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Abstract

This paper addresses the problem of assessing the leakproofness of the bottom of a deep foundation trench, secured by
cavity wall, using geophysical methods of electrical resistivity tomography. The study was conducted on a large con-
struction project in Lublin, in a place where there are complicated soil-water conditions: the groundwater level is
above the proposed depth of foundation trench, the subsoil is heterogeneous, and there are karsted and weathered car-

S

bonate sediments with confined aquifer below the bottom of the trench. A hydraulic fracture occurred at the bottom of
the trench during the engineering works, which caused the water flow into the trench. In order to recognize the
soil-water conditions the first stage of geophysical measurements of electrical resistivity tomography (ERT) was
made. The applied methodology allowed to determine the extent of the hydraulic fracture zone within the bottom of
foundation trench. In order to assess the leakproofness of Diaphragm Wall the geophysical ERT measurements were
repeated (stage 2) A clear reduction in the value of the electrical resistivity of soils in the area of hydraulic fracture was
caused by clay injection. The results of ERT measurements are discussed and graphically presented.
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INTRODUCTION

Geophysical methods began to be used to solve geo-
technical problems in the ‘60s and “70s of the twentieth cen-
tury (Keller & Frischknecht 1966, Bogoslovsky & Ogilvy
1977), mainly the seismic method and the electrical resistiv-
ity method. Currently non-invasive geophysical surveys are
performed to identify soil-water conditions at the design
stage of any large construction project. Geophysical investi-
gation can determine or elaborate on: geological structure
(Keller & Frischknecht, 1966), elastic soils parameters and
degree of consolidation of soils (Foti & Lancellotta, 2003),
identification of buried technical infrastructure (Jol et al.
2009), shallow cavities in rock mass (Martinez-Pagan et al.,
2013), monitoring of the environment (Sharma, 2002), hy-
drogeological conditions (Kirsch, 2009; Brunet et al., 2010),

risk of landslides processes (Goktiirkler et al., 2008; Hack,
2000), hazards of mining areas (Chambers ef al., 2007) and
many others (e.g. Kowalczyk, Mieszkowski, 2011 and
Barski, Mieszkowski, 2014).

In the case of construction projects that are, or will be
sited in complicated soil-water conditions (e.g. shallow
groundwater level or the impact of soils of low bearing ca-
pacity) geophysical monitoring is conducted. Its purpose is
to control the soils before and after stabilization works, such
as the seal (injection) of clayey slurry or cementing. Geo-
physical investigations on structures of this type are de-
scribed, in the works of Cardarelli et al. (2007), Farooq et al.
(2007), Ramirez et al. (1993), Daily & Ramirez (2000),
Santarato et al. (2011) and Slater ez al. (2000).

The paper focuses on the presentation of the methodol-
ogy and results of geophysical ERT method used to deter-
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Fig. 1.

View of the NW part of the foundation trench.
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Fig. 2.

Location of the ERT geophysical research area.

mine the hydraulic fracture zone at the bottom of the selected
foundation trench and to control the leakproofness of soils in
the bottom of the trench after the sealed works.

CASE-HISTORY

In 2012, giant office and service complex started to be
built in Lublin (south-eastern part of Poland). The area of
deep excavation was approximately 2.5 ha (Fig. 1). Location
of the investment is shown in Fig. 2.

Level of the foundation plate was designed at a depth of
approximately 10 m below ground surface (161.2 m above
the sea level). The trench was protected by Diaphragm Wall.
At the stage of designing the construction a wide range of
geotechnical and geological measurements were conducted
to identify the geological structure and to determine the phys-
ical and mechanical parameters of'soils: drillings, static prob-
ing (CPT) and basic laboratory tests of soil samples collected
during drilling. The interpretation of the geological structure
was shown in the form of geological cross-sections (Fig. 4) —
the unexplored rock and soil mass between the boreholes was
interpolated. On the basis of this interpretation it was con-

__injection boreholes

_ zone of following
\ injections

area of failure

Fig. 3. Schematic layout of injection holes around the damaged
piezometer (area of failure).

cluded that the deepening of the foundation trench and the
performance of the bottom plate will not encounter any envi-
ronmental difficulties. In the spring 2013, while dredging in
the north-western part of the excavation, the old previously
unidentified piezometer was damaged by the excavator. This
piezometer was used to monitor the fissure water level in
Cretaceous sediments. Fissure water level in the Cretaceous
sediments was under considerable piezometric pressure: it is
level was drilled ca at 155 m above sea level, while stabilized
at ca 166 meters above sea level and about 5 m above the pro-
jected bottom of the foundation trench. As a result of failure
the water rapidly began to flood the trench. Damaged piezo-
meter was sealed quickly, then large embankment was piled
high around it to secure the bottom of the trench from ex-
panding hydraulic fracture zone and continued flooding.
This action has stopped the flow of water for a period of time
but also stopped construction works for several months.

It was decided that the area of failure will be sealed by di-
aphragm wall made of clayey slurry injections. Schematic
layout of injection holes around the damaged piezometer is
shown in Fig. 3. In order to determine the extent of hydraulic
fracture zone it was decided to conduct geophysical measure-
ments of system 2D and quasi 3D of electrical resistivity to-
mography (study of quasi 3D results were generated from 2D
lines). After clayey slurry injections whithin these zones the
construction works have been completed without major pro-
blems in 2013.

THE GEOLOGY

The geology of the investment area was identified by
drilling and static probing to a depth of approximately 24 m
(to 148.2 m above sea level). Drilling and probing (in the to-
tal amount of 23) was located mainly around the perimeter of
the projected diaphragm walls (Fig. 4).The geological profile
is (from top): anthropogenic embankments (of 4 m thick-
ness), Quaternary organic soils (of 4 m thickness), Quater-
nary river sands interbedded by alluvial soils (silty clay and
silt of a thickness from 3 to 6 m), Neogene clays and silts (of
9-10 m thickness) and Cretaceous carbonate rocks. The roof
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Simplified geological cross-section of the north wall of the faundation trench
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Simplified geological cross-section in the area of failure (above) and geophysical picture of ERT measurement (below). Geophysi-

cal investigations were performed after removing the top layer of embankments and organic soils.

of Cretaceous deposits is at depth ca 25 m below ground sur-
face (ca 155 m above sea level).

The floor of the Cretaceous rocks wasn’t reached.

There are two aquifers in this profile:

— first groundwater level, unconfined aquifer, in Quater-
nary river sands, at a depth of 7.5-8 m (approximately 164 m
above sea level),

— second groundwater level, confined aquifer, in the
Cretaceous rocks, level occurred at a depth of about 20-22 m
(150-152 m above sea level), while stabilized at a depth of
5—6 m (166 m above sea level)

Simplified geological cross-section in the area of failure
is presented in Fig. 4. It should be noted that the location of
geological boundaries is almost horizontal, and the different
geological layers have a similar thickness. There were no
erosion cuts detected.

THE METHODOLOGY OF ERT
MEASUREMENTS

Geophysical measurements of electrical resistivity to-
mography (ERT) were conducted within the foundation
trench. Electrical resistivity tomography method was devel-
oped in the late twentieth century and is widely described by
many researchers, for example by Griffiths & Barker (1993)
and Loke’a (2012). This method was chosen because of the
expected contrasts in the electrical resistivity of soils.

Measurements were carried out in two stages:

— Stage 1: Extent of hydraulic fracture zone within the
bottom of the foundation trench was specified.

— Stage 2: Leakproofness of diaphragm wall (clayey
slurry injections) made in the bottom of the trench (on the ba-
sis of step 1) was specified.
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Fig. 5. Documentary map of ERT measurements.

The location of measurement profiles are shown in Fig. 5.
The fracture zone is situated in the NW part of the trench (Fig. 5).

The measurements were made using Terameter LS appa-
ratus (manufactured by ABEM , Sweden). The dipole-dipole
array was used. This array was chosen for two reasons: firstly
it gives high density of measurement points, secondly it al-
lows the use of multi-channel measurements. Relatively

0 10 20 30 40 50 m
I I I

short time of measurements was very important. In the hy-
draulic fracture zone (north-western part of the trench) there
was 2 m interval between electrodes and a length of measur-
ing profiles was limited by the length of the foundation
trench to the 80 m. Thus the depth of recognition of distribu-
tion of electrical resistivity in the subsoil was up to approxi-
mately 13—14 m.
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Fig. 6. Electrical resistivity cross-section- stage 1, profile 14.
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Fig. 7. Electrical resistivity cross-section- stage 2, profile 14 (Explanations as Fig. 6).

Additional measurements were carried out in the entire ~ ERT profiles were also made using dipole-dipole array, but
trench area to develop a map of the roof of Neogene cohesive  the interval of the electrodes was increased to 3—4 m which
deposits. This soil layer was particularly important, because ~ gives a slightly greater depth of prospecting.
it protects the trench from the confined aquifer. Additional
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RESULTS

RES2Dinv program (Loke, 2012) was used to process
the data received. There are clear contrasts in soils resistivity
in the area covered by the ERT measurements:

—a complex of river sands interbedded by alluvial soils
(silty clay and silt) with resistivities above 50 Qm,

— cohesive soils complex — Neogene clays and silts with
low resistivities of 5 to 40 Qm,

— hydraulic fracture zone within the cohesive soils com-
plex of resitivities from 40 to 70 Qm.

Stage 1

ERT measurements allow to clearly identify the hydrau-
lic fracture zone (layer IV — Fig. 6). Refers to profile 14, at the
depth of bottom of foundation trench soils of low resistivity
dominate — cohesive soils of very low permeability. The hy-
draulic fracture zone crosses the foundation depth in the

40-42 m of profile length. The value of resistivity are in-
creased in this zone to 60-80 W m and contrasts to the cohe-
sive soils (5—40 Qm).

In the range of 30-32 m and 65-68 m of profile length
there were also distinguished soils of be increased value of
electrical resistivity. There are probably saturated sands.
Their presence in the bottom of the foundation trench may
cause some problems during the construction works.

Stage 11

ERT measurements showed that diaphragm wall cov-
ered the entire embankment and cohesionless soils founded
in the bottom of the trench (layer II and the surface layer of V
—Fig. 6). The reduction of the electric resistivity in the area of
hydraulic fracture zone, entire area of embankment and
cohesionless soils in the bottom of the trench was noted as a
results of clayey slurry injections (Fig. 7.).

Clayey diaphragm wall reduced anomaly IV at 30-32 m
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of profile length, but increased resistivity zone at the 65—
68 m of profile length remained almost unchanged.

The comparison of the distribution of electrical resistiv-
ity for stage 1 and stage 2, and resistivity decrease after injec-
tion works for selected profile is presented in Fig. 8. Red
color marks the places where there was the greatest change in
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The effect of clayey slurry injections is also noted in the
other ERT profiles due to the contrast to the resistivity of the
cohesionless soil. Significant decrease of electical resistivity
is noted in the location of clay injetions (Figs 9, 10) .
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The map of the roof of low-resistivity soil

Interpretation of all the ERT profiles and analysis of
boreholes and static probes allowed to prepare the map of the
roof of low-resistivity sediments (Fig. 11). Low resistivity

soil layer corresponds to the cohesive soils of very low per-
meability. This layer protects the trench from the confined
aquifer. The depth of the roof of low-resistivity layer is vari-
able and it’s ranging from 152 m to 165 m above sea level.
Two areas where the roof of low-resistivity sediments clearly
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decreases were highlighted in Fig. 11. In the area 1 the roof
occurs at approximately 155 m above sea level — this is the
place where the hydraulic fracture occurred and the water
flowed to the trench. In the area 2 the roof is approximately
152 m above sea level, at this area a slight flow of water into
the trench was observed, but it was managed to be controlled
the local dewatering.

CONCLUSIONS

The resolution of presented methodology of ERT mea-
surements was 2 m horizontally, while vertically it was de-
pends on the depth and varies from 1 m (near the surface) to
2 m (at the bottom part of the cross-section).

Due to the accuracy of distribution in electrical resistiv-
ity even minor anomalies, slight variation of lithology, hy-
drogeological conditions, anthropogenic deposits or other
non-documented effects of human activity can be detected.
Thus more detailed and reliable description of geological
structure and geological boundaries may be achieved.

The ERT method is relatively quick method that enabled
the precise non-invasive identification of soil and rock layers
in the areas of complicated geology, where the conventional
direct invasive research methods could not guarantee the full
recognition of soil-water conditions. The interpretation of
the unexplored rock and soil mass between the boreholes
may lead to the construction failure both at the stage of con-
struction works (as in the presented example), but also —
making it even more dangerous — at the stage of use the com-
pleted building.
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