties of the whole dataset. 
This is a field of its own known as geostatistics. The method goes under 
the name Kriging after the South African mining engineer Danie G. 
Krige who in the mid 1950’s when prospecting for gold ore started to 
elaborate with a geostatistical approach, which was further developed by 
Georges Matheron in the 1960´s (Zhang , 2011). Emanating from the 
mining industry Kriging has spread to other fields related to earth sci-
ence. For example in environmental engineering, where the mapping of 
contamination face the same problem as ore prospecting, trying to create 
a complete picture out of a limited amount of data (Zhang, 2011). 
Today, Kriging has become a generic term for a whole category of pow-
erful interpolation methods using a sound geostatistical approach to es-
timate the values of an unknown point (Vann & Guibal, 1999). Just as 
IDW, Kriging is a linear interpolator. That means that the value of any 
point can be described as a weighted average of all the data points. How-
ever the procedure for assigning these weights is complex (Vann & 
Guibal, 1999). In Kriging the data is used both to establish the statistical 

Fig . 2. Results from resistivity measurements in a road construction project is 
used as a complement to traditional sounding methods in order to create a more 
complete picture of the bedrock surface variation between the sounding points 
(scale H 1:100 L 1:200) (WSP, 2009). 
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distribution of the dataset and the spatial correlation among the sample 
data (Zhang, 2011). The spatial correlation is determined in a variogram, 
in which the variance of the difference between field values at two loca-
tions is described as a function of the distance between the two loca-
tions. This could then be used to assign weights to all known data points 
(Kambhammettu et al, 2011). The beauty of Kriging is in the way in 
which it in honors the data by using both the value at the point, but also 
the data’s internal spatial relationship, to improve the predictions. Math-
ematically Kriging is close to regression analysis, since both theories de-
rive a best linear unbiased estimator (BLUE), based on assumptions on 
covariances. Kriging is therefore mathematically designed to ensure min-
imum estimation variance, and by that minimize the error of estimation 
(Vann & Guibal, 1999). 
Many previous practical comparative studies have tried to identify which 
spatial interpolator best predicts a given surface; with various results. In 
some studies (Creutin & Obled, 1982; Tabios & Salas, 1985; Rouhani, 
1986; Grimm & Lynch, 1991; Laslett & McBratney, 1990; Weber & En-
glund, 1994; Laslett, 1994; Phillips et al 1997; Zimmerman et al, 1999), a 
Kriging procedure performed best. While others (Van Kuilenburg et al, 
1982; Laslett et al, 1987; Bregt, 1992; Weber & Englund, 1992; Gal-
lichand & Marcotte, 1993; Brus et al, 1996; Declercq, 1996) showed that 
other methods such as inverse distance weighting performed just as good 
as Kriging or even better.  
Even though Kriging is mathematically more accurate than IDW it is not 
as accurate in practical applications. That might be because of the as-
sumptions used in Kriging; Gaussian underlying random field and exact-
ly known covariance function. However, in practical applications these 
assumptions will not hold; eg. that the theoretical statistical model does 
not correspond exactly to the real statistical distributions (Pilz & Spöck, 
2008). This is because a large number of observation points are needed 
to estimate the variogram fairly correctly (Olea, 1999). 
It could be a bit precarious to refer to an interpolator as the “the best 
method” since a method that proved to perform the highest accuracy in 
most cases, could be really unsuitable in others. Studies have shown that 
although one might do slightly better with a least squares estimator at 
times, one might also do much worse. Kriging estimates were less vary-
ing; not necessarily the best but also not usually the worst (Hughes & 
Lettenmaier, 1981). Taking this into account, it might be better to refer 
to a method as “most suitable”. As long as there is no univocal answer to 
which interpolator that is the most suitable for various applications the 
research will continue. 

2. OBJECTIVES AND LIMITATIONS 
The overall aim of this study was to identify how site investigation sam-
pling methods and data processing could be used to optimize pre-
investigation programs.  
This includes quantifying how the accuracy of a bedrock surface predic-
tion can be improved by continuous data (similar to the data received in 
geophysical site investigations) as in comparison with discreet data points 
(as obtained using soil rock sounding). Furthermore, to examine how in-
fluential the choice of spatial interpolator is to the accuracy of the model, 
and to determine which of the interpolators IDW and Kriging is the 
most suitable for bedrock surface prediction.  
The study is performed as a series of simulations in a computer model 
specially created for this study, in which the bedrock surface could be 

http://en.wikipedia.org/wiki/Variance
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predicted and evaluated. The model predicts the bedrock surface at a 
given shape of a quadratic surface, with fixed dimensions of 120 x 120 
m. A computer model using synthetic data allows a lot of different sce-
narios to be tested. However, when using synthetic data there is always a 
risk that the data is biased and not representative for the real conditions 
modelled. To validate the model, a case from a construction site in Täby 
municipality north of Stockholm, Sweden, was used as reference.    

3. METHODOLOGY 
The basic idea of the model is to create a fictitious rock surface, in which 
all the points are known. From the reference surface, a number of points 
will be selected based on different criterions, these points will constitute 
the sample data. From these sample data points the rock surface will be 
interpolated, predicted and compared to the original reference surface.  
Lastly, the prediction will be evaluated based on its accuracy in a com-
parison with the reference surface. By using a computer simulation to 
model the prediction, it is possible to test numerous ways of combining a 
wide range of different sample data; arranged in different ways, using dif-
ferent interpolation methods for the prediction and doing this on a 
number of different reference surfaces. 

3.1. Creating fictional reference surfaces 
For this model four fictitious rock surfaces with different geometry were 
developed (Fig. 3). Even though the surfaces had to be created with syn-
thetic data, it was important to make the digital elevation model as realis-
tic as possible, therefore a constructed shaft in Täby stood as an exam-
ple.The fictitious rock surfaces were given the shape of 120 X 120 m 
squares to resemble the shaft at the reference site in Täby Centrum.  In 
order to produce these fictitious rock surfaces as realistic as possible they 
had to be developed and reprocessed in an iterative process consisting of 
different steps. The main pattern of the surfaces was obtained from 
topographical data from Täby municipality. Four different square areas 
of 1.2 X 1.2 km with different topography were selected to represent dif-
ferent basic shapes of the surfaces. The scale was then reduced by a fac-
tor of 10 to correspond to 120 X 120 m. The topographical data initially 

Fig . 3. The four fictional reference surfaces with different out-
lines.  Each surface is 120 x 120 m. 
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had a resolution of one point every five meter, resulting in a resolution 
of one point every 0.5 m after the scale was altered. The vertical scale 
was exaggerated by a factor of two. This was done because the topogra-
phy is normally smoother than the rock surface below, due to the 
smoothing effect of overlaying deposits. This resulted in four basic 
shapes with a maximum variation in rock surface height of around 13 m; 
similar to the rock surface at the Täby construction site.  
The basic shape was run through a filter that created arbitrary smooth el-
evations and depressions in the order of a few meters. This was done to 
make the rock surface more complex and irregular, therefore more realis-
tic. The filter alteration of the basic surfaces was done in the following 
manner. A point on the surface was randomly selected and its elevation 
altered somewhere between + 0.5 m to -0.5 m. For all points within a 4 
m radius from the altered point, the elevation would be altered in the 
same way but the alteration scaled down by the square of the distance to 
first point. To create not isolated points of anomalies, but a random pat-
tern of anomalies on the surface, the filter function would have a chance 
of 95% to select an adjacent point of the last point and repeat its last 
change in elevation. This created a random pattern of clustered elevation 
alternations resembling a depression zone or a fracture zone in the rock 
surface.  After the irregular anomaly was created, the filter function se-
lected a new random point on the surface and the process was repeated 
300 times.  
After these alterations the rock surfaces were still too smooth to be real-
istic. Therefore a second filter was used, this time creating small ridges 
and depressions (< 1m) on the surface to make it more irregular. This fil-
ter would select a random point on the surface and adjust its elevation as 
the mean elevation of its eighth surrounding points by a random alterna-
tion between +-1m. This procedure was repeated 30000 times, so that 
approximately half of all the points on the fictitious surfaces were altered 
by these small anomalies.   
As a final step, weak zones were created on the rock surface. These weak 
zones were three meters long, one meter wide and between one to three 
meters deep. The location and direction of each zone was randomly se-
lected. On each of the four reference rock surfaces, 10 such zones were 
introduced. All these alterations of the basic surfaces were done in order 
to create irregular shapes of elevations or depressions, to better resemble 
a natural rock surface.  

3.2. Functions for selecting sample points 
In order to systematically test different arrays of sample point set-ups, 
automatic algorithms to select sample points were developed. Three dif-
ferent arrays were selected for this study; data point arranged in a right 
angle grid, a radial grid and a structurally random distributed grid (Fig 4). 
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The first set up is referred to as “the right angle grid”. The right angle 
grid was selected because it minimizes the maximum distance between 
any unknown point on the surface and its nearest sample point. In the 
right angle grid, the sample points were arranged in perpendicular lines 
with a constant distance between them. This was achieved by dividing 
the whole surface into smaller rectangular surfaces, each one represent-
ing a piece of the whole subsurface, and letting the center point of each 
subsurface be selected as a sample point. To allow for any number of 
sample points, not just the points with an even square root, the division 
of the whole surface into subsurfaces had to be done through a special 
manner. If the number of sample points was not sufficient for the num-
ber of created subsurfaces, some subsurfaces would not generate a sam-
ple point. To make this systematical for all configurations, the corner 
subsurface would not generate a sample point. By alternately increasing 
the number of rows and columns in the grid (2x2 3x2 3x3 4x3 4x4) a fin-
er interval of sample subsurfaces was introduced, 4, 6, 9, 12 instead of 
4,9,16 etc.  
The second setup was “the radial grid”, which was selected to compare a 
different orientation of the structurally distributed sample points to the 
points in the right angle grid. The radial grid consisted of a number of 
concentric circles originated from the center point of the surface. The 
sample points were selected along these circles to get the data points as 
evenly distributed as possible on the surface.  
Finally a random grid was selected to compare a random approach to the 
two strictly systematical arrays. However, a totally random selecting pro-
cedure would allow very large areas of the surface to be unrepresented, 
therefore a structurally random grid was chosen. The same procedure as 
for producing the right angle grid was used to divide the surface into rec-
tangular subsurfaces, and a random point within each square was select-
ed as the sample point. This created a grid of random sample points 
structurally distributed over the whole surface.  

3.3. Interpolation methods 
The interpolation of sample points into a surface prediction was carried 
out in the 3D gridding and modeling computer software Surfer 8.02®. 
Two types of interpolation methods were used and compared in this 
study; point Kriging and IDW, to evaluate which interpolator would 
produce the most accurate prediction. Both methods had predefined 
functions within the Surfer software (for further details see appendix I). 

3.4. Evaluation of predictions  
In order to evaluate the accuracy and compare different predictions, one 
needs a quantifiable indicator. In this study, the mean square error 

Fig . 4. The three different sampling patterns that are used in this 
study  
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(MSE) over the whole surface was used to measure accuracy i.e. the total 
volume difference per area unit. 
To estimate the MSE the true reference surface was overlaid by the pre-
dicted surface. The deviation of the heights between the two surfaces 
created volumes of deviation. Whenever the true surface constitutes the 
upper boundary for this volume, it was called a fill. Correspondently 
whenever the true surface constitutes the lower boundary for this vol-
ume it was called a cut (Fig. 5). 
By summarizing these two types of deviating volumes (Vfill and Vcut), 
and dividing by the horizontal area of the surface (Atot) an average vol-
ume deviation per area unit was calculated (eq. 1).   
 

Atot
I

) Vcut + Vfill( ∑∑=  (eq. 1) 

 
The overlaying operation and calculations of the fill and cut volumes 
were carried out in Surfer 8.02®. The cut and fill volumes were calculat-
ed using three different methods; extended trapezoidal rule, extended 
Simpson's, and extended Simpson's 3/8 rule (appendix I). The net vol-
ume can be interpreted as the average of these three values, and the dif-
ference in the volume calculations between the three different methods 
measures the accuracy of the volume calculations.  

3.5. The trials 
The model was used in several different setups to examine and experi-
ment with different parameters. The first trial was performed to compare 
the three different arrangement of sample points and to see how the 
number of sample points would affect the accuracy of the prediction, 
and also how the two different interpolations methods would affect the 
accuracy. The sample points in the first trial correspond to the data ob-
tained using soil-rock-sounding at a site investigation.  
In the first trial, the three different sample grids were used on all of the 
four reference surfaces, namely A, B, C & D with an increasing number 
of sample points. First, in a fine interval, every number of sample points 
between four and 27 was selected.  Then a wider interval was used: 36, 
49, 64, 81, 100 sample points. The two different intervals were used in 
order to retrieve more detailed information in the beginning when the 
prediction improved the most each time another sample point was add-
ed. Each setup used both IDW and Kriging as interpolator, to see how 
the prediction would differ depending on the choice of interpolator. The 

Fig . 5.  Illustrating the cut and fill volumes in a surface overlaying 
operation. 
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evaluation of the first trial consisted of a comparison between the accu-
racy of the predictions made by using the three different sampling grids, 
a varying number of sample points and two interpolation methods on 
each of the four reference surfaces. 
Then a second trial was performed to examine how continuously distrib-
uted data such as a section profile (resembling the data from a geophysi-
cal survey) could improve the accuracy of the prediction compared to 
adding additional sampling points. A profile line had to be actively 
placed on the reference surface; however knowledge about the character-
istics of the reference surface would give an unfair advantage when plac-
ing the profile lines. Therefore, two persons X and Y, unfamiliar with the 
reference surface but familiar with the concept of geophysics, were asked 
to place out the profile lines. Just as when locating the extent of geo-
physical surveys the locations of the profile lines had to be based on 
some prior information. Thus, four original sample points were selected 
using the right angle grid on all of the four reference surfaces. This data 
was presented to X and Y, who by looking at the interpolated rock sur-
face based on data from these points were allowed to draw a line along 
the surface where a cross section profile was to be created. The surface 
was then interpolated by Kriging using the data from the four original 
sample points and the profile line combined. The test persons were sub-
sequently allowed two choose an additional line which constituted an 
additional cross section profile. A new prediction was made using the da-
ta from the four sample points and the two profile lines. These predic-
tions were compared to a prediction based on the data from the four 
original sample points combined with two diagonal cross section profiles 
from corner to corner, in order to evaluate how much the location of the 
sample profile lines would affect the accuracy of the prediction; by that 
estimating the value of data interpretation made by the two test persons.  
The corner to corner profile lines were selected because it has an ar-
rangement which allows for the longest profile lines on the quadratic 
surface thus maximizing the total data obtained (Fig. 6).  
The trial was then repeated with nine original sample points instead of 
four. This was done to evaluate if the accuracy of the prediction im-
proves if the placement of the profile lines is based on more prior in-
formation about the reference surface, and to evaluate if the relative im-
provement in accuracy that was obtained by profile line data was similar 
when more data was used. 

Fig . 6. Demonstrating the system of combining profile lines and 
sample points. Profile lines were placed on the surface by the two 
test persons X and Y based on the prior information from the 
sample points. These predictions were then compared to the 
corner to corner cross-section. 
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Since it is often argued that geophysical continuous data is not as reliable 
as sounding data due to the risk of misinterpretation, a last trial was per-
formed to see how the accuracy of the prediction was affected when the 
profile line data itself was not completely accurate. This was done by de-
liberately introducing a level of error in the profile line data, and using 
this perturbed data to predict the surface. The data from the second trial 
was used, but all the data along the profile lines was perturbed. Two dif-
ferent levels of error to the z value (elevation) of each point along the 
profile line, was introduced. The first level of error was normal distribut-
ed with a mean of 0m and a standard deviation of 0.4m. This would gen-
erate an error spanning between +-1m, which would correspond to mi-
nor misinterpretation of the geophysical data, such as a problem of 
detecting the exact outline of the rock surface, due to noise or a frac-
tured rock surface. The second level of error was normal distributed with 
a mean of 0m and a standard deviation of 0.8m. This would generate an 
error spanning between +-2m, which would correspond to major misin-
terpretation of the geophysical data, such as a problem of detecting the 
rock surface at all. The accuracy of prediction using the two different 
types of perturbed profile data were compared to the prediction using 
the unaltered profile data. 

3.6. The Täby Case 
To evaluate the model under real conditions a case study was carried out 
at a construction site in Täby Centrum. There, a big shaft was dug out 
under a former parking lot to give place to a three floor underground 
parking structure (Fig. 7). The shaft had the approximate shape of a 
square with an area of 16700 m2. The foundation of the parking struc-
ture was placed approximately 11.5 meter under ground level.  
The actual measurement of the bare laid rock surface, in situ after the 
excavation had taken place, constitutes the true reference surface (Fig. 8). 
The sounding conducted in the pre-construction site investigations con-
stituted the possible sampling points. Based on these data the rock sur-
face at the shaft in Täby can be predicted using a number of these 
sounding points and comparing it to the measured true reference sur-
face, just as in the model. Four, nine, 16 and 25 sounding points were 

Fig . 7. The underground parking structure is under construction 
at the site in Täby used in the case study, seen from above, web-
kameror.se (2012)  
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respectively selected in an approximate right angle grid, as far as the loca-
tion of the available sounding points allowed. Then all the available 62 
sounding points in the area were used for the predictions. All these pre-
dictions were interpolated using Kriging as the interpolator. 
Just as with the references surfaces, the test persons were allowed to 
choose one and two profile lines on the Täby surface. These profile lines 
were combined with four and nine sample points respectively to see how 
profile data would improve the prediction in the Täby case. To see how 
misinterpretation of the profile data affects the prediction, the profile 
line data was perturbed with the two levels of error, just as with the ref-
erences surfaces. 

4. RESULTS  
The maximum difference between the three methods of volume calcula-
tion (extended trapezoidal rule, extended Simpson's, and extended Simp-
son's 3/8 rule used for calculating the fill and cut volumes was 1.4 m3 of 
a total calculated volume of 7879.1 m3. That corresponds to an error of 
0.02 %.  This was regarded as a good accuracy for the deviating volume 
estimation. The extensive results from all different setups can be seen in 
appendix III.  
The results of the various simulations shows that regardless of the sur-
face, the interpolator or the sample point arrangement, the general trend 
is that the more sample points that were available the better the predic-
tion was. With small data samples additional points could greatly im-
prove the accuracy. But as the total data set becomes larger, the effect of 
additional data points is reduced (Fig. 9). The MSE span quite widely 
with just four sample points; the greatest difference is seen in reference 
surface D where the MSE range from 3.80 to 1.74 m. The MSE decreas-
es quite rapidly at first while it reaches a MSE of 1 m somewhere around 
11 to 25 sample points, depending on the surfaces. With a hundred sam-
ple points the MSE ranges from 0.6 m to 0.3 depending on the surface 
and sampling method. There was quite a variation in the accuracy be-
tween each sampling pattern. In some cases the radial grid performed 
best, while in others it was the right angle or the random grid.  
 

Fig . 8. The outline of the bare laid rock surface of the shaft in 
Täby used as reference surface in the case study.  
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Fig . 9. The relationship between accuracy expressed as mean squared error 
(MSE) and the number of sample points, using different sampling grids on ref-
erence surface A, B, C and D respectively. 
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Fig . 10. The average MSE of the different sampling patterns for all four reference 
surfaces. The standard deviation of the MSE is illustrated by the upper and lower 
horizontal bars. These could be seen as the level of the precision of the configu-
ration.  
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With few sample points the sampling grid with lowest MSE varied a 
lotthroughout the models. However, with greater number of sample 
points the right angle grid had the lowest MSE on all four reference sur-
faces (Fig. 10). The difference in MSE between the three grids on the 
same surface with same number of sample points spanned from 5 % in 
one setup up to 54% in another setup, with a mean difference of 18 %. 
Comparing the methods of interpolation, it was found that with just four 
data points IDW had a better performance and lower MSE than Kriging 
in all of the twelve configurations (on all surfaces with all sampling pat-
terns). In one configuration (with the right angle grid on reference sur-
face B) the MSE for IDW was up to 15 % lower than Kriging, but as the 
number of data points in the dataset increased Kriging began to perform 
better than IDW. With nine data points, Kriging had a lower MSE in six 
out of the twelve configurations, (with the right angle grid on reference 
surface A, B, C and D and with the radom grid for reference surface C 
and D).  With 25 or more data points Kriging outperformed IDW in all 
of the twelve configurations (Fig. 11).  
The difference in accuracy between the two methods continued to in-
crease and became larger as the number of data points increased. With 
36 sample points, Kriging yielded on average 28 % higher accuracy than 
IDW. The same value for 64 and 100 sample points was 41 % and 51 % 
respectively.  This pattern was repeated in all twelve configurations, re-
gardless the surface characteristics or sampling pattern (Fig. 12). 
In the second trial when the profile line data was introduced there was 
an obvious increase in accuracy (Fig. 13). When one profile line was in-
troduced to the surfaces with four sample points the MSE decreased 
from an average of 2.18 m for all four reference surfaces, to 1.65 m for 
test person X and 1.61 m for test person Y.  When two profile lines 
where introduced the average MSE was 1.31 m for both test persons and 
1.42 m with the cross sections lines. When nine original sample points 
were used instead of four, placing one profile line reduced the MSE 
from an average of 1.67 m to 1.38 m for test person X, and to 1.32 m for 
test person Y (Fig 14). When using two profile lines the average MSE 
over all surfaces dropped further to 1.05 m for test person X and 1.14 m 
for test person Y, and to 1.21 m with the two cross sections lines. The 
results from the second trial using nine sample points and profile line da-
ta, showed that the prediction made with the profile lines from the two 
test persons were more accurate than the prediction made with cross sec-
tion profile in 13 out of the 16 cases, with an average 7% lower MSE.  
In the Täby Case using the approximate right angle grid, the MSE was 
2.29 m with four sample points and decreased to 1.16 m at 65 sample 
points.  A quite high MSE when compared to the reference surfaces with 
a MSE spanning between 0.7 – 0.4 m with 64 sample points (Fig. 15).  
Using the profile line data on the Täby surface reduced the MSE to as 
low as 1.28 m with four sample points, and 1.24 m with nine sample 
points. That meant a reduction of the MSE with 44% and 39% respec-
tively.  
When the profile line data in the Täby case was perturbed by first level 
of error (error 1) the MSE increased 2 % with four sample points, com-
pared to the prediction with unperturbed profile lines (Fig. 16). With 
nine sample points the increase was 3%.  
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Fig . 11. The outperformance of IDW. At 4 points IDW is better in 
100 % of the cases. At 9 points IDW and Krig ing is equally good. 
With more than 9 sample points Kriging is the better interpolator.  

Fig . 12. The relationship between accuracy expressed as MSE (on the y-axis) and 
the number of sample points (x-axis) using different interpolation methods, 
Point Krig ing (Blue) and IDW (Red). Note how the pattern is similar for all 
sampling grids on all of the reference surfaces.  
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Fig . 14. The average MSE of the different profile line configurations when per-
formed with nine orig inal sample points, over all four reference surfaces. The 
standard deviation of the MSE is illustrated by the upper and lower horizontal 
bars. These could be seen as the level of the precision of the configuration.  

Fig . 13. The average MSE of the different profile line configurations when per-
formed with four orig inal sample points, over all four reference surfaces. The 
standard deviation of the MSE is illustrated by the upper and lower horizontal 
bars. These could be seen as the level of the precision of the configuration.  
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Fig . 16. The decrease in accuracy (expressed as MSE on the X-axis) as the level of 
perturbation of the profile line data increases. The green line shows the best predic-
tion, the yellow show the average prediction, and the red line shows the worst pre-
diction.  

Fig . 15. The relationship between accuracy expressed as MSE and the number of 
sample points on Täby surface, using the approximate right angle sampling grid. 
Note how the decrease in MSE is much lower as the number of sample points in-
crease as compared to the reference surfaces.  
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For the fictional reference surfaces the average increase of MSE was 2% 
with both four and nine sample points.When the magnitude of error was 
increased (error 2), the MSE increased with 7% with four sample points 
and 9% with nine sample points in the Täby case; compared to an aver-
age increase of MSE by 7% on the four reference surfaces using four 
sample points and an increase of 8 % with nine sample points.  

5. DISCUSSION 
The number of measurements affected the accuracy of the prediction in 
the expected way. The more sample points there are, the less improve-
ment will additional sample points yield. So if the accuracy expressed as 
MSE was a function of the number of points this function would be pol-
ynomial with a negative exponent. Using the mean square error as a 
measurement of accuracy of the predictions is favorable because it is a 
parameter which is easily calculated, and one value allows easy compari-
son of the accuracy between the different predictions. However, this 
method has its limitations. The method of representing two surfaces 
with just a value could be a bit non intuitive. This method provides an 
average of the error; it cannot tell you anything about the distribution of 
the errors, if there are small areas with great deviations or if there are 
large areas of small deviations. It is possible that large MSE is due to a 
misinterpretation of the general feature of the surface. It could be a dike 
that is unknown. It is also possible that the general features of the terrain 
are known but the exact location of that certain feature was misplaced. 
The MSE as a measure of accuracy is easily comprehended but difficult 
to interpret. A lower MSE yields a higher accuracy, but what value of ac-
curacy that is actually needed to predict the surface geometry is harder to 
define. Fig.17 shows a few different predictions with a MSE spanning 
from 2.4 m to 0.6 m. What would classify as a good prediction is gov-
erned by the circumstances; the accuracy needed for that specific case 
and the conditions under which the prediction were made. Obtaining a 
MSE of 1 m when the rock surface was 100 m below the ground surface 
would surely count as a good prediction. The same MSE when the rock 
surface was two m under the ground would be considered as a quite in-
accurate prediction. With the spatial variability of the fictional rock mod-
els, the outline of the surface cannot be indicated with a MSE of 2 m. 
Whereas a mean deviation of 1 m gave a good indication of the general 
geometry of the area; however, a mean deviation of 0.5 m gave a quite 
accurate indication of the area, revealing even smaller anomalies. With 
this in mind one can say that on this surface (120X120 m) we need at 
least 25 sample points to get good indication of the general geometry of 
the surface, and up to 60 sample points to reveal the smaller anomalies. 
This holds for reference surface A-C, with surface D as the exception. In 
reference surface D the MSE reaches 1 m with just 16 sample points. 
This could be due to its less complex outline, relatively flat surface with 
as just one major deviating feature.   
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Fig . 17. Illustrates how well different MSE represents the reference surfaces.  The 
left column shows the number of sample points and Mean deviation. The middle 
column shows how a 3D model of the predicted surface. The right column shows 
the true reference surface.  
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Based on the results it is not apparent what sampling grid performed the 
best, since the results between the different sampling grids were similar. 
The choice of sampling pattern seems to be of secondary importance 
compared to the absolute number of sample points; there is however a 
difference in accuracy between the sampling grids. When using four 
sample points on surface D the accuracy expressed as MSE differed as 
much as 54 % between the different grids. Since each of the three differ-
ent grids perform best at times, it is difficult to identify the sampling pat-
tern that results in the highest accuracy. One approach is to compare the 
number of cases in which each grid yielded the highest accuracy; the 
right angle grid performed best in 49 % of the simulations, while the ra-
dial grid and random grid gave the highest accuracy in 30 % and 21 % of 
the simulations respectively. Another way of visualizing the difference 
pattern between the sampling methods is to use a best curve fitting of 
the accuracy results based on the different grids (Fig. 18). The trend 
curves shows that with few points the three grids has almost the same 
MSE, but with 30 points the right angle grid has a 5 % lower MSE than 
the radial grid and a 10 % lower MSE than the random grid. When the 
number of sampling points is up to 100, the right angle grid has a 10 % 
lower MSE than the radial grind and a 15 % lower MSE than the ran-
dom grid. This suggests that a minor increase in accuracy could be ex-
pected with structural grids (radial and especially the right angle grid), 
than with the random grid. The trends show that the structural grids are 
favored by an increasing number of sample points; hence the more sam-
ple points increase the importance of sampling pattern choice. In other 
words, increasing the number of sampling points increases the im-
portance of arranging the points in a structural manner and covering as 
much of the surface as possible.  

Fig . 18. The trend curves of the average accuracy for the three different sampling 
grids. The trend curves are obtained by least square curve fitting. Note how the blue 
curve, representing the right angle grid tend to yield a lower MSE (e.g . higher accu-
racy) than the other sampling grids.  
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When using the standard deviation of the MSE the precision of the three 
grids could be evaluated. Similar to the evaluation using MSE, the com-
parison of standard deviation is more straightforward using trend curves 
due to the level of variation. Comparing the precision of the three grids, 
it shows that the measure of precision expresses a similar pattern as the 
accuracy, e.g. the radial and especially the right angle grid are favored by 
a larger number of sample points (Fig. 19). 
When comparing the method of interpolation IDW and Kriging both 
performed best at different times; this seems to be correlated to the 
amount of sample data available. The same pattern was noticeable in all 
of the 12 cases. With few points IDW performs better than Kriging, but 
as the number of points increase Kriging becomes more suitable. One 
reason could be the assumption used for the Kriging interpolation. In 
Kriging, the data points are used to establish the spatial variability of a 
particular surface. The more data points that are available, the more ac-
curate will the calculated spatial variability be. Therefore, Kriging as an 
interpolator improves as the number of sample points increases. Howev-
er, with very limited sample data IDW yielded a higher accuracy then 
Kriging.  
Considering the profile line data, the results indicate that the introduc-
tion of profile line data could significantly improve the accuracy of the 
prediction. However the variance in the improvement suggests the im-
portance of placing the profile lines correctly. Continuous profile lines 
provide a lot of data, but over a quite narrow field, thus this data must be 
representative for the surface as a whole. Biased data will result in a 
skewed rock model; coincidently the risk of skewed biased data will de-
crease as the amount of data increase.   
To be able to estimate how the introduction of profile lines enhance the 
accuracy of the prediction, the accuracy curves of the right angle grid 
was used to translate how many additional sample points that are re-

Fig . 19. The trend curves of the precision expressed as the standard deviation of the 
accuracy MSE of the three different sampling grids. The trend curves are obtained 
by least square curve fitting. Note how the blue curve, representing the right angle 
grid tend to yield a higher precision than the other sampling grids.  
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quired to obtain the same accuracy as with the profile lines (Fig. 20). Us-
ing the trend curve, a simple relationship can be derived between the 
number of sampling points and the corresponding MSE, the comparison 
suggests that the introduction of one profile line could improve the ac-
curacy as much as when introducing 9 additional sample points. Howev-
er, the extent is quite wide, ranging from almost no improvement in ac-
curacy to an improvement in the average accuracy corresponding to 4.5 
additional sample points. If two profiles were introduced the average ac-
curacy improvement corresponded to 9.4 additional sample points i.e. 
4.2 additional sample points per profile. In one configuration the accura-
cy even decreased when a profile line was introduced. This indicates that 
an increased amount of sample data does not necessary improve the pre-
diction. The profile line data gave a better perception of the surface 
along the line itself; but as these values were not representative for the 
surface as a whole, the skewed sample set resulted in a less accurate pre-
diction. 
If the result from the two test persons is compared to the result from the 
cross section, 13 out of 16 cases an educated guess gives a prediction 
with a higher accuracy than the corner to corner cross section; even 
though the cross section arrangement maximizes the profile length and 
thus the amount of data (Fig. 21). This suggests that the accuracy is im-
proved if the location of the profile lines is based on some prior infor-
mation. 
When the profile line data was perturbed to simulate errors of misinter-
pretations in the geophysical methods a lower level of error had a little 
effect on the MSE. When the second level of error was introduced on 
the profile data, the best and the average accuracy decreased; corre-
sponding to 1 sample point per profile. Suggesting that even with quite 
high uncertainties due to misinterpretation, the profile line data could 
still increase the accuracy of the prediction.  

Fig . 20. The improvement in accuracy when introducing two profile lines in addi-
tion to the 4 respectively 9 orig inal sample points, as compared to expected accura-
cy of using only sample points in a right angle grid. The continuous lines represent 
the MSE using only point samples in a right angle grid. The dashed lines represent 
the MSE using point samples and the two profile lines.  
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5.1. The Täby Case 
The Täby case trial shows that the accuracy of the predicted rock sur-
face, using the approximate right angle grid, is lower than the accuracy of 
the four fictional reference surfaces. The MSE is generally higher than 
for all four reference surfaces. This could either be due to the geometry 
of the Täby surface or the location of the soundings used as sample data. 
The simulations with the different sampling grids showed that with few 
numbers of sample points the right angle grid had no obvious advantage 
to other sampling patterns. Therefore, an “approximately” right angle 
grid should not have a great effect on the accuracy. The geometry of the 

Fig . 22. This chart shows the improvement in accuracy using 
profile line data expressed as the equivalent number of additional 
sample points needed, in order to obtain the same accuracy for 
every new profile line. Note the similar patterns with one respec-
tively two profile lines, this suggest that the same increase in 
accuracy per profile line could be expected. The improvement in 
accuracy is between nine additional points to half a sample point. 
On the Täby surface the improvement in accuracy was higher.  

Fig . 21. Comparing the result of the prediction made by the two 
test persons X and Y with the results using the corner to corner 
cross section.  It is quite apparent that the predictions made with 
the profile line data received by the two test persons generally 
gave a better prediction than the prediction using cross section 
profile line data.  



Accuracy and preicsion of bedrock surface prediction using geophysics and geostatistics 
 

 25 

Täby surface is not necessarily more complex than the reference surfac-
es, although it is not as quadratic as the reference surfaces. This differ-
ence in geometry could have an effect on the accuracy, since the more 
remote part of the surface is unrepresented by the sample points.  
Using the trend curve of accuracy from the right angle grid on the Täby 
surface, one can quantify how many sample points the improvement in 
accuracy yielded compared to the corresponding profile lines; just as 
with the fictional surfaces (Fig. 22). Since the accuracy of the right angle 
grid was lower on the Täby surface than on the fictional surfaces, the 
improvement of accuracy corresponds to a higher number of sample 
points even though the improvement of MSE is about the same as for 
the fictional reference surfaces. This suggest that the more complex the 
surface is the greater will the improvement of using profile data be, 
compared to using only sample point data.  

6. CONCLUSIONS 
This study concludes that the arrangement of sample points does have 
an impact on the accuracy of the prediction. Arranging the sampling 
points in a right angle grid gives slightly higher average accuracy and pre-
cision compared to a radial grid. The radial grid in turn gives a higher ac-
curacy and precision than a random grid. The difference in accuracy and 
precision between different grids increases with an increased number of 
sample points. Therefore, it is favorable to arrange more sample points 
structurally. The study suggests that the most suitable method of interpo-
lation is dependent on the number of sample points. Kriging will yield a 
higher accuracy than IDW when the number of sample points is enough 
to generate a spatial variability representative for the entire surface; with 
a surface dimension of 120 x 120 m2, as in this study, this was reached at 
approximately 9 sample points. This study also concludes that using pro-
file data similar to the one received through a geophysical site investiga-
tion could significantly increase the accuracy of the bedrock surface pre-
diction. However, the extent of the improvement varies. In this study 
one sample profile on average corresponded to 4.5 sample points, alt-
hough ranging from 9 sample points to no additional sample point at all. 
Using interpreted data from sample points to locate the suitable profile 
line tend to give a higher accuracy and precision compared to cross sec-
tions from corner to corner. Consequently the accuracy is improved if 
the locations of the profiles are based on at least some prior information 
about the surface characteristics. 
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