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In gravity surveys, many unwanted effects are produced by geological or non-geological sources. These calculable
effects have to be removed through the data reduction procedure. Common corrections in gravity measurements
are those for the instrument drift, the tide, the Free Air, the Bouguer and the terrain effect. However, when we
deal with gravity campaigns carried out in cities, we also have to take into consideration the so-called Building
Correction. This concerns the correction of the gravitational effect caused by the existence of buildings and an-
thropogenic constructions (stadiums, bridges etc.) close to a gravity measurement. This process can become
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Building correction quite demanding sometimes. Because of that, in this paper we discuss a calculation method for the Building Cor-
Gravity method rection of the gravity measurements. Two types of data are crucial in that procedure. The first one is the mean
Building density building density and the other one is the volume of the existing buildings, which is related to the spatial distri-

Building height map
Urban areas

bution and the buildings height. The mean building density has been calculated in this paper, based on percent-
age contribution of the building materials (concrete, bricks etc.) of the whole building volume. The calculated
mean building density was equal to 0.44 g/cm>. A Building Height Map has been produced, based on the Digital
Elevation Model and the Digital Surface Model. Taking into account the building volume and their density, a sim-
ulation of the terrain correction procedure has been carried out, for the Building Correction calculation. The
calculated Building Correction values range from almost zero (in the suburbs) to 0.25 mGal. A comparison for
the Residual Anomaly values (affected by the Building Correction) has also been made. Differences up to 0.19

mGal revealed are considered to be quite significant for the credibility of the final data.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

A gravity research was organized and executed in the Athens basin
(Greece), with the aim of investigating its geological structure and
revealing possible concealed (blind) faults, which could affect the city
in the future by generating disastrous earthquakes. The most recent di-
sastrous earthquake, on 7 September 1999, had its epicenter at a fault
that had not generated severe earthquakes until then. After that, a num-
ber of geological researches began in the area, but Athens basin is cov-
ered with artificial constructions (buildings, stadiums, roads,
playgrounds, public services station etc.) in a very large percent. This
means that many geophysical methods cannot be applied in the area,
such as electromagnetics, magnetics and geoelectrics. However, the
land gravity measurements seem like a cost-effective method for struc-
tural investigation. However, Athens, as an urban area produces a non-
geological additional gravitational effect to the field measurements, due
to the anthropogenic constructions (buildings, constructions etc.). For
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that reason, in this paper we introduce a computational method of
removing the buildings gravitational effect.

Athens basin, as a complex neotectonic graben, is covered with post-
alpine sediments (Fig. 3). It is elongated in a NE-SW direction,
surrounded by Parnitha (NW), Penteli (NE), Hymettus (E), Aigaleo-
Poikilo(W) Mountains, while at South it is facing to the sea and
Saronikos Gulf. Geologically, the surrounding mountains and hills are
structured by alpine formations. They are separated tectonically by a
large-scale detachment zone (Papanikolaou and collaborators, 2002;
Papanikolaou and Papanikolaou, 2007), in two rock types. At the eastern
margin, the metamorphic formations of the Attico-Cycladic massif are
located, comprising the relatively autochthonous geotectonic unit. At
the northern and western margins the unmetamorphic formations ap-
pear, known as the Ypopelagoniki unit (Fig. 3).

The metamorphic formations that we come along are mainly
marbles, schists and dolomites, dipping towards NW under the
unmetamorphic formations (Ypopelagoniki Unit), comprised of lime-
stones and alterations of sandstones and shales, with a general trace di-
rection NE-SW(Fig. 3). The hills located in the central and western areas
of the basin are constituted by semi-metamorphic rocks and more spe-
cifically by an overlying layer of limestones and an underlying mélange
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(sandstones, clays, sandstone marls, tuffs and schists) known as Athens
Schists. Finally, the Alepovouni Unit, observed across the eastern basin
and western foothills of Hymettus Mountain, is located tectonically im-
pacted, between the underlying Metamorphic Unit and the overlying
Athens Unit. Its upper part consists of compact crystalline limestones
while the lowest part is comprised of metamorphic to semi-
metamorphic layers of micaceous schists and phyllites.

Gravity measurements have been applied widely the last few years.
Their main applications are the structural / basin investigations
(Braitenberg et al., 2006; de Castro et al., 2014; Dilalos, 2018; Dilalos
and Alexopoulos, 2017; Karner et al., 2005; Madon and Watts, 1998;
Onal et al., 2008; Zheng et al., 2006) and the oil-gas or mineral explora-
tion (Chen et al., 2015;Martinez et al., 2013; Wang et al., 2012).

Gravity measurements are affected by many parameters (topogra-
phy, sea level, elevation etc.) which need to be reduced by the applica-
tion of the proper corrections. As the first step of the data reduction
process, we have to apply the drift and tide corrections. Afterwards,
we apply the Free Air Correction, calculating the Simple Bouguer Anom-
aly. The application of the Terrain Correction follows, in order to calcu-
late the Complete Bouguer Anomaly, which contains both the Regional
and the Residual (local) anomalies. In other types of gravity surveys,
like micro-gravity, more corrections have to be applied, like the one
for the atmospheric pressure (Nozaki and Kanemori, 1996).

Similarly, the present research is considered a typical gravity survey.
Although, the urban environment in which it took place, enforces the
authors to calculate and apply one additional crucial correction that is
required to the field measurements. Buildings that spread
perimetrically the gravity stations, establish a certain mass volume
above the ground level, where the gravity measurements are collected.
This volume is defined by the height and expansion of these buildings.
The term “Building Correction” is proposed for the procedure that
needs to be done in order to calculate the gravitational effect that is pro-
duced by the existence of buildings and anthropogenic constructions
(stadiums, malls etc.) close to a gravity station. It refers only to the
building mass above the ground, and will be removed from the field
measurement.

Several researchers have worked on the building effect and some of
them have tried to quantify it. Most of them have based their

calculations on Nagy (1966), who calculated the gravitational attraction
of a rectangular prism. Radogna etal. (2003) carried out a micro-gravity
study for the metro line of Lausanne city, where they calculated the
building effects through a software. Detailed work for the correction of
building effects is illustrated by Debeglia and Dupont (2002), by model-
ling the buildings with polygonal prisms. The isolated effects of the
walls, the basements and the floors are also presented in this paper.
Szeto (2006) calculated the building density equal to 0.58 g/cm® (£
0.06), considering a box-like building. Panisova et al. (2012; 2014) in-
troduced a microgravity survey in the interior of a church, where photo-
grammetry has been used to estimate the gravitational effect of the
church itself. Finally, Yu (2014) investigated the building effect, adja-
cent to a new-developed city and a line of buildings. He carried out sev-
eral gravity profiles parallel to this building line, with increasing
distance from them.

2. Data and method
2.1. Data acquisition

A gravity survey was planned with stations placed on a grid, with a
view to covering the basin of Athens. The initial grid cell size was set
to 1000 m, based on the results of older gravity studies in the area
(Papadopoulos and collaborators, 2003; Papadopoulos et al., 2007).
Due to the difficulties of an urban geophysical survey, some stations
were re-located a few meters. The maximum offset was almost 100 m,
trying to avoid the immediate adjacency with large buildings. Great
care had been given not only to the primary map planning, but also dur-
ing the field measurements. At each gravity station, at least two mea-
surements were collected in order to achieve a good repeatability
(<0.01mGal). If it was necessary (noisy environment), additional mea-
surements were collected until the desired result. Finally, a repeatability
of £0.007 mGal was accomplished. The gravity stations had to be placed
in “open” areas like parks (Fig. 1), fields (Fig. 2), squares, parking areas,
home sites etc., trying to keep a distance of at least 75 m from buildings.
This distance was selected in an effort to minimize the final effect, based
on the results of other studies regarding the building effects (Debeglia
and Dupont, 2002; Nowell, 1999; Yu, 2014). Moreover, busy roads had

Fig. 1. Gravity station in a small park, near buildings.
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Fig. 2. Gravity station in a basketball field, with tall Buildings around it.

to be avoided, due to the oscillations they produce on the gravimeter,
during the measurements. Keeping up with these limitations is quite
difficult in a fully developed residential area, like Athens city, minimiz-
ing the available locations for a gravity measurement. Not to mention
the difficulty of establishing the appropriate gravity bases network, for
which we had to take also into consideration the traffic jam of the city
roads.

During summer months, two field campaigns were carried out
(2013 and 2014), taking advantage of the diminished traffic jam due
to the increased absence of the locals' (vacations). A total number of
807 gravity stations were collected (Fig. 3). The gravity meter LaCoste
& Romberg G-496 was used for the data acquisition along with a Differ-
ential Global Positioning System (dGPS), in order to calculate the neces-
sary coordinates of each gravity station. The system was compiled by
two different, dual-frequencyTopCon HiperProGPS antennas and the
static technique was chosen. The processing results of the dGPS mea-
surements revealed average horizontal deviation of +-1.4 cm and verti-
cal one of +2.2 cm, which are considered accurate enough.

2.2. Common data reduction procedure

The data reduction procedure will be discussed thoroughly in the
next paragraph, with the only exception of the Building correction.
First, from the base re-measurements, taking place every 2-3 h, we
proceeded with the drift correction of the instrument. Then, the tidal ef-
fects are removed with the Oasis Montaj software, based on the mea-
surement time of each station. The next step includes the latitude
(WGS84 formula) and free-air correction, where the calculated coordi-
nates of each gravity station are taken into account. The assumed con-
stant density for the Bouguer correction was set up to 2.67 g/cm?,
generally used by several other researchers in the broader area
(Casten and Snopek, 2006; Makris et al., 2013; Papadopoulos et al.,
2007). At this point, the Simple Bouguer Anomaly has been calculated.

In order to calculate the necessary terrain correction, we need an ac-
curate Digital Elevation Model (DEM). The procedure is based on the
Hammer zones (Hammer, 1939). In this paper, we used the Gravity
and Terrain Correction extension of Oasis Montaj for the terrain

calculation. An inner radius equal to 1.500 m had been set, along with
an outer radius distance equal to 21 km. These lengths were established
taking into consideration previous studies in the area (Papadopoulos et
al., 2007) as well as the instructions of the software (Geosoft, 2010).
Normally, with the aim of calculating the Complete Bouguer Anomaly
only the Terrain corrections need to be added to the Simple Bouguer
Anomaly. However, in this urban geophysical survey, we also have to
calculate and add the Building Correction, because of the building
effects.

3. Building Correction
3.1. Building coverage and volume

The first problem we have to deal with is to calculate the spatial cov-
erage of the anthropogenic constructions and buildings in the area of in-
terest. Beyond this, it is necessary to obtain data concerning the volume
extension of these constructions. In other words, the information of
their height extent is also essential, or at least an indirect approach to
calculate it: for example based on the number of floors.

There are some methods to retrieve this kind of data. One common
example is the town-planning maps that government services hold.
This method has been selected and applied to some older micro-
gravity surveys (Radogna et al., 2003). Nevertheless, for such a big
area of interest, like Athens basin (almost 720km?), this seems imprac-
tical and endless.

A quick and precise method to calculate the building volume is pre-
sented in this paper. Two types of raster data are required. The first one
is a detailed Digital Elevation Model (DEM) (Fig. 4). The second package
of data provides us with information about the maximum elevation of
the covered area, including the anthropogenic constructions. Many peo-
ple tend to confuse it with a DEM, but the correct term is ‘Digital Surface
Model’ (DSM) (Fig. 5). A DSM can be produced by high accuracy air-
borne LIDAR data. Nowadays they are used in many cities of the world
for several practical applications, in order to calculate the volume of
the buildings and produce their 3D reconstruction (Baba et al., 2014;
Brédif et al., 2013; Mongus et al., 2014; Yan et al., 2017). LIDAR data
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Fig. 3. The locations of the gravity stations and gravity bases.

gives us the maximum elevation points of the investigated area. This
means that if a building exists, the elevation of its roof will be measured,
as the maximum elevation/surface point. If not, it will measure the ter-
rain elevation (same as in the DEM). Usually, such kinds of data provide
a cell size of 0.8-1 m.

Advanced toolboxes of a Geographic Information System and
more specifically a raster calculator tool are required in order to
proceed. We have to subtract the DEM elevations from the respec-
tive DSM elevations (DSM-DEM) (Baba et al., 2014). In that way,
a new raster map will be produced, illustrating the heights of all
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the buildings and constructions of the investigated area. This is are dealing with extremely smaller volumes (coverage and heights

called ‘Building Height Map’ (Fig. 6). The resulting map will practi- at the same time). Great emphasis must be given on the manage-
cally illustrate not only the height of the buildings but also their ment of the two types of raster maps (DEM and DSM), their cell
spatial coverage in the area. Although, it might also contain infor- size and their spatial limits.

mation about the three heights, we consider it negligible, since we



S. Dilalos et al. / Journal of Applied Geophysics 159 (2018) 540-552

3
S A
w -
=
N
<
IAspropyrgos
o
o
[s)
-
N
S A
A
A
A
A
A

o
=]
o
<t 4
o
N
S

2 A

A LA
etsong Piraeus

A i

o AAgiRsAloanmis Aenfs
A Moschatokallitfea

A

A A A

A A
Aigaleo
o

A A , A

545

3.2. Building density

In the previous paragraph, a map has been produced demonstrating
the spatial distribution and height of all the anthropogenic
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Fig. 5. Digital Surface Model (DSM).

constructions (Fig. 6). However, the mean density of these buildings is
required, in order to calculate the Building Correction of the study
area. In a typical city, different types of buildings exist, such as the
ones made of stonewalls, wooden walls, concrete, reinforced concrete,
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aluminum and glass. In large-scale gravity researches, a mean density of
the most common type of building is required. In the city of Athens, the
most popular type of building is the one with reinforced concrete and
brick walls.
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Fig. 6. Building Height Map and the collected gravity stations.

Regarding the structure of this type of buildings and basic aspects
of architecture, we have to take into consideration the gravitational
attraction of the walls and floor slabs summative. We have to accept
some common standards. For example, the thickness of the floor
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concrete slab is usually equal to 0.20 m, the exterior brick wall thick-
ness equal to 0.20 m and the interior ones equal to 0.10 m. Moreover,
an average height of an apartment (floor to ceiling) is 2.70 m. After
several volume calculations, with a view to estimating the respective

ong with the collected gravity stations.

participation percent of each building material, it turned out that the
concrete contributes 10.5% to the building volume, the brick walls
11% and the air occupies the rest 78.5% of the building. There is also
an empirical type of the civil engineers, indicating that the required
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volume of concrete can be estimated by multiplying the area of the
ground plan times 0.3-0.35. This also validates the pre-mentioned
calculations.

Several densities concerning the reinforced concrete (Committe
A.CI., 2008; Blake, 2013; Chromcak et al., 2016; Stoulos et al.,

2003) have been found. The authors chose a mean reinforced con-
crete density, equal to 2.4 g/cm> Regarding the bricks density
(walls), a mean density equal to 1.7 g/cm® had been chosen,
among several suggested values (Alawadhi, 2008; Ashby and
Johnson, 2013; Chromcak et al, 2016; Kuranchie et al, 2016;
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Stoulos et al., 2003; Jung, 1961). We have to take into consideration building's density. The mean density of reinforced concrete building

the contribution percent of each material, estimated in the previous has been calculated equal to 0.44 g/cm>.Yu (2014) has also calculated

paragraph, in order to calculate the required building density. a close building density equal to 0.459 g/cm’ using theoretical building
Therefore, we can simply multiply the contribution percent of each models.

material with its characteristic density with the aim of calculating the
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3.3. Calculation and application of building correction

We need two types of data, that is to say the volume of the buildings
(Building Height Map -Fig. 6) and their mean density, in order to pro-
ceed with the calculation of the Building Correction. The preparation
and calculation for both parameters have already been discussed in pre-
vious sections of this paper. The procedure is similar to the one for the
terrain correction, based on the classic Hammer zones (Hammer,
1939), and carried out through the Gravity and Terrain Correction exten-
sion of Oasis Montaj (Geosoft). Three parameters have to be changed, in
order to obtain the desirable Building Correction.

Firstly, the inner zone radius has been set to 100 m and the outer
zone radius to 1000 m, while during the terrain correction calculations,
a radius of 1.500 m and another of 21 km respectively have been se-
lected. Beyond these distances, the building effect minimizes rapidly,
until it is considered negligible. Secondly, instead of an Elevation
input, Building Height (Fig. 6) is required. Thirdly, the reduction density
used was the one calculated for the buildings, equal to 0.44 g/cm> and
not the Bouguer density (2.67 g/cm?). With only these changes, the pro-
cedure of the Building Correction calculations completed (Fig. 7).
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The next step is to apply the Building Corrections to the gravity mea-
surements. The reduction procedure is similar to the terrain corrections.
After the data reduction of the gravity measurements, the Simple
Bouguer Anomaly comes up. Normally, the terrain correction (TC) has
to be added, in order to calculate the Complete Bouguer Anomaly
(gcpa)- However, in the case of an urban geophysical survey, the Build-
ing Correction (BC) is necessary to be added to the Simple Bouguer
Anomaly (gsga), like the following equation.

8csa = 8spa + TC+ BC

After the calculation of the Complete Bouguer Anomaly, the isolation
of the Residual Anomaly was carried out. The procedure was based on
Fourier analysis and Filtering and the information provided by the cor-
responding Power Spectrum Analysis (Dilalos, 2018; Dilalos and
Alexopoulos, 2017).

\}

Residual Difference (mGal)

Fig. 11. Histogram distribution of the Residual Anomaly Differences (before and after the Building Correction).
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4. Results

A distribution map of the calculated Building Correction of the study
area has been produced (Fig. 7). Moreover, in Fig. 8 the gravity stations
and their corresponding calculated Building Correction are illustrated in
graduated symbols, based on their value. The Building Height Map has
been used as background, providing the capability to correlate the
Building Heights with the Building Correction. Therefore, it is obvious
that the final correlation is absolutely logic. The highest values of Build-
ing Correction correspond to gravity stations that are located in areas
with increased building volume, such as the downtown of the city and
the area of Piraeus (red areas in Fig. 8). The gravity stations of the moun-
tainous areas are not illustrated in Fig. 8, since there was no need of
Building Correction. Residual Anomaly is practically the final processed
data that we use for subsurface modelling. Building Correction affects
the Complete Bouguer Anomaly and consequently the Residual Anom-
aly. For that reason, the final difference in Residual Anomaly (before
and after the Building Correction) has been investigated and is illus-
trated in Fig. 9 with graduated symbols. The result is similar, with the
most affected gravity stations located in areas with high building
volume.

In Fig. 10, we can observe the histogram distribution of the calcu-
lated Building Corrections. The calculated values for the entire Athens
basin and more precisely for the 582 affected gravity stations (due to
the removal of the stations on mountainous areas), begin from zero
and reach values of almost 0.25 mGal. Almost half of them (303 of 582
stations) appear with values between zero and 0.02 mGal, which
seems negligible. Nevertheless, the other half gravity stations (279 of
582) appear with higher and more significant values of Building
Correction.

In Fig. 11, we present the histogram distribution of the final dif-
ference values regarding the Residual Anomaly, with and without
the addition of the Building Corrections. It is evident that 377 of
the 582 stations (after the Building Correction applied on), revealed
a final Residual Anomaly difference between zero and 0.02 mGal,
which can be considered almost negligible. However, for the other
205 stations, we have significant differences after the application
of the calculated Building Corrections, reaching values up to 0.19
mGal.

Finally, an attempt of correlation between the Building Correction
and the Height of the surrounding buildings has been made. Two differ-
ent zones around the stations have been selected (similar to the Ham-
mer zones of the Terrain Correction), one with radius equal to 50 m
and one with radius 100 m. The mean Building Height has been calcu-
lated for each one of these zones, based on the data of the Building
Height Map (Fig. 6). The comparison of the mean Building Height
around the gravity stations, with the respective calculated Building Cor-
rection, is illustrated in Fig. 12. Of course, we have to take into consider-
ation that the final Building Correction for each gravity station is also
influenced by the buildings beyond the zone of 100 m that we have in-
dicated (even in a smaller percent).

5. Conclusions

Building Corrections is an additional but necessary part of gravity
data reduction, when the field measurements are carried out in urban
areas, with high building volume density. This is originated from the
fact that buildings apply additional gravitational attraction to the grav-
ity measurements. It is important to clarify that the proposed correction
is not taking into consideration the existence of any basement of the
buildings. This is based on the fact that previous studies (Debeglia and
Dupont, 2002; Yu, 2014) revealed that the basement effect beyond the
44 m is negligible. In the context of this research, we tried to keep a dis-
tance of 75 m from the buildings. Additionally, the DSM data cannot
provide information concerning the basement existence.

In this paper, we introduced a computational method for calculating
the Building Correction in large-scale gravity surveys, located in resi-
dential areas. It is based on a specific data processing procedure, taking
advantage of the Digital Elevation Model (DEM) and Digital Surface
Model (DSM) of an area, along with a mean building density.

The calculated Building Correction values of the gravity stations
vary, from negligible ones in the suburbs (low building volume) to
more remarkable ones downtown, up to 0.25 mGal (Figs 8 and 10).
Based also on the final impact on the Residual Anomaly values (Figs 9
and 11), with differences up to 0.19 mGal, their calculation is considered
quite important.

Urban gravity surveys were considered quite demanding not only
for the data acquisition but also for their processing due the buildings
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effect. In this paper, we demonstrated a processing method for the
Building Correction, with trustworthy results.
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