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Abstract

Unnoticed corrosion in underground reinforced concrete structural members — such as foundations, retaining walls,
or piles — may severely threaten the integrity of structures. However, condition assessment of the ground-buried
structural parts is challenging, because the areas of interest are hardly accessible for visual inspection or non-destruc-
tive testing. An example of particular practical relevance is reinforcement corrosion at the back-side of the lower

end of cantilever retaining walls, near the construction joint between stem and heel of the base slab. The collapse of
a cantilever retaining wall in Austria was a tragic reminder of the dangers of unnoticed corrosion. The drawback of
current inspection methods is that they are laborious and costly, but still, only a tiny fraction of the structure can be
inspected. Considering that the degree of corrosion can vary significantly along a structure, such local information
includes a risk that corrosion elsewhere remains undetected.

A novel inspection system is proposed here, combining the well-proven half-cell potential measurement technique
with steered horizontal underground drilling technologies. With this approach, a tailor-made probe is brought in
proximity to the concrete surface in the soil and electrochemical measurements are performed to characterize the
corrosion condition. The main advantage is that virtually the entire length of the structure can be inspected, thus
overcoming the limitations of highly local inspection. Moreover, the proposed technigue includes a method to
constantly monitor the functionality of the potential measuring probe, based on electrical resistance measurements.
The feasibility of the approach was confirmed in laboratory experiments on a mortar block in soil. These findings
were confirmed in a field experiment. The results suggest that local corroding zones of practice-relevant size can be
detected for a distance between the reference electrode and the steel surface of at least 25 cm. On the basis of this
work, underground corrosion inspection of cantilever retaining walls is considered feasible, and the development
of similar technologies as the one proposed here may in the future considerably enhance condition assessment of
structures buried in the ground.

Keywords: Corrosion, Inspection, Reinforced concrete, Underground, Non-destructive testing, Half-cell potential
mapping, Retaining wall, Foundation

Introduction
Importance of corrosion inspection of buried structural

and rock environment compared to other structural
materials such as steel or wood. The alkaline concrete

members made with reinforced concrete

Underground parts of civil engineering structures are
often made of reinforced concrete (RC). This is because
of the generally good corrosion resistance of RC in soil
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surrounding the steel ensures passivity and, thus, negligi-
bly low corrosion rates [1]. Nevertheless, different causes
can still lead to steel corrosion in underground RC. For
instance, if the steel is locally not entirely surrounded by
concrete, e.g., due to structural cracks, delaminations,
honeycombs, or too low cover depths, the exposed steel
is at high risk for corrosion in most soil environments
[2]. These environments are typically characterised by
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near-neutral pH conditions and the presence of moisture
and corrosive species such as chloride ions or carbonate
species, which can lead to significant anodic dissolution
rates. This situation is generally aggravated by the for-
mation of galvanic elements within the structure, which
can arise when the exposed steel, behaving as the anode,
is in electrical contact with cathodically acting reinforc-
ing steel, namely steel in alkaline, potentially even well-
aerated (near-surface) concrete. Galvanic elements with
a large cathodic area with respect to relatively small
anodic zones promote high local corrosion rates at the
exposed anodic site. Additionally, the soil in contact with
the underground RC member provides an electrolyte
through which the galvanic current can easily flow. All
these factors can lead to relatively high rates of local cor-
rosion in the zones where the reinforcing steel is not well
surrounded by concrete.

A particular challenge associated with such under-
ground corrosion situations is that there are lim-
ited options to inspect these structural members [3].
Inspecting underground structures is generally difficult
due to a lack of accessibility since parts of the struc-
ture are covered with soil or other backfill materials.
Thus, the detection of corrosion in underground RC
members can be challenging. Unnoticed corrosion may
severely threaten the integrity of such structures. Can-
tilever retaining walls are examples of structures where
unnoticed corrosion of the underground part can lead
to catastrophic failures. A RC cantilever wall collapsed
in Austria without prior warning and, sadly, caused a
casualty [4-6]. By now, it is well documented that the
reinforcing steel at the lower end of the backside (facing
the soil) of cantilever retaining walls near the founda-
tion can corrode. This corrosion-related problem can
be explained by inappropriate construction practices
approximately 50years ago [5] when many of the cur-
rently still existing retaining walls were built. During
construction, insufficient quality control increased the
risk of gaps and honeycombs at the joint between the
foundation and the wall, leaving the reinforcing steel
exposed directly to the soil or backfill environment [7].
Corrosion at this location presents a twofold problem:
First, as mentioned above, inspecting this part of the
structure is virtually impossible (or can only be done as
random spot-checks with high inspection costs). Sec-
ond, this location in the structure is often the most crit-
ical, as corrosion-related degradation of the reinforcing
steel in this section can cause sudden wall failure [5, 8]
or increase the risk of such a failure [9].

A report by Switzerland’s federal roads office (FEDRO)
published in 2016 mentioned that their infrastructure
stock has 500 cantilever retaining walls in a so-called
critical condition [10]. These numbers do not include
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the walls owned by cantons or municipalities in Swit-
zerland. It can also be assumed that other countries
will have a considerable amount of cantilever retaining
walls and are going to face similar challenges [10]. In
order to tackle the safety aspects and the financial con-
sequences associated with cantilever retaining walls,
FEDRO analysed maintenance works from such walls
from several projects [6] with varying ages between 35
and 47 years. The focus was on the steel reinforcement
in the joint between the foundation and the wall. A total
of 1821 individual steel bars were checked at 259 sec-
tions of such walls from four different national roads.
The main findings were that 24% of all steel bars showed
corrosion-related damages and that 42% of the elements
had steel bars with corrosion damages. Similar findings,
namely the high variability of the condition, were also
reported by others, e.g. Tremblay et al. for RC vaults [11]
or by Rebhan et al. for cantilever retaining walls [12].
This brief analysis highlights the importance of spatially
distributed measurements in the form of line or area
measurements to consider the varying degree of corro-
sion damage in RC structures [6, 11, 12].

The common practice of inspection can be divided into
destructive testing and non-destructive testing methods,
of which several were examined in the literature for the
applicability to buried structural members, especially for
retaining walls [6, 11-14], particularly the inspection of
the reinforcement on the backside. Ultrasonic or radar
waves may detect large corrosion spots and honeycombs,
but the detectability depends on several boundary con-
ditions [15]. Monitoring systems with inclinometers and
reflectors detect geotechnical problems such as sliding
or tipping of the wall but are not suitable for corrosion
detection [12]. A novel system for monitoring applies a
new combination of sensors (strain gauges and inclinom-
eters) placed at different heights in order to distinguish
between effects caused by temperature changes or by
ongoing corrosion of the reinforcement at the backside
[12]. This might lead to continuous monitoring. Material
qualities and wall geometry restrict the study’s applicabil-
ity to other retaining walls.

In Switzerland, the backside of the cantilever retain-
ing wall is often inspected with three methods [5]. Fig-
ure 1 (A) to (C) present all three inspection methods,
namely (A) excavating a shaft behind the retaining wall,
(B) (ultra)high-pressure water jetting of the wall from an
excavated part in the front, and (C) core drillings through
the entire wall from the front side. The common goal of
all inspection methods is to locate corroded steel at the
backside between the foundation and the wall [5, 6]. All
three methods offer different advantages and disadvan-
tages considering the required time and space needed
for the inspection, the inspection costs, the implications
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Fig. 1 Currentinspection methods for RC retaining walls. The corrosion

Highly local information

B

damage is marked in red at the backside of the wall: A Excavation
of backfill, followed by concrete cover removal and visual inspection of the corrosion state from the backside; B Removal of concrete with
hydro-jetting and visual inspection of the corrosion damage from the front side; C Extraction of drilling cores from the front side for analysis in the
laboratory

regarding the transport of the backfill material or the
removal of the structurally relevant steel bars, or the
impact on the traffic in the form of caused traffic jams
or blocked lanes. Furthermore, it is well-known that the
degree of damage can vary even by comparing neigh-
bouring steel bars in the working joint of those walls [5,
6]. Despite this knowledge, the current inspection meth-
ods have in common that only a small fraction of the
structure’s length is inspected. As reinforcement corro-
sion can occur in a spatially limited area, the risk for mis-
classification of the corrosion condition of the retaining
wall is relatively high since the consulting engineer often
needs to conclude the condition and safety of the whole
wall based on limited information derived from these
inspections. On the one hand, this can lead to unneces-
sary costly repairs; on the other hand, it might cause an
increased risk of failure [5, 6].

Development of an underground inspection probe
Concept
This paper presents a novel approach for the non-
destructive condition assessment of buried structural
parts made with RC. The well-proven half-cell poten-
tial (HCP) mapping technique is combined with a novel
underground inspection probe and directed horizontal
drilling technology. Figure 2 shows the concept of the
inspection method where the inspection probe moves
inside a micro-tunnel along the backside of the wall, pref-
erably at the height of the construction joint and laterally
close to it. This micro-tunnel is created utilizing horizon-
tal drilling technology. The probe should deduct informa-
tion about the corrosion state of the steel reinforcement.
The underground inspection probe needs to fulfil
several requirements regarding the out-of-sight meas-
urement of the HCP mapping and the prevention of
damage during transport between the measurement

locations in the underground. The independence
between the construction of the micro-tunnel and the
corrosion inspection allows for splitting the two pro-
cesses temporarily. Existing horizontal drilling tech-
nology allows creating of micro-tunnels in various
soil compositions, whereas a probe suitable for under-
ground corrosion inspection does not exist. Further-
more, horizontal drilling technologies can be steered
with a radius dependent on the equipment that itself
depends mainly on the filling material behind the
retaining wall. The steering allows following curved
retaining walls or correcting minor deviations from
the desired path towards the necessary excavation at
the other lateral end of the wall. The main focus of this
work was to develop and test such a novel probe that
can be moved through a micro-tunnel and allows the

Fig. 2 Concept of the underground inspection method with
directed horizontal drilling methods for retaining wall along the
working joint where the suspected region for reinforcement
corrosion is marked in red. Ideally, the inspection does not affect the
traffic lanes nearby
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Fig. 3 Concept of the potential mapping in the underground: A Electrochemical sensor protected in the supporting tube during the dragging
through the underground and B After turning the lever, the sensor is pushed out from inside the tube towards the underground, and the
measurement procedure is started; after the measurement, the sensor goes back to the initial position in the case. The direction of the green arrows
shows the turning direction of the lever arm and the direction of the movement of the probe

underground corrosion assessment of buried RC parts,
such as cantilever retaining walls.

Figure 3 presents the detailed concept of the probe,
including the details of how the physical contact between
the tip of the sensor with the conductive underground is
established. The sensor is a so-called reference electrode
of the type copper/copper sulfate (see also section 2.3).
The HCP mapping permits the assessment of the corro-
sion state of the steel reinforcement. This non-destruc-
tive testing (NDT) method needs to sample points at
regular intervals of 15cm to 50 cm on RC [16—18]. A suit-
able extension mechanism is essential for contact with
the conductive soil/backfill and protection during the
transport of the sensor between the measurement points
at regular intervals. In our design, an ordinary outer tube
protects the underground inspection probe during the
dragging through the underground after the pilot drill-
ing by the horizontal drilling machine close to the back-
side of the wall at the height of the construction joint.
This outer tube protects all necessary cables for the HCP
measurement.

The pilot drilling connects two excavations at the
beginning and the end of the cantilever retaining wall.
A coupling hook and a reamer connect the protection
tube with the underground inspection probe with the
horizontal drilling machine in one of the two excava-
tions (Fig. 3 A). The horizontal drilling machine pushes
or pulls the supporting tube through the micro-tunnel
in a controlled way. The extension mechanism (detail see
section 3.2) pushes the sensor out at discrete locations
to acquire a data point as soon as the tip of the sensor is
in physical contact with the underground (Fig. 3 B). The
working principle of the push-out mechanism is mechan-
ically simple; by turning the lever, the rotational move-
ment is forwarded to the probe, which is transformed
into a linear movement to push the sensor out. A turn in

the opposite direction returns the sensor into the protec-
tion tube.

Probe engineering

The diameter of the horizontal micro-tunnel depends
on the backfill material behind the retaining wall. Con-
sequently, the horizontal drilling technology determines
the geometry of the supporting tube and the maximal
diameter of the underground corrosion inspection probe.
In contrast, the length of the probe in the longitudi-
nal direction will be less critical. The conditions of the
underground for the field experiment (see section 3.2) led
to an outer diameter of 100mm for the supporting tube
and an inner diameter of 72mm in order to connect to
the horizontal drilling machine by a reamer and a cou-
pling hook (see Fig. 3). The resulting gap of at least 9mm
(thickness of the supporting tube) between the tip of the
sensor (Details about the sensor in section 2.3) and the
underground must be covered by an extension mecha-
nism to enable physical contact with the underground
with the tip of the sensor that will be placed inside in
this tube. The extension mechanism consists of the fol-
lowing basic mechanical elements: two axial bearings,
two groove ball bearings, two rotations disks, two guid-
ance bars, and a pusher. Figure 4 gives an overview of the
design of the inspection probe with the individual parts
where the sensor is protected in the probe (Fig. 4A) and
in Fig. 4B, where the extension mechanism pushes out
the sensor. The extension mechanism transforms the
rotational movement into a linear motion of the pusher
bar by turning the rotation disk 90° from the outside with
connectable, square-headed 2m long steel bars placed
inside the tube until the probe, as schematically shown in
Fig. 3. Groove ball bearings supported the two rotation
disks, and two axial ball bearings guided the pusher bar
movement to minimise friction. The linear motion of the
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Fig. 4 Overview of the sensor push-out mechanism stored in the tube (without the protection tube): A Sensor inside the tube and B Sensor
pushed out against the environment after turning the rotation disk by 90°

2x Axial Ball Bearing

2x Guidance Bar

Sensor

Pusher Bar

pusher with the centrically placed sensor bar of 30 mm
enables direct contact with the tip of the sensor with the
underground through an additional hole in the support-
ing tube. The circular cross-section of the sensor (see
also Reference electrode section) was chosen to minimise
the gap between the sensor and the open space to avoid
the ingress of dirt through the opening if the sensor is
pushed out against gravity. Most of the components of
the sensor were printed with Polylactide (PLA) with an
Ultimaker 2+ 3D printer, and the probe was fixed with
two screws to the supporting tube during the field experi-
ment (see Field test section).

Reference electrode

The sensor for the HCP measurement is a so-called ref-
erence electrode (RE), which usually is a copper/copper
sulfate electrode (CSE) for civil engineering applications.
Those sensors typically consist of a plastic container
filled with saturated copper sulfate solution, in which a
blank pure copper rod is located. Plastic containers offer
advantages over glass containers for field applications,
such as robustness [19]. A porous plug, also known as the
diaphragm, typically made of wood, ensures electrolytic
contact to the concrete pore system or, in this applica-
tion, over the conductive soil to the retaining wall made
of RC. The electrolytic contact permits the measurement
of the potentials of the reinforcing steel, which is gener-
ally done with the help of a voltmeter with a high input
impedance and allows obtaining information about the
state of corrosion.

The HCP mapping is a well-known NDT method for
detecting ongoing macro-cell corrosion in RC and is
regulated by several international guidelines [16, 18,
20]. However, suppose such a RE is used for out-of-sight
measurements in a rough underground. In that case, it
might not be apparent whether the potential readings are

still accurate. Possible malfunctions can be caused if the
sensor is mechanically damaged, sufficient electrolytic
contact is not ensured, or if the electrical circuit is not
closed. For typical applications on RC, the contact with
the RE on the concrete surface is ensured by a human
operator/technician who controls the contact force and
detects malfunctions often immediately and visually,
such as, e.g. leaking of the solution. To solve the chal-
lenge of the out-of-sight measurement, the design of
conventional, commercially available CSE is adapted to
determine the electrical resistance of the sensor with the
stainless steel wire in order to detect malfunctions. High
electrical resistances between the rebar and the RE were
found to influence the HCP measurement [19], and con-
tinuous tracking of the electrical resistances overcame
this limitation.

Figure 5 depicts the individual parts of the tailor-made
RE adapted for out-of-sight measurements and to fit into
the constrained space inside the tube. Consequently, no
commercial product could be used for this application.
The main body of the RE consists of a thermoplastic Poly-
oxymethylene (POM) cylinder (Fig. 5 Nr. 7) with a length
of 50mm and an outer diameter of 25 mm with several
holes of varying diameters. Compared to a commercial
RE, the main modification was the additional stainless
steel wire (Nr. 4) through the sponge (Nr. 3) at the tip
of the electrode that allows for determining the internal
resistance of the sensor. This wire allows measuring the
electrical resistance between this wire and the copper
spiral (Nr. 8) inside the saturated copper sulfate solution
(Nr. 9) over the wooden dowel (Nr. 5). Suppose the RE
gets damaged at any time during an inspection, and the
solution drips out. In that case, the electrical resistance
will increase by several orders of magnitude compared
to the fully functional state of the sensor. Consequently,
the electrical resistance indicates whether the sensor



Pfandler et al. J Infrastruct Preserv Resil (2022) 3:17

Page 6 of 19

2. Sensor Cap (POM)

3. Sponge

4. Stainless Steel Wire

5. Diaphragm (Wood)

6. Water hose

7. Sensor Case (POM)

8. Copper Spiral

9. Copper Sulphate Solution

10. Copper Wire

11. Resin Seal

Exploded view, and C: Sectional view

Fig. 5 Design of the copper/copper sulfate reference electrode for non-sight measurements underground with named parts. A: Fully assembled, B:

is working or damaged. The wooden dowel ensures the
electrolytic connection to the solution at any sensor ori-
entation with respect to gravity since the orientation of
the sensor is expected to change during the dragging
because of the friction between the outer protection tube
and the underground. In addition, this internal resistance
is used to correct the electrical resistance measured from
the copper spiral to the steel in the structure to obtain an
estimate of the electrical resistance between the sensor
and the reinforcement in the concrete at any orientation
in the underground. This measurement type also gives an
indication of the conductivity of the backfill material.

The sponge (Nr. 3) in the sensor head was kept moist
by a water tube (Nr. 6) with an outer diameter of 3mm
and an inner diameter of 1mm. The electrolytic con-
tact with the underground surface is ensured by pump-
ing a conductive electrolyte into the sponge that has a
diameter of approximately 12mm and equals the con-
tact area with the underground. Here, as an electrolyte,
we use local tap water with an electrical resistivity of
approximately 0.37 (Q-m measured with a SevenExcel-
lence device from Mettler Toledo at room temperature.

The sensor cap (Nr. 2) on top of the RE was designed
as a wearable part because of the repetitive mechani-
cal contact with the underground (mix of earth, stones,
sand, etc.) and fixed with two polyamide screws (Nr. 1)
to the main part of the sensor (Nr. 6). The lower end of
the sensor was sealed with a two-component resin from
the supplier Technovit (Nr. 11) during assembly after the
copper spiral, and the copper spiral (Nr. 8) were placed.
The saturated copper-sulfate solution can be refilled for
maintenance of the sensor through a channel below the
sponge with a syringe without the need to disassemble
the complete pushing-out mechanism of the probe in the
supporting tube (see Fig. 4). This channel is closed during
measurements by a polyamide screw (M2.5) and a plastic
O-ring for sealing.

Figure 6 shows the fully assembled prototype of the
probe head before its insertion into the outer supporting
tube connected to the external pusher bar mechanism
on the right. The probe head was extended with an addi-
tional 3D-printed part that integrates a peristaltic pump
and a water reservoir of 0.51 (plastic bottle) for the field
experiment. The additional tap water supply ensured
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Fig. 6 Assembled prototype of the probe head for the field experiment with the peristaltic pump and the PET bottle as a water reservoir before the

the electrolytic coupling, especially in contact with dry
soils or after a high internal resistance of the RE was
registered.

Experiments

The experimental part is divided into two parts. The
first part includes experiments in the laboratory to 1)
check the functionality of the probe and 2) study the
detection of local anodes as a function of the distance
between the RE and the steel reinforcement compared
to measurements on RC. The second part presents the
results from the trial of the system on a field site with a
horizontal drilling machine and a galvanic cell to mimic
the corrosion process in the underground with two
types of metal bars.

Laboratory experiments

The influence of various material compositions in the
underground in combination with the detection limit
of the HCP mapping is still an open question. To better
understand how the distance and the resistivity of the
soil/concrete play a role in influencing the HCP value, a
tailor-made laboratory setup was built. The setup consists
of a reinforced mortar block with an artificially intro-
duced localised corrosion spot. The local anodic zone
was created by adding sodium chloride at a specific loca-
tion to the fresh concrete (over a length of approximately
10cm, see next section for details). The mortar block
was placed in a wooden frame in order to allow varying
distances via adjustable spacers between the RE and the
mortar block. Figure 7 gives an overview of the setup
with the wooden frame and the position of the individual
measurements along the reinforced mortar block and its
dimensions. The gap between the mortar block and the
measuring spot was filled with different soil substitutes,
such as sand or fine gravel. Afterward, the HCP values

were measured in two rows parallel to the mortar block
with the tailor-made RE, which was placed in the holes
in the wooden frame to allow for contact between the
probe and the soil (Fig. 7). Each line consists of 15 poten-
tial measurements with a spacing of 50mm between the
contact points and electrical resistance measurements
between the RE and the steel reinforcement at each
location.

Reinforced mortar block

A mortar block with the dimensions w x & x [ = 61mm
x 150mm x 800mm was cast using ordinary Portland
cement with water to binder ratio of 0.45. Each of the
two reinforcement bars B500B (@ =6 mm) was covered
with a mortar cover of 20 mm towards the filling material
and a cover of 35mm for the upper bar, respectively. The
steel bars were horizontally positioned in the mould dur-
ing the casting. The artificial corrosion spot was located
approximately 550 mm apart from one end of the sample.
The localised corrosion was triggered by manually adding
sodium chloride as a solid during the casting added after
each layer of concrete over a length of approximately
100 mm, resulting in approximately 2% chloride per con-
crete weight. The mortar block was stored in a climate
chamber (20°C, RH 95%) after casting, before and after
each measurement.

Wooden frame

For the experimental part in the laboratory, the mortar
block was placed in a wooden frame to ensure a fixed
and reproducible distance from the mortar surface of
the mortar block with adjustable wooden spacers. The
inside of the wooden frame was covered with plastic foil
for electrical insulation. The frame allows a distance of up
to 320mm from the mortar surface. The mortar counter-
part was a wooden part with two rows (lower and upper
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Fig. 7 Sketch of the laboratory setup with the adjustable distance between the mortar surface and the position of the reference electrode
indicated by two rows of 15 holes (@ =40 mm) and the location of the artificially introduced corrosion location on the reinforced mortar block with

Wooden frame
Adjustable distance

2x 15 Holes (@40mm)
(for the placement of the probe)

row) of each 15 holes (@ =40mm) slightly larger than
the diameter of the probe. The holes were covered inside
with a fabric to keep the filling material in the wooden
frame. The filling material between the mortar block and
the counterpart was either sand (0—4mm) or fine gravel.
The distance between the mortar sample and the sensor
was either 120mm or 220mm apart, with a layer height
of approximately 120 mm.

Measurement procedure

Once the block was in position, the measurement pro-
tocol consisted of a potential measurement with a digi-
tal multimeter (UNI-T UT61 D, input impedance of
3000 MQ for the mV range) and an LCR-Meter (BK-Pre-
cision 879B) for electrical resistance measurements. Both
devices were connected for logging purposes to a laptop.
The two steel bars were externally electrically connected
with a banana plug before the measurements through a
hole in the steel (@ =4 mm). The potential and the elec-
trical resistance were measured in each hole horizontally
from left to right, top to bottom. Potentials were regis-
tered for 5s per point and averaged for further analysis.
The electrical resistance between the probe and the steel
reinforcement was measured with a frequency of 120Hz
and an amplitude of 600 mV,, .. The handheld device was
selected as it is considered more suited than a laboratory
potentiostat/galvanostat (see the following section) for
a field experiment due to the size and the batteries and
therefore chosen for this application. The sand or the
gravel was slightly kept moist by adding tap water to the

sand or gravel after each measurement cycle was finished
to maintain a similar moisture state.

The internal resistance of the reference electrode

The internal resistance of the RE was determined by
placing the RE in contact with a stainless steel plate and
measuring the impedance between the steel and the cop-
per spiral with a fully saturated sponge. The same pro-
cedure was used to determine the electrical resistance
between the stainless steel wire and the copper spiral
for comparison. The internal impedance was measured
with a Methrom Autolab PGSTAT302N with frequencies
between 10Hz and 10kHz and a maximum amplitude of
0.5 V... The impedance was measured before and after
the experiments on the sample.

Field test

The proof of concept of the developed measuring probe
was verified outside of the laboratory situation in a field
test. The setup consisted of a galvanic cell formed by
electrically connecting eight stainless steel bars and two
galvanised steel bars in soil between two excavation
shafts. The distance between the two shafts was 6.3m.
The two excavations were connected at a depth of around
70cm with the help of a horizontally drilled micro-tun-
nel, where deviations along the planned trajectory were
corrected. The micro-tunnel was built in a two-step pro-
cedure. The first step was to create a micro-tunnel with
a diameter of 80mm between the excavations with a
metallic head. After this head surfaced in the excavation
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on the other side, the metallic head was removed and
replaced with a reamer (diameter 130 mm) to widen the
borehole. The protection tube was mechanically coupled
to the reamer and dragged through the underground by
a horizontal drilling machine. The underground inspec-
tion prototype was fixed with screws at the end of a tube
of 10m in length with an outer diameter of 110 mm. The
tube equipped with the prototype was dragged step-
wise through the underground with the horizontal drill-
ing machine. At discrete locations at regular intervals of
35cm, the RE was pushed out against the underground
for measurements of the electrochemical potentials and
electrical resistances between the sensor and the steels in
the soil, as in the laboratory experiments.

Experimental setup

The galvanic cell consists of eight 12% chromium steel
(TOP 12) rods with a diameter of 16 mm and two gal-
vanised steel rods (PREZINC 500) 1.5m in length with

a diameter of 14mm. These rods were manually ham-
mered into the earth perpendicular to the surface up to a
depth of approximately 100 cm. The rods were aligned in
a straight line between the two excavation shafts. The dis-
tance between the rods was 70 cm. Hose clamps attached
to a cable electrically connected all steel rods in order
to form a galvanic cell in the underground, with the two
galvanised steel bars acting as anodes in the system. The
two galvanised steels were located 1.4m and 3.5m apart
from the excavation on the left side (compare Fig. 8). The
two excavations were connected with a horizontal drill-
ing machine (“Mini Twinny”)! approximately 20 cm apart
from the middle line of the tube with a gap press technol-
ogy from right to left (Fig. 8). After the two excavations
were connected, the prepared plastic tube (length 10 m)
with the probe head was connected mechanically with a

! https://www.schenkag.com/mini-twinny/


https://www.schenkag.com/mini-twinny/
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Fig. 9 Impedance and phase angle in dependence on the frequency of the internal resistance of the RE determined while placing the RE on a
stainless steel plate or with the stainless steel wire (see Fig. 5 Nr.4) through the sponge at the tip of the electrode

reamer to the horizontal drilling machine to conduct the
first measurements during the pullback, controlled by the
horizontal drilling machine to the excavation on the left
side (left to right in Fig. 8).

The cables for the potential measurement, the electri-
cal resistance measurement, metallic bars for the turn-
ing mechanism, and the current cables for controlling
the peristaltic pump inside the prototype were placed
inside the supporting tube. The internal resistance of the
electrode, the resistance between the electrode and the
steels before and after pushing-out, and the potential of
the steels against the CSE reference electrode were meas-
ured at each location. This cycle of measurements was
performed at intervals of 350 mm. The acceptance crite-
rion for the registered potential value was that it did not
change significantly for a few seconds and was measured
with a Fluke handheld multimeter (Model 15B+). The
impedance was measured with an LCR-Meter (Escort
ELC-131D) with a frequency of 1kHz and an amplitude
of approximately 0.9 V..

Results

Laboratory experiments

Sensor assessment

The internal resistance of the RE was determined either
on a stainless steel plate or with the stainless steel wire at
the tip of the electrode (see Fig. 5 Nr.4). Figure 9 shows
the results of the internal resistance and the phase angle
of the RE in dependence of the frequency. The internal
resistance ranged from 13 to 15 kQ, slightly changing
over time. When measured with the wire, the internal
resistance for frequencies less than 100Hz was higher.
However, the internal resistance for frequencies larger
than 100Hz was nearly independent of frequency, and
also the phase angle was constantly —of smaller magni-
tude than 5°. Throughout the measurements, the internal
resistance changed moderately. The internal resistance
decreased during the experiment in the laboratory,

which might have been caused by the additional wetting
of the tip and the wooden diaphragm below the sponge
at the tip.

Measurements in sand

Figure 10 shows an overview of the results of the poten-
tials in the moistened sand for the measurements in
the upper and the lower row in the wooden frame (see
Fig. 7). The potentials for a distance of 120mm from
the mortar surface show a clear drop towards where
the sodium chloride was added during the casting
of the sample and where the location of the anode is
expected. The potential drop from the initial measure-
ment on the left side of the block and the lowest meas-
ured point was around 150mV over a distance of 50 cm.
The measurements with a distance of 22cm showed a
smaller potential drop and, consequently, a lower poten-
tial gradient towards the artificial corrosion spot. How-
ever, the potential decrease compared to the nearer
distance was reduced to approximately 100 mV. Surpris-
ingly, the potentials at distances over 60cm from the
left end of the mortar block did not increase again for
the configuration with 22cm sand between the RE and
the reinforced mortar block. Between the first and the
second measurement at a distance of 12 cm, there was a
nearly potential drop between the two measurements of
approximately 50 mV. This drop might happen due to the
interaction at the interface between the moist sand and
the mortar block.

The electrical resistance between the sensor and the
steel reinforcement did not change while changing the
thickness of the sand layer. The electrical resistance was
around 1200 kQ for all measurements and nearly con-
stant for each measured line. A few electrical resistances
for the experiment at a distance of 22cm on the upper
row (brown dashed line in Fig. 11) are missing due to an
error with the LCR-meter.
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Fig. 11 Electrical resistance between the sensor and the steel reinforcement measured in the wooden frame in the upper and the lower holes
(see Fig. 11) filled with sand with varying distances between the sensor and the sample. The red rectangle marks the location treated with sodium
chloride while casting the reinforced mortar block
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(b)

Fig. 14 A Splitting the reinforced mortar block with the anode marked with a red rectangle and (B) Detailed photo of the reinforcing steel with the
anode after sandblasting with the cross-sectional steel loss on the steel with a diameter of 6mm

Measurement in gravel

Figure 12 shows an overview of the results of the HCP
measurements in gravel. The measurement of the upper
holes showed that no potential change over the length
could be measured for dry gravel. Since similar results
were expected for the lower row due to the high electri-
cal resistance, no HCP measurements were executed.
The moistened gravel by tap water revealed that potential
changes towards the anodic part of the steel were observ-
able as for the measurements in the sand. The experi-
ment showed a potential drop towards the location of
the anodic steel part with a decrease of the potential of
around 120 mV. The potentials at distances over 60 cm in
Fig. 12 did not increase again.

Figure 13 shows the electrical resistance for the lower
and the upper row performed in gravel. After some tap
water was added, the electrical resistance decreased from
2500 kQ to around 1000 kQ), comparable to the resistance
measured with sand as filling material (compare Fig. 11).
The electrical resistance of about 2500 kQ for the dry
gravel was close to the limit of the measuring range of
the LCR-meter. These results shown in Fig. 13 are inde-
pendent of the coordinate; no changes were observed

for locations close to or further away from the mortar
part containing chlorides. This observation agrees with
the experiments in the sand, where also no drop in the
electrical resistance was found in the areas with chloride-
contaminated mortar.

Post-experimental assessment of the anode in the mortar
block

After finishing all experiments, the spatial extent of the
anode was checked by splitting the reinforced mortar
sample along the two reinforcement bars (Fig. 7). First,
the sample was cut in half perpendicular to the longitu-
dinal axis of the steel bars due to the geometrical limi-
tations of the saw. Afterwards, four notches were cut in
order to split the sample parallel to the reinforcing steels.
Two notches per piece were cut from the bottom and top
of the sample to a distance of about 2mm from the steel
surface. Finally, the two steel bars were uncovered manu-
ally with a hammer and a chisel. Figure 14 (b) shows the
anode after sandblasting from the red rectangle with vis-
ible steel loss in Fig. 14 (a). Only one of the two initially
placed steel bars showed visible steel loss, respectively,
visual signs of heavy corrosion damage. The anode size
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Table 1 Differences between the different measurements with the developed probe during the field experiment

Measurement Orientation of the sensor Distance between the tip of the sensorand Comment
the reinforcement [cm]
1 Towards the steel 15 The closest distance between the sen-
sor and the steel reinforcement
2 Upwards against gravity 20 Stress test of the push-out mechanism
3 Towards the steel 15 Repetition of measurement 1
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Fig. 15 Result of the HCP mapping with different distances towards the steels with the prototype with the marked locations of the galvanised
steels acting as anodes in the electrochemical system during the field experiment

was estimated to have a length of 7.5cm and started at
the coordinate 45.5cm. This location corresponds with
the lower potential measured in sand and gravel (com-
pare Fig. 10 and Fig. 12).

Field tests

Three measurements were performed with the devel-
oped probe, whereas two measurements were from left
to right, and one measurement was in the opposite direc-
tion (compare Fig. 8) with a distance of 35cm between
the measured points. Table 1 summarises the details
from the individual measurements with the prototype in
the field. The three repetitions with the device had dif-
ferent purposes. The goal of the first measurement was
to measure with the closest possible distance between
the tip of the electrode and the steel bars because of the
findings in the laboratory experiment (see Fig. 10). The
laboratory experiments suggested that a higher distance
decreased the potential difference between the anodic
and cathodic parts. The key idea of the second measure-
ment was to check the robustness of the push-out mech-
anism by orienting the sensor vertically and pushing it
against gravity. This sensor orientation allows for the soil
to fall in between the gap between the outer shell of the
RE and the tube. The soil material in the gap can cause

a malfunction by blocking the push-out channel. The
last measurement was an identical repetition of the first
measurement to check the repeatability.

The findings of the three HCP line measurements in
the soil between two excavations are shown in Fig. 15.
All measurements showed a considerable potential drop
around the two galvanized steel bars. Furthermore, a
gradual decrease from both sides towards both galva-
nised steel rods was observed. The potential drop was
around 100mV and nearly symmetric around the loca-
tion of the two galvanised steel bars. In conclusion, the
underground inspection system was able to locate the
position of the anodes successfully.

Figure 16 shows the electrical resistance between the
electrochemical sensor and the steel bars, once when the
lever controlling the probe push-out mechanism was in
the position where the probe was in the protection tube
and once when the lever was turned so that the probe
should be pushed out against the underground. The elec-
trical resistance clearly dropped after the push-out. This
can be explained by the probe being in contact with the
soil when in a pushed-out position (resistance generally
of the order of a few kQ). In this position, the orientation
of the probe seemed to be irrelevant. As expected, the
electrical contact with the soil was not well defined when
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Fig. 16 Result of the electrical resistance measurement at different distances from the steel for the field measurement (all measurements corrected
by the internal resistance of the electrode). The colors indicate the number of the measurement (see Table 1). The solid line represents the resistance
while the sensor is positioned inside the protective tube, whereas the dashed line represents the resistance when the sensor is pressed against the
ground by turning the lever controlling the push-out mechanism

the probe was inside the protection tube. This is reflected
by the high and highly varied electrical resistances meas-
ured in these cases.

During the second measurement, two potential read-
ings were rejected in the analysis because the resistance
did not change substantially, which suggested that the
push-out mechanism did not adequately work and insuf-
ficient contact between the probe and soil was achieved.
For example, at the point at a distance of 1.05m, this
criterion was not fulfilled for the first time since electri-
cal resistance towards the steel reinforcement did not
change significantly after turning the pusher bar (144 kQ
and 156 kQ). An additional point was taken after mov-
ing the underground inspection system 5cm against the
measurement direction backward to 1.00m. The meas-
urement was repeated at this location, and the values had
the same magnitude as the previous measurement data
at this location (potential and electrical resistance) and
were accepted (see also Figs. 15 and 16). The following
two potential readings during the second measurement
at distances of 35cm and 70cm did not show a signifi-
cant change in the electrical resistance (Fig. 15) and were
consequently not taken for further analysis in Fig. 15.
However, the last potential reading of this second meas-
urement fulfilled the acceptance criteria. The assump-
tion is that some soil material has covered the distance
between the tip of the REF and the soil. This could later
be explained by a failure of the connection of the push-
out mechanism, which was visually detected after this

measurement was finished, and the sensor was accessi-
ble in the excavation on the left side (Fig. 8). The cause
was a broken connection between the push-out mecha-
nism of the prototype and the metallic tube connected
to the external leverage arm. These results show that a
functioning push-out mechanism for the underground
corrosion detection system is crucial for obtaining valid
results. The sensor malfunction was successfully detected
out-of-sight due to the additional measurement of the
electrical resistance. The broken wooden part was then
replaced with a metallic one for the third measurement.

Discussion

Detectability of the corroding zone

The detectability of anodic areas under different condi-
tions depends on factors such as the lateral distance
between the probe and the concrete surface, the thick-
ness of the concrete cover, varying soil resistivity, the size
of the anode, or the size of the probe in contact with the
soil. All these factors ultimately influence the measured
HCP and the probability of detecting corroding areas in
the underground based on assessing the differences in
HCP along the structure.

The laboratory experiments with a different layer of fill-
ing material showed that clear potential changes could be
measured at distances of 12 and 22cm from the mortar
surface in the soil. The size of the anodes (section 4.1.4)
in these experiments can be considered representa-
tive of practical conditions [6]. Only the case with the
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highest electrolyte resistance in dry gravel did not show
this potential variation over the length of the inspected
sample. This may be explained by the fact that under
such high resistive conditions, the anodic zone was not
actively corroding (because of ohmic limitations of the
macro-cell and the lack of moisture needed to promote
electrochemical reactions).

The field experiment was designed to assess the feasi-
bility of underground corrosion detection with the HCP
mapping outside of laboratory conditions. The results (see
Fig. 15) clearly indicate that the galvanised steel acting
as anodes in the artificial galvanic cell could be detected
at a distance of approximately 20cm from the location
of the steel towards the location of the sensor tip with a
clear potential drop of 75mV vs. CSE. Note that higher
distances were not tested and thus, no statements can be
made about the detectability at higher distances. It should
be mentioned that the combination of galvanized steel
bars and stainless steel may not be fully representative of
steel bars embedded in concrete. First, the galvanic cou-
pling of stainless steel with galvanized steel bars leads to
very negative potentials (around —800mV vs. CSE). Sec-
ondly, the ratio between passive and active parts was dif-
ferent compared to the area ratio in cantilever retaining
walls. These factors may have made it less challenging to
locate the anode in the field trial compared to conditions
of local corrosion in a cantilever retaining wall.

The electrical resistance measurement may provide
an additional parameter supporting the detection of
local areas with higher risk for corrosion. In general,
experience has shown that honeycombs, present at the
backside near the construction joint of cantilever walls,
correlate with the location of anodes [5, 21]. Therefore,

honeycombs may affect the electrical resistivity locally.
This spatial variability of electrical resistance, combined
with the potential measurements, might enhance the
probability of detecting anodic areas in applications on
engineering structures. Figure 17 (a) and (b) shows a
schematic illustration of the different contributions to
the electrical resistance. Since the passive steel in a can-
tilever retaining wall generally has a very large surface
area, its resistance can be considered negligibly small.
The resistances attributed to the mortar/concrete, the
honeycomb and the soil will depend significantly on the
moisture state of these porous materials. In particular,
the conditions surrounding the probe strongly affect the
spreading resistance of the probe. Furthermore, given
the comparatively small probe size, the spreading resist-
ance is expected to be a dominating factor in the entire
resistance circuit. Figures 11 and 13 confirm that the
moisture condition in the soil and mortar, together with
the spreading resistance of the probe is dominating. In
these cases, the lower resistivity of the chloride-contam-
inated concrete compared to the chloride-free concrete
is not appreciable in the overall resistance measurement
circuit. In addition, Fig. 17 gives an indication that the
spread resistance might be dominating the overall resist-
ance between the two electrodes (rebar and probe).

From the present measurements, it can further be con-
cluded that the internal resistance of the used probe lies
between 1% and 2% of the Ohmic resistance between the
probe and the steel reinforcement. Thus, with the current
probe design, the internal resistance of the probe had a
negligible effect on the total resistance.

In contrast to laboratory tests, where the sand layer had
a homogenous electrical resistivity, the moisture states
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at the backside of retaining walls may be variable so that
zones of higher or lower soil resistivity may be present.
Figures 11 and 13 show that it is indeed possible to detect
such different moisture states in the soil by employing
measurements of the electrical resistance between the
probe and the reinforcing steel of the structure.

Thus, we believe that measuring the resistance between
the probe and the reinforcing steel provides valuable
information complementary to the potential measure-
ments. This can improve the detectability of zones at risk
for corrosion.

Effect of the internal resistance of the voltmeter

for the half-cell potential measurement

The effect of the circuit resistance (R circqie) and the
voltmeter’s internal resistance (Rq yyp) is described by
eq. (1) [21]. Eq. (1) was evaluated for several parameter
combinations derived from experimental results from
this publication and from the equipment in use for the
experiments. The evaluation of the different param-
eter combinations is presented in Fig. 18. The electri-
cal resistance (R cireuie) from eq. (1) was set to the one
of the soil from the field experiment (see Fig. 16) with
a value of around 10 kQ, the contribution of the mor-
tar part and the sand layer with a value of around 1400

kQ for the laboratory experiment and the second one
from the laboratory experiment in dry gravel with an
electrical resistance of up to 2500 kQ. The parameter
for the voltmeter internal resistance (input impedance)
(R, vir) was set to 10 MQ and 3000 MQ).. These values
are equal to the input impedance of the digital voltme-
ter for different ranges for the potential measurement.
In addition, the 10 MQ for the input impedance corre-
sponds to the requirements for applying the HCP tech-
nique on RC structures according to the standard in
Switzerland [18]. Furthermore, the electrical resistance
between the RE and the steel reinforcement must be
lower than 100 kQ for the HCP measurements, accord-
ing to the SIA Merkblatt 2006 [18] to fulfil the stand-
ards for HCP mapping on RC.

R
measured HCP = steel potential - <$> 1)

Ro vir + R circuit

Since the results were obtained with an input imped-
ance of 3000MQ, the steel potential is very close
(error<1%) to the measured HCP regardless of the elec-
trical resistance of the system (dashed lines in Fig. 18).
However, this analysis shows that for underground
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measurements, conditions may arise under which the
input impedance of the voltmeter is important and
should not be too low. Based on our measurements, we
recommend an input impedance of 3000 MQ).

Field application and outlook

Experimental results

The experimental results of the field experiment confirm
that probe failure detection with additional electrical
resistance measures was functioning. In this way, a defect
of the prototype could be determined immediately dur-
ing the measurement and corresponding precautionary
measures and additional functional tests could be initi-
ated. The electrical resistance measurements before and
after the pushing-out, combined with the internal resist-
ance of the probe, allowed the detection of a malfunction
of the sightless measurement in the underground. The
internal resistance of the sensor remained constant in
the range of expected values derived from the laboratory
experiments (see Fig. 9), while the electrical resistance
between the sensor and the steel bars in the soil was not
changing significantly.

During the field measurements, the electrical circuit
resistance was below 100 kQ as long as the push-out
mechanism functioned (compare Fig. 16). Thus, the con-
sequences of eq. (1) have a negligible influence on the
measured potentials.

Future application of the underground inspection prototype
The next development steps in the project will be divided
into refinements in the application of the probe in field
trials and possible improvements in the detection of cor-
rosion damage through additional measurements on the
laboratory scale. Additional NDT methods may further
improve the underground condition assessment of canti-
lever retaining walls or buried structures with a corrosion
risk in general.

Soil composition influences the horizontal drilling
equipment, which determines the micro-tunnel diameter
and limits the bending radius to correct the path. The
probe diameter must match the diameter of the micro-
tunnel. The probe was also connected in a second exca-
vation for pullback measurements. In applications where
access to the structure is limited or traffic obstructions
should be avoided, the probe may be integrated into the
drilling company’s head to avoid the second excavation.
Further technological challenges lie in the precise naviga-
tion (position and orientation) of the probe during drill-
ing, especially at higher depths or behind RC members
where the reinforcement impacts ground-penetration
radar (GPR) data. The position and the orientation of
the probe could be improved by using accelerometers, as
suggested in [22]. However, the design can be adapted to
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different tube diameters in order to increase the range of
applications for underground inspection tasks.

At least three people were required to acquire the
results during the field experiment. One person oper-
ated the measurement devices and manually switched
between cable connections to obtain the results. The sec-
ond person operated the pusher-bar mechanism, while
the last person operated the horizontal drilling machine.
We see a potential to automate the measurement fur-
ther using a robust electro-mechanical push-out mecha-
nism of the sensor, possibly up to a predetermined force
threshold combined with automated cable switching and
data capturing on a laptop with in-situ analysis and verifi-
cation of the data.

After several iterations, the sensor design and
3D-printed probe proved robust for the field experiment.
Only the wooden connection caused a failure that was
replaced on the field trial with a steel connection. Due to
higher soil conductivity in the field than in the laboratory,
the tap water tube was unnecessary (compare Fig. 11).
After the field experiment, the inside of the probe and the
inside of the protective tube were checked for incoming
soil or underground material. No significant quantities of
soil were found at these two locations, and no abrasive
damage was found in the vicinity of the sensor. These two
observations may depend on soil composition and mois-
ture state. In future experiments, this finding may not
apply to other soil compositions. Nonetheless, the sensor
should be carefully checked before the next experiment.

Conclusions

This project aimed at developing a technique and probe
for the underground corrosion inspection or RC mem-
bers focusing on the buried backside of cantilever retain-
ing walls. The detection limit of localized corrosion and
the influences of soil properties were examined on rein-
forced mortar blocks. The probe was tested in an outdoor
field trial with a galvanic cell to mimic macro-cell corro-
sion in the underground. The following conclusions are
drawn:

+ The design of the current prototype, including the
tailor-made RE, allowed the out-of-sight meas-
urement of HCP values of reinforcing steel in the
underground. Additional measurements of electrical
resistances in the measurement circuit proved highly
effective in monitoring the functionality of the HCP
measurement probe, especially in checking whether
adequate contact between the RE and soil was estab-
lished at each measurement location.

+ Both the laboratory experiments and the field trial
suggest that local anodic zones (active steel corro-
sion) of practice-relevant size can be detected with
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the proposed approach for a distance between the
RE and the steel surface of at least 25cm. Larger
distances away from the reinforcement were not
tested.

+ The spreading resistance of the probe dominates
the electrical resistance measured between the RE
and the steel reinforcement embedded in concrete.
Major changes in moisture in the soil material were
observed to lead to significantly different resistances.
Thus, electrical resistance measurements may pro-
vide additional information in detecting areas at high
risk for corrosion, namely areas with lower electrical
resistance indicating moist soil.

+ Regarding selecting a voltmeter for such under-
ground corrosion inspection measurements, we rec-
ommend using equipment with an input impedance
of 3000 MQ or higher.

On this basis, it is concluded that the proposed
approach may enhance the corrosion inspection of can-
tilever retaining in the future. A major advantage of the
proposed solution is that it considerably exceeds the
spatial limitations of existing inspection technology for
cantilever retaining walls. While the established meth-
ods generally only provide (highly) local information, the
here proposed approach is capable of measuring at high
spatial resolution along a cantilever wall. However, more
research and large-scale experiments are required to fully
implement and validate this solution in engineering prac-
tice or convince stakeholders about the benefits in the
service life of such structures.
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