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Abstract: Effective placement and compaction of the concrete mixture within the spans of prestressed bridges
are essential for the proper anchoring and prestressing of tendons. High density of reinforcement and location
of the cable ducts present significant challenges, increasing the risk of void formation and structural
irregularities, which can lead to failures during the prestressing process. Ground Penetrating Radar (GPR)
emerges as a pivotal non-destructive testing method for diagnosing such complex prestressed structures.
Utilizing high-frequency electromagnetic waves, GPR accurately detects and maps anomalies within hardened
concrete, enabling precise identification of defect locations and their dimensions. The detailed imaging
provided by GPR facilitates the development of targeted repair strategies and allows for the exclusion of
concrete voids through selective invasive inspections in designated boreholes. This study presents the use of
GPR for the investigation of anomalies and damage in prestressing tendons of a newly built concrete bridge. It
underscores the critical role of GPR in enhancing the diagnostic and maintenance programs for prestressed
bridge structures, thereby improving their overall integrity and longevity.
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1. Introduction

Concrete is one of the most widely used construction materials [1]. The casting process and the
characteristics of the concrete mixture, such as mechanical and chemical properties, its composition,
workability, and sustainability, are important factors for the integrity and quality of concrete [2]. This
directly translates into the performance of structural elements, including prestressed concrete
members [3]. Due to span lengths and load magnitude, prestressed concrete is especially common in
bridge engineering, allowing for an improvement in capacity and durability [4]. The required amount
of prestressing steel and reinforcement in bridges is significant, especially near joints, crossbeams,
anchorages, and support zones. The high reinforcement ratio, the presence of cable ducts, as well as
the size and dimensions of the elements pose a risk to the correct placement of the mixture, its
compaction, distribution, and homogeneity, resulting in voids, delamination, honeycombs, bugholes,
and other defects in concrete [5,6].

Diagnostics of reinforced and prestressed concrete can include destructive, semi-destructive,
and non-destructive techniques [7,8], among which non-destructive tests (NDT) are of particular
interest and emerging [9]. NDT embrace a variety of in-situ methods for the evaluation and
assessment of material integrity and quality, along with its characteristics and properties, without
destroying or affecting the structure [10].

Non-destructive testing can be categorized into five primary groups [11]: acoustic, mechanical,
electromagnetic, electrochemical and optical/visual methods (Figure 1).

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 1. Classification of Non-Destructive Testing Methods for Concrete.

Acoustic methods are widely used to evaluate the internal structure of concrete, including the
detection of cracks, voids and delamination. These methods rely on the propagation of sound waves
through the material, which can reveal information about the concrete’s homogeneity, density and
potential defects. Examples of acoustic methods include: ultrasonic pulse velocity [12-14], acoustic
emission [15,16], ultrasonic tomography [17] and impact echo [13].

Mechanical methods are primarily used to estimate the compressive strength, surface hardness
and uniformity of concrete. By applying physical impacts to the surface, these techniques can provide
insight into the mechanical properties of the material. They are typically easy to perform and provide
quick assessments, making them a common choice for evaluating the overall condition of concrete
structures, especially in the field. The most common mechanical method is the rebound hammer test
[12-14], which is used to determine compressive strength, surface hardness and homogeneity.

Optical and visual methods include traditional surface inspections as well as more advanced
techniques for monitoring structural behavior. These methods are mainly used to detect surface
defects, such as cracks and discoloration and can also measure deformation and strain. By providing
detailed visual data, they help in monitoring the structural health and detecting early signs of
damage. More sophisticated optical techniques can even offer continuous monitoring, providing real-
time feedback on the structural performance of concrete elements. Examples of optical methods are
digital image correlation [16] and the use of optical fiber sensors [15].

Electrochemical methods are focused on evaluating the corrosion potential and rate of
embedded steel reinforcement. They are crucial for assessing the durability and long-term
performance of reinforced concrete structures by measuring parameters that indicate the likelihood
of corrosion. These methods can provide early warning signs of deterioration, allowing for timely
maintenance and repair actions. Examples of electrochemical methods include: half-cell potential test
[13,14] and linear polarization resistance [18].

Electromagnetic methods, shown in Figure 2, represent the second most popular category of
non-destructive testing for concrete elements, including a ground-penetrating radar (GPR) which
was chosen for further consideration in this research. They work by emitting electromagnetic waves
into the material, which are then reflected back, providing information on the internal structure. In
addition to GPR [13,19], the following techniques are also used: infrared thermography [13,20],
radiography [13,15], eddy current testing [15] and computerized tomography [16].

| | | | 1
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Figure 2. Classification of Electromagnetic Methods for Non-Destructive Testing of Concrete.

GPR is a non-destructive method for defect detection based on the reflection of microwaves near
structural anomalies and inconsistencies. It has various applications in damage detection,
diagnostics, condition assessment, and quality control of concrete structures [21]. It allows
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examination of corrosion [22], including cracks [23], chloride migration and carbonation [24],
moisture [25], and rebar corrosion [26-28]. In similar applications, GPR measurements were enriched
with additional techniques and machine learning algorithms, along with artificial neural networks
[29,30]. Hu et al. [31] described the augmentation of the GPR image dataset for deep learning-based
identification and location of underground defects, including dry and water-bearing voids. Wong et
al. [32] coupled GPR data and logistic regression for the evaluation of chloride-induced corrosion and
internal cracks in concrete. Abu Dabous et al. [33] proposed a method that integrates infrared
thermography and GPR to improve the detection of defects in concrete bridge decks, including
subsurface delamination and moisture. Solla et al. [34] used combined infrared thermography and
GPR for the assessment of rebar corrosion. Jankt et al. [35] compared infrared thermography, GPR,
and ultrasonic pulse echo methods for the detection of delamination in concrete bridges, concluding
that GPR and ultrasonic pulse echo are better suited to locate inner defects. Yang et al. [36] made a
similar comparison for the assessment of road infrastructure. Kang et al. [37] examined the detection
of cavities beneath concrete plates by simultaneous GPR and the analysis of acoustic signals induced
by impacting the plates with an instrumented hammer. Some literature describes the use of GPR to
diagnose the cause of moisture, dampness, and water leakage in structures. Lai et al. [38] described
tracking of water seepage pathway of a pipe embedded in a concrete wall. Garrido et al. [39] applied
infrared thermography and GPR for the detection and classification of moisture in walls. Similarly,
Buliuk et al. [40] proposed a GPR-based method for the detection of leakage and waterproofing
damage on concrete bridge decks. Repeated measurements with comparison of GPR images taken at
different times offer promising improvements in structural health monitoring. Following this
assumption, Tasker et al. [41] used GPR to track changes in response within a concrete wall to an
external load of increasing magnitude.

GPR allows for quick data acquisition and coverage of extent areas. Therefore, it is particularly
suitable for investigating large-scale structures and linear infrastructure, including roads [42],
railways [43], bridges [44,45], tunnels [46-48], or dams [49-51]. For example, Sun et al. [52] coupled
acoustic scanning and GPR for rapid delamination mapping on bridges of different geometries. GPR
was used for the detection of grouting defects in shield tunnel construction [53] or voids behind the
lining structures [54].

GPR is widely used specifically for inventories and rebar positioning, for example in slabs [55],
bridge decks [56], and bearing zones [57]. Lachowicz and Rucka [58] discussed the numerical and
experimental identification of rebars in areas of a high reinforcement ratio. Liu et al. [59] enhanced
the process of a deep convolutional neural network model. The use of GPR for inventories was also
reported by Alam et al. [60] who focused on a data-driven evaluation of thickness and material type
in layered structures.

Reports of the usage of GPR for the examination of newly created structures are rather limited,
although the complexity of construction works and the number of environmental, economic, and
social factors that can affect their quality are still causing problems [61,62]. Rasol et al. [63] combined
GPR and computational modeling to identify early cracking in concrete pavements. Hasan and
Yazdani [64] carried out an evaluation of concrete covers on a newly built bridge in Texas. Liu et al.
[65] worked on the detection of early-stage rebar corrosion using a polarimetric GPR system. Zhao et
al. [66] in turn, used GPR to estimate the thickness of the asphalt concrete overlay and its density.

To fill the gap and enhance the practical experience in GPR-based non-destructive tests of newly
built prestressed concrete structures, this study describes the investigation of structural defects
revealed during the construction process. The GPR method was successfully applied to investigate
anomalies that were noticed during the grouting process of prestressing cables, which were further
verified by semi-destructive tests, including drilling. Taking into account the general difficulties and
ambiguities in interpreting the GPR output, the results presented can be especially valuable to
researchers and practitioners for further interpretation of GPR signals in similar cases. The purpose
of this study is to enhance the current database of GPR surveys, allowing their further use in the
damage detection and identification and enabling a comprehensive evaluation of bridge structures.

2. Tests of Selected Bridge Elements
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Based on the critical role of concrete placement and compaction in prestressed bridges, this
section delves into the specific challenges posed by high-density reinforcement and the placement of
cable ducts. Maintaining the appropriate consistency of the concrete mixture is paramount for
effective casting and distribution. However, ensuring thorough compaction remains a significant
challenge, particularly in areas such as crossbeams, anchorage blocks, and bearing zones. The dense
network of intersecting reinforcement within girders and crossbeams, combined with the layout of
cable ducts, substantially increases the likelihood of voids forming within the concrete elements.
Consequently, failures may occur during prestressing, or improper concrete embedding may result.
Examples include:

e A concrete cavity in the bottom slab of the box girder (Figure 3a);

e  Near-surface voids in the bearing zone (Figure 3b);

¢ Insufficient compaction at the base of the pier (Figure 3c);

e  Grout leaks due to inadequate sealing of the prestressing cable ducts (Figure 3d).

(b)

(c) (d)

Figure 3. Examples of the failures during construction: (a) A concrete cavity in the bottom slab of the
box girder; (b) Near-surface voids in the bearing zone; (c) Insufficient compaction at the base of the
pier; (d) Grout leaks due to inadequate sealing of the prestressing cable ducts.

Identifying the extent of such damage is difficult and requires the use of non-destructive
methods. One of the ways to identify voids in concrete elements with a high density of near-surface
reinforcement and prestressing cables is Ground Penetrating Radar (GPR) testing. This article
presents the application of this method using high-frequency antennas to detect anomalies in the
structure of hardened concrete in newly built structures.

The authors used the GPR method to assess irregularities in four elements of bridge structures
under construction. Identification tests were carried out on the support zone of the girder (Figure 4a),
the pier attachment zone (Figure 4b), the lower part of the abutment (Figure 4c) and the piers (Figure
4d).
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Figure 4. Identification tests of selected parts of bridge elements: (a) Support zone of the girder; (b)
The pier attachment zone; (c) The lower part of the abutment; (d) The piers.

This research presents in detail an example of irregularities found in the WS-5 viaduct of the
right carriageway on the S11 Polish expressway (Figure 5). The structure is a three-span continuous
beam made of C50/60 class prestressed concrete. The theoretical spans are 34.0 m + 62.0 m + 34.0 m =
130.0 m. The skew angle of the structure is variable and ranges from 32.3° to 39.4°. It was designed
for class A road load (K + 0.3K) according to the Polish Standards (PN). The total width of the
structure of the right carriageway is 15.30 m. There is a one-way road running through the structure,
12.65 m wide (between the curbs). The superstructure of the viaduct consists of three beams with a
rectangular cross-section with an axial spacing of 4.70 m, connected by a reinforced concrete deck
slab with a thickness of at least 0.25 m. The beams are 1.20 m wide and have a variable height ranging
from 1.80 m to 3.50 m. The left cantilever has an overhang of 1.77 m, while the right one has an
overhang of 2.81 m. Both cantilevers have a variable thickness decreasing from 0.45 m at the
attachment to the girder to 0.24 m at the ends. In addition to the support crossbeams, a span
crossbeam was also designed-one in the extreme spans and one in the central span. The spans are
supported by pot bearings, three on each support. The supports consist of two abutments and
reinforced concrete piers. The piers were designed as column structures and each intermediate
support consists of three columns with a rectangular cross-section. The supports were designed as
direct foundations on reinforced ground.
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Figure 5. Longitudinal section, top view and cross-section with locations of identified irregularities.

During injection works on the right carriageway of the superstructure, irregularities were
observed in the internal girder (B) near support No. 3 (Figures 6 and 7). On October 27, 2022, while
filling cable duct No. 2, excessive consumption of cement grout was noticed during the injection
process. An inspection of the superstructure was carried out immediately and the filling of the
adjacent cable ducts (3, 4, 5, 6, 8 and 10) was confirmed. Due to the situation, protective measures
were initiated to prevent the cables from being blocked by setting grout. The work involved injecting
grout into the cables, which was leaking through the support vents. In this way, it was possible to fill
cable ducts 2, 3, 4, 5 and 6. Cables 8 and 10 were not completely filled with grout. The observed
increase in pressure above 10 bar made further injection impossible. The work was stopped when the
cement consumption reached 575 kg (56%) in cables 8 and 10. After an unsuccessful attempt to inject
ducts 8 and 10, moisture was found in the area around the connection of the internal girder with the
crossbeam (support 3). Based on the investigation, it was concluded that there was a failure related
to the lack of tightness of the prestressing cable sheaths.

Grouted cable ducts /
1,2,3,4,5i6

Blocked cable ducts
8i10

Figure 6. Inventory of injection works for girder B in the support axis 3.
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Figure 7. Moisture in the area around the connection of the internal girder with the crossbeam
(support 3).

Analysis of the documentation related to the arrangement of reinforcement, the location of cable
ducts in the support sections and the intersection of the reinforcement from the crossbeams indicates
the risk of possible damage to cable sheaths and air vents during concreting. High girders up to 3.50
m in the support cross-section with 10 cables laid in the upper zone together with a high density of
reinforcement of the girders and support crossbeams create difficulties during concrete casting
(Figure 8). Inserting the rubber pipe while casting the concrete mixture and compacting it with
immersion vibrators were the main causes of damage to the prestressing cable sheaths and failure
due to their lack of tightness. It should be noted that at this stage it was not possible to clearly
determine which of the above factors was the cause of the failure. Nevertheless, it should be clearly
stated that the failure was caused by human error during the concreting process of the superstructure.
The built-in cable sheaths 8 and 10 have an external diameter of 117 mm and 127 mm, respectively.
With a cable axial spacing of 250 mm, the free space for introducing the concrete mixture was 133
mm (second row of cable routes) and 123 mm (third row of cable routes). Photographic
documentation confirms the existence of connections between the cable sheaths within the support
cross-section, which additionally posed a risk of loss of tightness at the site of the failure.

Figure 8. The upper zone of the girder above support 3 with difficult access during concreting.

Concreting of the superstructure of the right carriageway of structure WS-5 was divided into
two stages. Stage I included concreting the entire central span 2-3 along with part of the outer spans
1-2 and 3-4. Stage II involved concreting the end sections of spans 1-2 and 3-4. Construction joints
occurred near the span crossbeams on the side of supports 2 and 3. The concrete mixture was casted
using three pumps. Stage I of concreting began on August 3, 2022 at 3:00 a.m. (feeding from pump
No. 2) and finished in the early hours of August 4, 2022 at approx. 2:55 a.m. (feeding from pump No.
3). In order to ensure an appropriate rate of mixture delivery, the transport was carried out using 8
concrete trucks from plant No. 1 and 12 concrete trucks from plant No. 2. The maximum allowable
time for transport and placement the mixture was up to 120 minutes at an ambient temperature of
+15°C, up to 90 minutes at +20°C and up to 30 minutes at ambient temperatures above +30°C.

The concrete mixture was fed from support 1 towards support 4. The layers of the mixture did
not exceed the thickness of 50 cm. In order to achieve proper bonding between subsequent layers, the
method used required laying the next layer before the freshly laid layer began to set. The concrete
mixture was compacted using immersion vibrators. Correct placement and compaction of the
mixture without segregation required the pump hose to be inserted between the cable sheaths in the
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support zone (Figure 9). At this stage of the work, there was a risk of damaging the cable ducts and
vents. A local, unintended horizontal joint formed during the laying of the last layer of the mixture
(at the height of the second row of cable ducts) which facilitated the transmission of the grout in the
support zone.

The prestressing of the superstructure was performed in two stages. Stage I was carried out from
September 7, 2022 to September 13, 2022 and concerned the central span 2-3. Based on the prestressing
protocol, the prestressing force resulted in a total elongation at the cable anchors that was below the
permissible value of 10%. The actual strength of the concrete in the structure at the moment of
prestressing was greater than the required 60 MPa. Stage II was carried out from October 13, 2022 to
October 17, 2022 and concerned the extreme spans 1-2 and 3-4. The prestressing protocol confirmed
that the actual strength of the concrete in the structure at the moment of prestressing had been
corrected to 55.3 MPa (92%). For some cables, in accordance with the designer's guidelines, the
tension force was increased to reach a minimum of 90% corrected elongations and maximum strength
Fro1x = 6863 kN.

Casting and compaction of the concrete mixture Casting of the concrete mixture through a @125 pipe

) BYTOM

Figure 9. Concreting of the right carriageway of the WS-5 superstructure in stage I.

3. Description of Method Used in Diagnostics

Diagnosing prestressed bridges with elements that have a high ratio of longitudinal and
transverse reinforcement, along with the multi-row tendons layout, is very challenging. Such objects
are inherently complex and make drilling, boreholing or other destructive methods impossible or
difficult to implement. In these situations, non-destructive testing methods are employed. These
methods include magnetic, ground-penetrating radar (GPR), radiological and ultrasonic tests.

The essence of the GPR method is the reception and digital recording of the echo of an
electromagnetic wave with a frequency range from 10 MHz to 5-6 GHz, emitted deep into the
investigated medium. There are GPR systems with different signal transmission methods, but
impulse GPRs are the most commonly used commercially. The electromagnetic wave pulse
undergoes reflection, scattering, refraction, and attenuation in the tested medium. The most
important phenomenon, from the perspective of the GPR method, is the reflection of a wave at the
boundary of two media that differ in their dielectric constants, which is simply expressed as the
reflection coefficient I' according to the equation [67]:

Ve
F= Vo Vs @

where:
&r1, €r» — relative permittivity of adjacent media.
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Distinguishing the boundaries of the medium in the GPR method becomes possible when the
power of the reflected signal Pr is expressed as follows [68,69]:

2
P, :<—'8r1_ '8ﬂ> > 0.01
g V£r1+V5r2 N

The greater the variation in the relative permittivity of adjacent layers, the higher likelihood of
clearly mapping the boundary between them. The relative permittivity of air is 1 and is at least three
times lower than in other media. For concrete, the relative permittivity ranges from 3 to 9 [70]
corresponding to reflection coefficient values from 0.26 to 0.50, and reflected signal power ranging
from 0.07 to 0.25. These parameters are favorable for using the GPR method. Therefore, the presence
of empty spaces in anthropogenic forms (concrete honeycombs) makes them clearly visible in GPR
images as changes in the amplitude of the recorded reflected wave.

Depending on the antenna parameters and the relative permittivity of the signal propagation
media, it is possible to distinguish the boundaries of subsequent layers. The phenomenon of detecting
two boundaries reflecting a signal is related to the concept of vertical resolution in the GPR method
as described by the equations [69]

@)

Cc

Ad = —4f Ve 3)

where:

Ad - vertical resolution;

¢ —speed of light;

f —median antenna frequency.

Table 1 shows the calculated values of vertical resolution for three selected antenna frequencies
f, and the relative permittivity for concrete and air (according to formula No. 3). It indicates that
antennas above 1 GHz have a theoretical possibility of detecting concrete — void and void — concrete
boundaries even when the void is several centimeters thick. The table also includes results for the 600
MHz antenna, which has lower resolution, but is worth using in research. This is because, in concrete
structures with significant grain size and reinforcement, antennas with frequencies above 1 GHz may
have a limited depth range. Additionally, the signal will be excessively scattered by these structures,
potentially making the GPR image excessively noisy, and causing information about concrete
honeycombs to blend into the background. The 600 MHz antenna will not be as sensitive to the
aforementioned elements due to its lower resolution, which means that significant change in signal
amplitude is more likely to be visible in the areas of voids or places with a nonhomogeneous
arrangement of aggregates in the concrete.

Table 1. Comparison of vertical resolution, antenna frequencies and relative permittivity for concrete

and air.
f [MHz]
600 1000 1600
& Ad [m]
1 0.125 0.075 0.046
3 0.072 0.043 0.027
9 0.041 0.025 0.015

The primary source of information in GPR measurements is the recorded variations in the
amplitude of reflected waves. The most commonly used measurement method is reflection profiling.
Reflective profiling enables the observation of variations in the distribution of internal structures
within the medium and the determination of their depths of occurrence.

Reception and sampling of a single electromagnetic pulse emitted deep into the medium are
performed within a time interval defined by the operator, called a time window. GPR equipment
records the timestamp and value of each sample. A group of samples recorded over the entire time
window creates a single GPR frace. Therefore, a GPR trace is a record of variations in the amplitude
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of the received electromagnetic signal over time. Such a single probing record is known as an A-scan
(Figure 10a).

Subsequent traces are recorded at intervals of time or distance and result in the creation of a GPR
record (digital image) called a radargram. A radargram generated by moving GPR antennas along the
profile line represents cross-section of the medium. Such a profile record is known as a B-scan (Figure
10b). Several B-scan conducted in a given area at specific intervals enable the generation of C-scans
(Figure 10c). A C-scan is an "artificial” echogram resulting from the interpolation of information from
adjacent B-scans, i.e., a GPR projection generated at various depths below the surface covered by the
measurements.

Although the C-scan is the result of interpretation, it carries important information that clearly
highlights the interrelation of the phenomena recorded in the B-scans. For this reason, in the chapter
describing the results, the research findings are presented in the form of C-scans.

Amplitude i g
Profile length

@
=} =
£ =
= £
- =
s o
@ =
(O] =

[T

Schema of the B-Scan

(a) (b) (c)

Figure 10. Classification of Ground Penetrating Radar (GPR) Data: (a) A-scan and schema of the B-
scan; (b) image of the B-scan; (c) C-scan.

4. Results

Identification tests were carried out on February 6, 2023. To detect the anomalies of the hardened
concrete structure, measurements of girder B within support 3 were performed. The area was
analyzed on three sides (Figure 11):

e  Zone 1 involved the side surface of girder B adjacent to girder C, measuring 4.00 m in length
and 1.70 m high;

e  Zone 2 concerned the side surface of girder B adjacent to girder A;

e  Zone 3 included the upper surface of girder B with a length of 10.00 m along the axis of the
element.

The GPR method using high-frequency antennas (600 MHz and 1600 MHz) was employed for
the research. During the tests, changes in wave amplitude were recorded. Processing the
measurement results allowed for the generation of depth GPR cross-sections. These cross-sections
formed the basis for interpreting possible structural changes in the studied area.

The performed tests illustrate the zones of structural anomalies in the concrete element,
interpreted from 3D models made for each measurement zone separately. The interpretation was
based on maps and the horizontal cuts from selected depths in the model. These depths correspond
to the maximum extent of the anomaly zone identified in a model, that is, the anomaly may start
slightly higher and disappear slightly deeper. The generated 3D models in zones 1 and 2 were created
from longitudinal profiles. In the upper zone 3, the examined area was covered with a dense
measurement grid. Longitudinal profiles (PD) were made along the axis of the girder, spaced every
0.2 m, and transverse profiles (PP) were made perpendicular to the axis of the object, spaced every
0.3 m. Based on these, two separate, independent 3D models were created. Typically, models are
made by overlapping all profiles. In this case, such a procedure was intentionally avoided to prevent
duplication and amplification of interference zones, e.g. from reinforcement.
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ZONE1

Figure 11. Identification tests during a site inspection with marked reference lines.

The interpretation involved selecting zones exhibiting a significant increase in the absolute
amplitude of the signal, which usually corresponded to changes in the structure of the tested object.
In the analyzed case, these could also be zones corresponding to a large accumulation and density of
intersecting reinforcement within the tested structural element, formwork elements or elements of
prestressing cables as well as areas filled with cement grout. Tests on such elements are extremely
difficult to interpret due to the large amount of reinforcement, steel formwork elements, and the
additional presence of prestressing cables. Changes in the concrete structure identified during the
test, related to insufficient vibration of the concrete or its separation (distribution of aggregate in the
hardened cement slurry) are shown in Figures 12, 13, and 14.

In all generated cross-sections, the extent of irregularities in the concrete structure was marked,
along with the depth of occurrence. Based on the identification tests carried out on girder B within
support 3 for data from the 600 MHz and 1600 MHz antennas, it was found that there were anomaly
zones, i.e. irregularities in the concrete structure related to insufficient vibration and separation of
the mixture. In the side zones (1 and 2), anomalies related to local changes in the concrete structure
were found. The generated depth sections confirmed the occurrence of an area of structural
deviations at a depth of up to 0.22 m in zone 1 and up to 0.54 m in zone 2. Anomalies were also found
in zone 3 where the irregularities in the concrete structure occurred at a depth of up to 0.71 m in the
vicinity of the intermediate support on the side of support 4. Additionally, at a depth of up to 0.05 m,
irregularities were found in the area of the support vents. The observed concrete structure anomalies
required additional verification consisting in control drilling in representative areas.
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Figure 14. Generated cross-sections in zone 3 from longitudinal profiles for a 600 MHz antenna.

5. Discussion

Based on GPR identification tests, the occurrence of anomalies related to local irregularities in
the concrete structure in girder B was confirmed. In order to fully assess these irregularities, three
control drillings were performed using a drill bit with a diameter of 50 mm and a depth of up to 250
mm for horizontal points and up to 150 mm for vertical points. The locations of the boreholes are
shown in Figure 15. Based on the drillings, it was determined that the anomalies identified using the
GPR method are associated with local imperfections in the concrete structure and rule out the
presence of concrete voids. Examination of the collected samples confirmed the occurrence of isolated
internal concrete honeycombs up to 5 mm attributed to insufficient vibration of the concrete and non-
uniform distribution of aggregate in the hardened cement slurry due to segregation of the mixture
during concreting. The identified concrete structural anomalies are a common technological
phenomenon and do not affect the load-bearing capacity and durability of the structure.

DRILLING NO. 3 DRILLING NO. 1: Insufficie ation with concrete honeycombs

DRILLING NO. 2: Segregation of ture with non-
uniform distribution ate in the he cement slurry

DRILLING NO. 3: Segregation of th mixture with non-
uniform distribution of aggregate in th C cement slurry

DRILLING NO. 2
X=-20cm
¥ =-45¢cm

Figure 15. Control drillings.

Taking into account the results of tests identifying the type and scope of irregularities in the
concrete structure at the locations where cable sheath leaks occurred, it was decided to implement a
repair program involving supplementary injection. In order to fully inject cables No. 8 and 10, it was
necessary to gain access to the cable sheath zones through hydro-cutting at selected places. Then,
from the inspection windows, the patency of the sheaths was checked using compressed air and an
endoscopic camera (Figure 16). After confirming the extent of the injection discontinuity of the cables
and the reach of the injection mortar, additional injection was initiated using the inspection window.
The entire work required air-tight sealing of cable ducts with injection power supply and venting
installations, as well as reconstruction of the concrete of the inspection windows.
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Figure 16. Implementation of the supplementary injection program.

6. Conclusions

The usefulness of the GPR method in non-invasive diagnostics of complex prestressed structures
significantly influences the scope and type of repair programs. Thanks to the obtained images, we
are able to determine the location and extent of irregularities in the structure of hardened concrete.
Based on this information, the type of irregularities can be verified using an invasive method through
selected control drillings and the presence of concrete voids can be excluded.

Taking into account the identification tests carried out and the analysis of the design and
construction documentation, it was possible to assess the occurrence of grout leakage into adjacent
channels. This leakage was caused by the lack of tightness in the prestressing cable sheaths. It was
deemed appropriate to suspend further action until the underlying causes were clarified. The
resulting situation threatened the durability of inadequately injected prestressing cables and
necessitated the implementation of an effective repair program. During the inspection of the cable
ducts, it was confirmed that the work performed was correct, thereby excluding any irregularities at
this stage of the work. Local damage to the cable sheaths occurred during concreting. Inserting a
rubber pipe while feeding the concrete mixture or compacting with immersion vibrators resulted in
leaks in the prestressing cables sheaths and air vents. This was confirmed by the nature of the failure
and the location where it occurred. No irregularities were found during the prestressing of the
structure, so there was no risk of reducing the load-bearing capacity of the structure.

Moisture in the area around the connection of girder with the crossbeam in the axis of support
3 occurred as a result of injection and a pressure increase above 10 bar. The presence of moisture was
related to grout penetrating through leaky cable sheaths, causing the filling of non-vibrated spaces
within the concrete structure. The outflow of grout from the adjacent support vents, observed during
the injection works, was caused by their prior damage along with the cable sheaths in this area and
the transmission of grout through the horizontal, apparent and local joints between the built-in layers
of the mixture.

Identification tests carried out on girder B in the site of the failure confirmed the occurrence of
local irregularities in the concrete structure related to inadequate vibration and separation of the
mixture. These irregularities were verified through control drilling which confirmed the presence of
internal concrete honeycombs up to 5 mm and uneven distribution of aggregate in the hardened
cement slurry. The identified concrete structure anomalies are a common technological phenomenon
in the construction of monolithic concrete elements and do not affect the load-bearing capacity and
durability of the structure. The completed supplementary injection repair program ensured the
durability of the structure.
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