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Abstract

Historic concrete buildings worldwide face severe weathering that threatens the durability, appearance, and structural integrity of
concrete and its metal reinforcement. In general, moisture and soluble salts are the main responsible of concrete deterioration, and
knowledge of their effects is crucial in suggesting possible solutions. Non-destructive techniques can be used for early detection of
damage and proactive maintenance. Here, non-destructive testing (NDT) techniques consisting of capacitance and microwave
moisture meters, are employed to investigate moisture content (MC) distribution on the external concrete walls of a WWII U-boat
bunker named Dora I (Trondheim, Norway) that is affected by significant visible decay, in the attempt of differentiating electrical
signals based on the different factors that generate them. Positive and negative anomalies in moisture content readings by electrical
devices were confirmed to be influenced by interfering elements such as thick salt layers on the surface, internal metal
reinforcement, and surface-exposed fractures (SEFs). The study highlights the importance of accurately interpreting moisture
content values to avoid incorrect conclusions about the conservation status of historic materials.
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1. Introduction

Historic reinforced concrete structures include various buildings often belonging to the ensemble of “war heritage”
buildings. These include fortifications, bunkers, military camps, and memorials, and represent enduring traces of
armed conflicts (Carr 2012). For a long time, their heritage value was not fully recognized, but in recent decades,
sustainability - linked to the environmental and economic impact of demolishing these structures—and a growing
awareness have led to an understanding of their social, historical, and economic importance (Heinemann 2013). The
durability and structural integrity of Historic concrete structures strongly depend on exposure to recurring changes of
temperature and relative humidity, direct precipitation, runoff of moisture, attack of acid and salts (Boccacci et al.
2023). These factors can cause various types of deterioration including spalling and delamination, cracks, corrosion
of reinforcement-rust layers, disintegration of cement matrix, and discoloration and moist spots due to biological
growth (Li et al. 2022, Pardo Redondo et al. 2021). Research by Weisbrod et al. (2000), Weisbrod and Dragila (2006),
and Kamai et al. (2009), highlighted that air convection can enhance salt accumulation within surface-exposed
fractures (SEFs), which accelerates the alteration of surfaces first and core later. Salts accumulate in such fractures at
higher rates, causing pore clogging and subsequent interference with the evaporation process by reducing the vapor
pressure and evaporation rates. The reduction in the evaporation rate can be responsible in interstitial condensation
that can be detect only through a sub-surface measuring device. In general, the combined action of changes in moisture
content and presence of soluble salts are the main responsible for concrete deterioration and understanding their effects
is crucial in identifying tailored solutions for their mitigation. To this aim, non-destructive testing (NDT) techniques
like handheld electrical capacitance and microwave meters provide real-time relative readings of moisture content and
can help reducing costly and destructive/invasive interventions (Camuffo and Bertolin 2012). EN 16682:2017,
published by CEN Technical Committee 346 in 2017, serves as a guideline for correctly using these methods.
However, readings can be highly affected by the presence of deliquescent salts, inner metal reinforcement and surface
material heterogeneity (EN16682 2017, Camuffo 2018). This research aims at exploring the capability of electrical
devices to differentiate moisture content measurements from other interfering factors in aged and deteriorated surfaces
on a real case-study.

2. Methodology

The case-study presented in this work is named Dora I bunker, a massive reinforced concrete building located in
the in naval district of Trondheim (63°25'47"N 10°23'36"E). The bunker dates back to World War II (1941-1943) and
today is affected by significant visible decay on the external surface, including detachment, efflorescence and sub-
efflorescence, fractures, rust patina, and more. These processes are primarily caused by freezing-thawing cycles,
crystallization-dissolution of deliquescent salts, and erosion, resulting from the combination of the climate and the
surrounding marine environment. Non-destructive monitoring campaigns on the external and internal building
envelope were conducted in March 2024, using a capacitance and microwave moisture content meters (EN16682
2017, Camuffo and Bertolin 2012), whose metrological features are reported in Table 1. The capacitance device
measures moisture by detecting changes in the material’s dielectric constant up to ~4 cm below the surface. The
electromagnetic field is generated by a spherical conductive plate with a diameter of 1.8 cm, and is affected by the
number of water molecules encountered in the space covered and in addition, by their distance from the electrodes
(EN16682 2017, Camuffo and Bertolin 2012). The microwave device emits microwave radiation into the material and
measures the reflection or transmission of these waves up to ~30 cm below the surface. Its sensing element is a flat
circulate plate with a diameter of 6 cm. The interference of the water molecules affects the electromagnetic beam so
that the extinction coefficient increases with the MC, but varies from material to material, and even within the same
material, also depending on its internal texture (EN16682 2017, Camuffo and Bertolin 2012).

Table 1. Metrological features of electrical moisture measurements.

Instrument Measuring principle Penetration depth Measurement range Accuracy Resolution
Trotec T610 Microwave 300 mm 1-200 A.U. 0.1 0.1
Trotec T660 Capacitance 40 mm 1-200 A.U. 0.1 0.1
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Measurements were systematically taken from two designated areas: 1) Outdoor salt-damaged area (“OUT”):
located on the external wall facing southeast where salt accumulation are prevalent, appearing in both deliquescent
and crystalline forms (i.e., efflorescence along the SEFs on the concrete); 2) Indoor salt-damaged area (“IN”):
internal wall that was exposed to external conditions until 2005. During construction work on the adjacent building,
this wall was incorporated into the new structure. Salt accumulation is evident in crystalline form. The surface also
displays cracks, discontinuities, and some signs of previous repairs.

Moisture content (MC) measurements were taken with a grid spacing of 20 cm and high-resolution pictures were
taken in the same spots. The following newly developed method hereinafter named Moisture and Salt Evaluation
Method (MoSEM), was used to differentiate moisture and salt signals on the real case-study:

o Evaluation of MC data anomalies: MC raw data from both capacitance (CP) and microwave (MW) measuring
devices were normalized on a 0-100 scale. After that, percentage anomalies of moisture content were computed

using the following formula:

AMC (%)= (M?C

-1) 100 (1)

mean
Where MC is the MC measurements at a specific point (at each intersection of the grid), and MCmean is the average
of the MC measurements of the intersection points of the grid around the considered point, excluding itself).

e Evaluation of salt accumulation coverage: thresholding-based image segmentation was used after having
transformed each image to black and white colours. The threshold was set at the midpoint between the minimum
and maximum intensity values of each image. A binary image was therefore produced, where pixels with values
greater than or equal to the midpoint were classified as white (i.e., presence of salt accumulation), and those with
values below the midpoint were classified as black (i.e., absence of salt accumulation). Finally, the percentage of
white pixels compared to black pixels within the area around each grid intersection point (20 cm x 20 cm) was
computed, to obtain the salt accumulation coverage of each whole area. Subsequently, the obtained values were
normalized on a 0-100 scale.

o Asa final step, the moisture content anomalies were compared with the salt accumulation coverage at each specific
MC measurement point, for each specific scenario (OUT and IN).

3. Results and Discussion

In Figures 1a and 1b, the percentages of white pixels are reported in relation with the MC anomaly (AMC) recorded
by capacitance device on the outdoor wall (left panel) and indoor wall (right panel) respectively. Figures 2a and 2b
show exactly the same for microwave device (in red). For each data set, the range of data between the 25" and 75
percentiles is highlighted with a shaded area and indicate data having a relatively low AMC. This area represents the
MC homogeneity between the sampling point and the surrounding area. Data outside these shaded areas represent
more significant anomalies (= 75 perc. or << 25" perc.), for which an explanation is here being researched. Each
quadrant reported in the four plots can approximately represent a different scenario (counter clock from Q1 to Q4),
where MC measurements can be influenced by various interfering factors. In Table 2 the occurrences (in %) when
MC anomaly data are outside the 25" to 75" percentiles, for each moisture measuring device in each investigated area
are reported.

Positive MC anomalies (= 75" perc.) recorded outdoors by the capacitance device (Figure 1a) can represent actual
moisture content (MC) within the material, as the device is capable of detecting MC at both the surface and sub-
surface levels, which is where the outdoor wall is directly exposed to atmospheric precipitation that penetrates from
the outside to the inside. In the few cases (1.9% according to Table 2) where the positive anomalies coincide with a
salt accumulation coverage > 50% (percentage of white pixels), the measurement could be also affected by the
presence of deliquescent salt on the surface. Negative MC anomalies (< 25th perc.) can be as well representative of
the actual MC but they may also be potentially influenced by the presence of surface-exposed fractures (i.e., the
contact area with the sensitive element of the device that is characterized by the presence of voids, and therefore, free
air) with or without the presence of salt accumulation.
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As the indoor wall appears visibly dry and covered with layers of salt accumulation up to about 2 cm thick (in 4.7%
of cases, according to Table 2, these anomalies correspond to a MC anomalies = 75" perc.), positive anomalies here
recorded by the capacitance device (Figure 1b) could be due to the weak detection of water molecules in the subsurface
layers (which abundant presence is unlikely, considering that the wall has been exposed to indoor conditions since 19
years) or otherwise, it could be due to the presence of conductive elements beneath the surface (e.g., metal
reinforcement). Conversely, if the device records a negative anomalies indoors, it is probably experiencing detection
issues because it has already been noted that on surfaces where surface-exposed fractures (SEFs) have undergone
convective processes followed by evaporation and salt precipitation in solid form (3.1% of cases, data coincide with
anomalies <X 25th perc.), it is difficult to determine whether the capacitance device’s readings are truly representative
of the residual water or not. Surface irregularities in this case can affect the measurement (e.g., presence of free air -
voids) and cause a loss of signal.
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Fig. 1. (a) Percentage and normalized percentage of white pixels vs percentage of moisture content anomaly for capacitance readings and for
outdoor, and (b) indoor scenarios.

Positive MC anomalies recorded outdoors by the microwave device in Figure 2a might be due to the presence of a
moisture source in deeper wall layers (in 2.7% cases) when these positive MC anomalies coincide with salt
accumulation coverage >50%, or also they can be possibly related to the presence of conductive material (i.e., metal
reinforcement) beneath the surface (especially in 22.2% of cases where there is no significant - <50% - surface salt
accumulation coverage). Negative MC anomalies, both in the abundant presence of salt coverage > 50% (3.7% in
Table 2) and in poor presence < 50% (21.3% in Table 2), are often influenced by surface discontinuities caused by the
appearance of the aforementioned surface-exposed fractures. These discontinuities create an uneven contact surface
for the device, where the presence of voids can lead to signal loss. Additionally, since the sensitive element of the
microwave device in this case has a surface area of 28 cm?, it is more likely (compared to the small spheric conductive
plate of the capacitance device) that negative anomalies could be attributed to the influence of surface irregularities.

Positive MC anomalies recorded indoors by the microwave device in Figure 2b could be considered plausible in
proximity of abundant salt accumulation coverage > 50% (a scenario that accounts for 7.8% of occurrences in this
case—Table 2) because, even though the surface has undergone the evaporation process of SEFs, the microwave
device, with its greater penetration depth, could still detect the minimal presence of water-filled pores in the deeper
layers. Where salt coverage is low < 50% in correspondence of positive MC anomalies (17.2% in Table 2), the
measurement might still be representative of actual MC or could be influenced by the presence of subsurface
conductive elements (e.g., metal reinforcement). As in the outdoor scenario, negative recorded values indoors by the
microwave device can be considered representative of actual MC only where the surface does not exhibit
discontinuities, which, as mentioned, can significantly affect the detection capability of this device. In general, the
measurement points located within the quadrants with less than 50% normalized white pixels are the most reliable
(specifically Q3 and Q4) as they yield readings that are least affected by interfering elements, particularly by the
presence of salt accumulation. However, two potential sources of interference remain: 1) metal reinforcement, to
which positive moisture content anomalies may be attributed instead of an actual increase in moisture content; and 2)
surface-exposed fractures, which may account for negative anomalies rather than an actual decrease in moisture
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content. In this situation, while lower salt accumulation enhances the reliability of the measurements, factors such a
metal reinforcements and surfaces fractures must still be carefully considered.
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Fig. 2. (a) Percentage and normalized percentage of white pixels vs percentage of moisture content anomaly for microwave readings and for
outdoor and, (b) indoor scenarios.

Table 2. Occurrences (in %) when MC anomaly data are above the limit of 75" percentile or below the limit of 25™ percentile for each moisture
measuring device in each investigated area (Q1 to Q4).

) AMC > 75° prc [%] AMC < 25° pre [%]

Area Moisture meter
01 04 Q2 03
Capacitance (CP) 1.9 23.1 3.7 21.3

ouT :

Microwave (MW) 2.7 222 3.7 21.3
N Capacitance (CP) 4.7 20.3 3.1 21.9
Microwave (MW) 7.8 17.2 1.6 23.4

4. Conclusions

This study investigated the capability of capacitance and microwave moisture meters as non-destructive testing
(NDT) techniques to assess moisture content (MC) distribution differentiating among actual MC readings and signals
influenced by other factors across the external and internal concrete walls of Dora I U-boat bunker (Trondheim,
Norway). Based on the outcomes we can trace the main findings as follows:

¢ Indoors, the capacitance device may experience detection issues, particularly when the surface appears dry but the
resulting data are particularly noisy, as in this case it may not accurately reflect MC. While the presence of residual
moisture detectable at a sub-surface level cannot be entirely excluded as different portions of surface may exchange
with the surrounding air at varying rates, it is also likely in this case that the signals are being influenced by other
factors, such as surface irregularities or internal constitutive materials.

e Positive anomalies detected by the microwave device could indicate an active moisture source, but they may also
result from subsurface metal reinforcements. Negative anomalies are likely influenced by surface-exposed fractures
(SEFs), which compromise the device’s detection capabilities due to voids.

e The presence of conductive materials (i.e., inner metals), salt accumulation, and surface irregularities are confirmed
as interfering elements in a real case-study, which must be carefully considered to accurately interpret moisture
content anomalies and avoid incorrect conclusions regarding the conservation state of historic materials.

Despite the limitations of this study—primarily the relatively small dataset and the significant influence of
interfering factors on measurement reliability—the research nonetheless proposes a multidisciplinary attempt for
differentiating electrical signals originating from relative methods (i.e., capacitance and microwave moisture meters),
used for assessing moisture content in historic concrete structures.
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