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Abstract

The paper presents the analysis of the II Underground Line construction’s impact on the Warsaw Scarp with the use of
the electrical resistivity imaging (ERI, also known as the electrical resistivity tomography) and further total station po-
sition measurements. The underground passes under the scarp perpendicular in the area of Dynasy Street 6, in Down-
town district. The electrical resistivity imaging was performed for recognition of the geological structure and a poten-
tial landslide surface or zone. The gradient system was used during the prospection. In these analyses, the longitudinal
section was 40 m long, and the depth of survey amounted to 6 m. In the case of the 200 m long transverse section, the
resulted depth of survey was 30 m. The geophysical image of the longitudinal section, does not contain loosening soil
zones, which could indicate slip surface. Next, total station measurements, which were tied to the archival geodetic ob-
servations’ results, were carried out. The aim of the measurements was to verify the activity of the horizontal and ver-
tical displacements. The TBM excavation process led to summary vertical displacements up to approx. 24 mm and
horizontal displacements amounting to approx. 13 mm. To sum up, the current land surveys reveals minor underground
line’s construction impact on the scarp displacement. Nevertheless, the sensitive urban environment requires further

monitoring, especially that the operation loads can result in displacement rate change.
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INTRODUCTION

The scarp stability as a state of forces equilibrium is
changing over time (Duncan and Wright, 2005). The changes
are determined by infrastructure, as well as, natural variabil-
ity of soil and water-related conditions. One of the places
where the magnitude of destabilizing forces and opposite to
them forces has changed is the Warsaw Scarp in Powisle dis-
trict, due to the construction process of the 2nd underground
line using Tunnel Boring Machines (TBM). The above men-
tioned location is a place of intersection of a communication
line with Quaternary and Mio-Pliocene sediments. The con-
struction of the underground in Warsaw is an example of a
complex and large investment interfering in an urbanized
area. In the past, such constructions caused risk to human
lives and financial loss, e.g. the construction of W-Z road
from which the displacement of the Warsaw Scarp origi-
nated. In that case, the ruins of the Royal Castle and the
Church of Saint Anna were endangered. Another example
worth noting is an archival case study of the Wislostrada road
damage, caused by the TBM work.

The City Center part of the Warsaw Scarp in the neigh-
borhood of Powisle district is a very attractive place for in-
vestment, due to its landscape values. The geological condi-
tion of this area can be found in numerous papers (e.g.
Wysokinski,1999; Sarnacka, 1992). The investment process
which is the construction of the underground II line with the
description of geodetic and geotechnical monitoring was
presented in the executive project (ILF, 2010). The task of
monitoring the movements has been developed on the basis
of earlier scientific studies carried out on the behalf of Metro
by Wozniak (2007). Details of the results of observations
conducted during the underground construction were col-
lected in the information system, which interface for data
management and communication with the user was available
in the form of a website (http://www.ddsmonitoring.com/in-
dex.php).

This paper presents recognition of the underground II
line construction impact on the Warsaw Scarp by means of
geophysical electrical resistance tomography, and use of sur-
veys to support the correct interpretation of the final results.
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Fig. 1.
matic map of Warsaw and Poland.

REGIONAL SETTINGS

The study area is located in the center of Warsaw, east
part of Powisle borough in Downtown district and covered a
part of the Warsaw Scarp, under which passes the Warsaw
Underground Line II (Fig. 1). Bartoszewicza Street runs
along this part of the scarp, with Dynasy Street along its foot.
The scarp height is approx. 17.5 m and inclination of the
scarp is approx. 36° in reference to geodetic measurements.

The geological structure of the Scarp consists of a com-
plex system of deposits. The first layer which can be indi-
cated in the Warsaw plateau and Vistula valley is made-
ground of about 3 m in thickness (Bajda and Falkowski,
2014). The crown of the scarp, under the fill, consists of tills
from Warta glaciation (about 1-m-thick layer) and Odra gla-
ciation (about 10.5-m-thick layer; Wysokinski, 1999). These
two layers are interbedded by fluvioglacial medium sand
(several meters in thickness). Near the surface of the scarp
there is colluvium zone. Furthermore, below the tills in the
crown of the scarp and valley deposits is a Mio-Pliocene clay
layer. In the Vistula Valley, below the fill, there is a thin layer

Location of the analyzed section
of the Warsaw Scarp

The location of the analyzed section of the Warsaw Scarp on the topographic map (www.geoportal.gov.pl) as well as in the sche-

of fluvial silt and next underlies a thin layer of medium sand
(fluvial deposits). Figure 2 shows a scheme of the geological
structure (Wysokinski, 1999; 2013) and the location of the
underground tunnel with the buildings in the Vistula valley.

The ground water level is approx. 14 m below terrain
surface of the scarp crown and 4.7 m below ground level at
the scarp toe (Wysokinski, 1999).

METHODS

The electrical resistivity imaging was performed for rec-
ognition of geological structure and a potential landslide sur-
face or zone. In order to verify presence of the mass move-
ments process expressed by the activity of the horizontal and
vertical displacements, the available results of land survey-
ing in the area were analyzed, and some additional measure-
ments using high precision automatic total station were made
providing details on the three coordinates of the controlled
points. The inclination of the scarp and its height above un-
derground line were additional results of geodetic surveying.
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Fig. 2. Part of the archival geological cross-section (A) compared to the construction project (B; after Wysokinski, 1999; 2013).

Electrical resistivity imaging

The most popular geophysical techniques are electrical
resistivity imaging, the seismic measurements (Tucholka ez
al., 2008) and the ground-penetrating radar (Welc et al.,
2013 and Lejzerowicz et al., 2014). The electrical resistivity
imaging (ERI) was chosen according to the prospection con-
ditions and a large prospection range. Therefore, two electri-
cal resistivity sections were measured for this area of the
scarp; one in a direction along the underground tunnel, and
the other in the transverse direction (Fig. 3).

The electrical resistivity imaging method for soil survey-
ing was developed by the Schlumberger brothers in 1920
(Loke, 2000). As shown by many research results, this
method enables a variety of interpretations regarding the
characteristics of the studied soil. The ERI allows, among
others, the identification of the landslide surface in the scarp
(Perrone et al., 2014; Kowalczyk et al., 2014; Kaczmarek et
al., 2015). This method uses the phenomenon of the flow of
direct current through the soil for determining its physical
characteristics based on the propagation of the electrical sig-
nal. The biggest advantage of the ERI is the possibility of ob-
taining a 2-D electrical cross-section along the studied pro-
file. The theoretical basis of the ERI is described by Loke
(2012). During the survey made along the entire length of the
electrical resistivity section in a single process controlled by
the measurement equipment, all the electrodes are arranged
atan even distance from each other before the analyses begin.
In these analyses, the longitudinal section was 40 m long, and
the clearance between the individual electrodes equaled 1 m,
so that the surveying depth amounted to 6 m. Such prospec-
tion, in the case of ~17.5 m height scarp, is sufficient for de-
tection of loosening zone of shallow slip surface. If the slip
surface is located deeper, the terrain surface geodetic mea-
surements will indicate the risk of mass movements. The 200 m
long transverse section has electrodes spaced in 2.5 m inter-
vals, thus resulting in a 30 m survey. During the data acquisi-
tion, the main unit system synchronously and gradually
activates the respective electrodes (as per the measurement

The section along which
electrical resistivity
imaging was performed

Fig. 3. The location of the geophysical surveying section line.

system selected by the operator). This results in the registra-
tion of the resistance distribution along the section with the
precision determined by the distance between the electrodes.
The study used one of the most popular systems, the gradient
system, which provided rapid identification and a good reso-
lution of the cross-section, allowing the identification of each
soil layer. In this system, one of the two current electrodes was
gradually moved further away, with the position of the other
one and of the two measurement electrodes unchanged (Dah-
lin and Zhou, 2004). Registration accuracy of lateral variabil-
ity is equal half of the electrodes spacing (Dwain and Butler,
2005). The geophysical surveying was performed using to-
mography equipment produced by the Abem Company. The
source data from the tomography equipment was processed in
the RES2Dinv software and used to create a graphical visual-
ization using the Surfer software.
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D Underground tunnel

General location map of the tachymetric site, the measurement points and the connection to the control and measurement network

(MP — measurement points, RP — reference points, ST — site), (ddsmonitoring.com)

Surveying — precision total station

Issues relating to the measurement of terrain surface and
facilities displacements were presented in PN-N-02211
(2000) and the GUGIK guidelines G3.1-2007. Additionally,
issues associated with land surveying of displacements in ur-
ban environment like Warsaw metropolis were described in
Wozniak (1999); Wozniak and Zaczek-Peplifiska (2014).
A detailed description of the theoretical basis with examples
of calculation for determining displacement of measurement
points can be found in papers by Lazzarini (1977) as well as
Proészynski and Kwasniak (2006). The use of high-precision
total stations for measurements in the study of displacements
and conditions of this work was presented in the paper of
Wozniak (2005).

In order to verify the results of geophysical surveying
concerning the identification of the landslide surface, the to-
tal station-assisted surveying was used. A precision Leica
TM30 total station was selected for conducting the measure-
ments. The selected technique determined the size of the dis-
placements of a group of the controlled points, stabilized
shallow in the ground (0.3—0.5 m below terrain surface). In
order to evaluate the behavior of the soil in the tunnel con-
struction area as terrain surface changes, two transverse sec-
tions of controlled points on the scarp were selected in
relation to the underground tunnel routes, represented by the
5 analyzed points on each of them (Fig. 4). The distance be-
tween both sections was between 8—10 m. The measurements
of controlled points enabled determining three spatial com-
ponents DX, DY and DZ in the local Warsaw coordinate sys-
tem — the Warszawa’75 coordinate system.

The designed control network, apart from the controlled
points, included also the sites for the apparatus (total station)
and a group of points constituting a reference system (refer-
ence points RPO1, RP02, RP03) located outside the zone of
direct impact of the construction during the monitoring of
displacements (Fig. 4). The internal consistency and con-
stancy of reference points were tested in earlier works with

use of classical geodetic techniques and satellite surveys
(Wozniak, 2007).

The measurements began with the designation of coordi-
nates of all points of the control network in relation to the lo-
cal coordinate system based on the geodetic control network
ofthe area. All observations related to the reference and con-
trol points were equalized using the method of least squares,
and thus obtaining the aligned x, y and z values. These were
considered as baseline values for further determination of the
displacements.

The free-station technique was used to conduct the mea-
surement; performed from an unsterilized site (ST01) based
on spatial resection performed each time relative to the refer-
ence points (RPO1, RP02, RP03). Figure 4 presents the field
situation with controlled and reference points. The reference
procedure was carried out using the free-station sub-applica-
tion in the instrument, which allowed to determine the cur-
rent coordinates of the site and the orientation of the gradua-
ted circle of the instrument. The overdetermination of solv-
ing the task of spatial resection allowed not only to determine
the site parameters, but also to verify the stability of reference
points between the observation cycles. The next step was the
determination of the current coordinates of the controlled
points (MP0O1; MPO5SA; MPO1B; MP05B) by means of the
radial survey in successive observation cycles, while using
the spatial solution related to trigonometric leveling. As a re-
sult, the current values of spatial coordinates in a single coor-
dinate system were acquired.

The used procedure of connecting to the reference points
was combined with an analysis of the mean error in the deter-
mination of the site’s position and spatial orientation. The re-
ports from the course of the resection according to the Leica
TM30 software indicate stability of the points used by the au-
thors to connect and reference the displacement determina-
tion results. When using a number of points of reference and
surveying observations for connecting and orientating, a
highly overdetermined system is obtained, thus ensuring ad-
equate control of quality as regards determining the position
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ofthe site. In the traditional leveling process, angular and lin-
ear observations, including the identification of the stability
of points, should be performed. This procedure could greatly
extend the process of measuring and determining the dis-
placements, without noticeable precision effects. The indi-
cated position and orientation of the instrument is the basis
for determining the current coordinates of all the controlled
points in a given observation cycle.

During the analysis of the results of total station observa-
tions of the monitored object (the surface of the Warsaw
Scarp), itis important to have information on the obtained ac-
curacy of the surveying results. The so-called mean error
(my,) of the point position may be adapted as a parameter de-
scribing the accuracy of determining the horizontal position
of the point, defined according to the following formula:

mp = GEastingZ + GNorthingZ [mm],

where:
OEasting> ONorthing — mean error of the X and Y coordinate, re-
spectively.

For the two observation series conducted in late 2013 for
the controlled points, the resulting mean errors were recorded
in the report automatically generated by the standard software
of the TM30 instrument. The obtained results permitted to de-
termine the position error of the determined measurement
points (m,). A mean error of determining the position of the
group of the controlled points in the range between 0.6 and
1.3 mm was obtained in the conducted surveying.

RESULTS AND DISCUSSION

As aresult of the ERI prospection we obtain two perpen-
dicular resistivity sections of the scarp. The Figure 5 shows
the distribution of the electrical resistivity of the soil in the
parallel section to underground line, with clearly visible
boundaries of areas with different geoelectrical properties.
This ERI prospection section was made in the line of archival
geological cross-section (Fig. 2). Therefore, the continuity of
shallow soil layer on the scarp could be analyzed. Based on
archival section the interpretation of resistivity sections was
made. There are two distinguishable complexes along with
the underground tunnels:

—complex I: it is located across the whole scarp. In Figure

Complex of
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Fig. 5. The results of soil analyses using electrical resistivity im-
aging, performed longitudinally on the scarp (along the profile on
Fig. 3).

5 this complex has resistivity between 120 Qm and 600 Qm,
with an average thickness in the electrical resistivity cross-
section of approx. 3 m. Following a correlation with the his-
torical data, the interpreted soil was named as sand or clayey
sand with elevated humidity (anthropogenic soil: made-
ground);

— complex II: underlying firs complex. It is minimum
6—7 m below scarp surface. In Figure 5 characterized by the
following resistivity: 5 Qm—70 Qm. Such resistances indi-
cate cohesive soils, like colluvium sandy clay.

Interpreting perpendicular section to scarp extension it
should be noted that the geophysical image of the study area
does not contain loosening soil zones, which could indicate
slip surface.

In the case of a cross-section perpendicular to the extent
of the scarp (Fig. 7), the conducted analyses provided a not
clear image. In this case, resistivity image is distorted, due
to the presence of metal elements, electrical wires and
empty space inside tunnels in the underground line. The
reliable information is related to confirmation of the varia-
tion of geological deposits and presence of the underground
tunnels in these cross-sections. The probable interpretation
of this section, based on archival cross-section (Fig. 2) is
presented below. In such prospection condition, exact inter-
pretation of soil types and continuity of complex is pre-
cluded.

Complex

of made-ground

Distance [m|

Fig. 6.
(along the profile on Fig. 3)

The results of the ERI prospection, performed parallel to the scarp foot extension and perpendicular to the underground tunnels
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The moment of the passage
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Surveying results

In order to analyze the impact of the underground con-
struction, the historical results of measurements made by the
underground contractor were used before starting the con-
struction, during its course and after its completion. The mea-
surements were also made following the construction of the
underground tunnels in order to verify the results of the deter-
mination of displacements, and they were added to the charts
presented in Fig. 7. The chart showing vertical displacement
of a sample controlled point MP0O1 as a function of time
(Fig. 7) clearly shows periods of stability of the results inter-
rupted by sudden increases in the value of the displacements.
The first increase in displacement within the analyzed area is

Cumulative vertical displacements at the end of the monitoring period for the analyzed section of the scarp.

caused by the passage of the cutting shield of the TBM drill-
ing the southern tunnel between 24 Sep 2013 and 26 Sep
2013. This change amounted to —13 mm. After this period,
stabilization of the analyzed object and of the displacement
value was in effect until the time of the passage of the second
TBM drilling the northern tunnel. The TBM was in the area
under study between 01 Nov 2013 and 03 Nov 2013, which
led to an increase in displacements up to —19 mm. The char-
acter of the observed terrain displacements shows quasi-elas-
tic behavior, which inhibition is due to both the schedule of
earthworks, as well as, the delayed reaction of soil massive
(Potts and Zdravkovi¢, 2001; Kuszyk and Sieminska-Le-
wandowska, 2009).
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Table 1
Subsidence for selected controlled points
Point name Northing data Easting data Subsidence
X [m] Y [m] Az [mm]
MPOIA -95.8072 782.6908 —-19.43
MPO2A -92.4173 777.4073 —23.76
MPO3A —86.8925 773.7317 —22.72
MPO4A —80.8163 769.7007 -21.99
MPOSA —77.8713 765.9785 -19.12
MPO1B -93.7303 790.8351 -17.42
MP02B —89.9010 787.3268 —22.37
MPO03B —84.3757 781.8970 -19.72
MP04B —79.8821 775.8274 -12.95
MPO5B —75.0309 774.1595 —6.68
Table 2

Characteristic moments of underground construction asso-
ciated with coordinates of the representative controlled

point MPO1A
No. of| Description of the mea- Date East[m] | North [m]
stage | surement performed
0 Zero measurement 28-08-2013 | 782.6879 | —95.8197
Measurement before the
1 passage of the first TBM 21-09-2013 | 782.6885 | —95.8199
Soon after the passage of]
2 the first TBM 29-09-2013 | 782.6908 | -95.8103
Measurement before the
3 passage of the second | 26-10-2013 | 782.6906 | —95.8106
TBM
Soon after the passage of]
4 the second TBM 8-11-2013 | 782.6903 | —95.8074
s | Ownasbuiltmeasure- |y 1) 50131 787 6908 | ~95.8072
ment survey

The Figure 8 below presents the cumulative vertical dis-
placements (settlement) of the controlled points on the scarp,
showing that the largest subsidence occurred in the south-
western part of the monitored area. The 3-dimensional coun-
ter map was elaborated with the use of Surfer v.10 software,
by gridding method named kriging.

Table 1 contains the initial coordinates of the controlled
points and summary values of subsidence z from beginning
of observations to its end (16 Dec 2013).

The table below describes the key moments in the prog-
ress of the investment and the changes in the XY position of
the MPO1 point. It is worth noting that the threshold horizon-
tal or vertical displacement values adopted by the under-
ground contractor, according to their observation, were
15 mm for an alert state and 20 mm for an emergency. When
these values were approached, construction work was sus-
pended and the changes in the displacement values were be-
ing observed. If there had been no negative impact on the
environment (e.g., fracturing), the emergency values would
have been increased by the underground designers.

Figure 9 shows horizontal displacements of one of the
controlled points. The other points move in a similar manner.
The presented chart shows cumulative displacements be-
tween the important stages of the investment. We can clearly

~
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Fig. 9. The horizontal vectors of displacements of controlled
point MPO1A located on Warsaw Scarp, at different characteristic
underground construction stages (No. of stage in blue, the descrip-
tion of stage in Tab. 2).

see the impact of the passage of the first TBM on the moni-
tored section of the scarp, as an increase in displacements
amounting to approx. 7 mm. The passage of the second TBM
was followed by a further displacement of approx. 6 mm. The
observed displacements are directed towards the north-east.
The last measurements clearly show that the displacements
towards the incline of the scarp stopped.

CONCLUSIONS

Summarizing the results of the analyses, the question re-
garding the impact of building the underground tunnels on
the Warsaw Scarp at Dynasy Street No. 6, called into ques-
tion in the subject of the paper, can be answered as follows:
the impact is noticeable by present deformations of the scarp,
although small enough not to pose a threat to the stability and
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the nearby structures. Total station measurements of points
located on the Warsaw Scarp enable calculation of deforma-
tion field and displacement vectors of terrain surface above
the underground tunnels. In the case of the ERI prospection,
despite of the difficult test conditions, the continuity of soil
complex up to approx. 6 m below scarp surface were verified.
The assessment of the impact of the second underground line
construction on the Warsaw Scarp indicates high usefulness
of two used combined methods, which enable an extensive
and reliable analysis of implementing the investment in com-
plex urban conditions.
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