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Preface

The field of renovation problems in construction and historic buildings is very broad and has

given rise to several fascinating engineering and scientific perspectives.

This Special Issue was proposed and organized with the intention to present recent

developments in the field of renovation problems in constructions and historic buildings.

The articles highlighted in this Special Issue relate to different aspects of the renovation problems

in construction and historic buildings.

It was my pleasure to invite manuscripts for this Special Issue, which mainly focused on novel

different renovation problems in constructions and historic buildings.

Krzysztof Schabowicz

Editor
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Material Testing of Historic Bricks and Mortars in Degraded
Masonry Structures

Dariusz Bajno 1, Krzysztof Schabowicz 1 and Agnieszka Grzybowska 2,*
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Abstract: The subject of this article is material research carried out on the ruins of a medieval castle
located in west-central Poland. This facility was built at the beginning of the 15th century by the
Order of St. John, and during its long life, it was subjected to many reconstructions. Unfortunately,
in 1975, it was destroyed by fire. Since then, it has been left in a state of advanced ruin, exposed to
climatic influences without any protection. The subject of the research was to assess the possibility of
maintaining such buildings in a severely degraded condition while ensuring their technical efficiency.
The article discusses a particular instance of “consolidation” applied to a structure in a state of
historical, architectural, and structural ruin. After the diagnosis, it was determined that the structure
should be safeguarded using a minimally invasive method. The purpose of these activities was to
answer the question of whether the structure could be left to continue operating despite failing to
meet the requirements of current standards and regulations while posing an additional danger to
itself and the environment,. This goal was achieved by obtaining a considerable amount of data
on the condition of the materials embedded in the masonry structure, thanks to which the initial
parameters for conducting an assessment of the technical condition of the damaged masonry structure
and evaluating the degree of its danger were developed. The results of the research and analysis
carried out and described in this article can be used in other similar situations where saving national
heritage objects through “artificial modern” strengthening will be unsafe and will lead to a loss of
their authenticity. We still have a long way to go to develop a comprehensive method for “in situ”
diagnosis of heterogeneous masonry structures, so we should use possible techniques and knowledge
to conduct such assessments and propose rescue methods for historically valuable objects in a way
that could minimize the damage and that can “easily” disappear from our surroundings. Each study
should have a specific purpose, not only research but also a long-term perspective, making it possible
to leave material for further research and analysis, including testing new research methods in real
conditions of its installation.

Keywords: permanent ruin; nondestructive testing; mycological research; scanning; masonry struc-
tures; structural and material protection

1. Introduction

Building ceramics is one of the oldest construction products [1,2]. Ordinary ceramic
bricks were produced in Egypt before 4000 BC, while colored ceramic bricks were produced
around 3000 BC. In Europe and Poland, the first stone and brick structures were built from
hand-formed bricks (the so-called finger bricks) already in the 10th century. The mech-
anized production process began in the 18th century, while fully mechanized industrial
production involving the use of a ring furnace and a mechanical press took place in the
second half of the 19th century. The brick firing process takes place at temperatures of

Materials 2024, 17, 3192. https://doi.org/10.3390/ma17133192 https://www.mdpi.com/journal/materials1
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800 to approximately 1200 ◦C and over 1500 ◦C in the case of refractory ceramics. Signs
informing about their producers have been embossed on bricks since ancient times, and this
principle is also used today. The basic building materials of most historical buildings were
wood, stone, ceramics, and lime. While the technical condition of, e.g., wooden structures
can be assessed quite accurately on the basis of dedicated acoustic and resistographic
methods (measuring cutting resistance) among others, the same research techniques will
not necessarily work in the assessment of masonry structures. Research on diagnostic
methods for walls, including historical ones, is still at the stage of tests and analyses both in
situ and in laboratories. So far, no effective method for assessing these structures has been
developed [3–11]. The relationship between the history of the object and, especially, its last
stage, when it was subjected to loads not expected of it, is close because it is the basis for
the genesis of its technical wear and tear. This is not just about laboratory tests, for which it
is possible to collect and destroy any number of samples. In the case under study, we are
dealing with material built into a large-scale facility. Here, the results of possible tests as
well as our knowledge and well-made decisions will determine the safety of the facility left
for further operation.

2. Case Study

Each building structure is subject to aging processes, i.e., it wears out technically,
environmentally, and functionally [1,12–14]. The pace of such processes depends on the
awareness and care of these structures, as well as on the technology used to make them,
external influences, and random events. Mainly, attention to the condition of buildings and
structures will determine their technical and operational life [15]. The process of technical
wear and tear of each building begins at the commencement of construction works and
will always have a rapidly progressing tendency unless it is slowed down by appropriate
handling, including systematically diagnosing the technical condition and allowing only
justified changes in its structure, supported by appropriate analyses and computational
simulations [1,12,13,16,17].

The inspiration to take up the topic presented in the article is very frequent abandon-
ment of fragments of historic fortifications in a state of advanced degradation and, thus,
exposing them to further destructive influence of the environment [14]. In such situations, it
becomes necessary to “prepare” them for further use in the above-mentioned environment
while ensuring the required level of reliability [18–20]. One example of such structures is
the remains of a medieval castle (Figures 1–3). In the past, it was the seat of the commander
of the Order of St. John. It was built in the years of 1545–1564, replacing the wooden
knight’s manor that existed there in the years of 1426–1429. The castle in Słońsk has been
expanded and rebuilt many times since its construction. In 1652, it was burned down by
the Swedes, and its last expansion took place in 1783 (Figure 1a). Due to a devastating
fire that took place in 1975, the facility became a ruin left for over 45 years, threatening a
construction disaster. Because it is a monument with high tourist potential, closely related
to the rich history of Brandenburg, the Netherlands and Europe, it was decided to preserve
it for future generations in its current state (Figure 1b,c).

 
(a) (b) (c) 

Figure 1. View of the castle: (a) in 1896 [21], (b) in 2018 [22], and (c) in 2023 (photo by authors).
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Figure 2. View of walls and vaults—as of 2018 (photos by authors).

Figure 3. Three-dimensional scanning of the building at a height of +1.0 m above the ground floor
(own study and [23]).

The medieval walls of the original structure of the facility have survived to this day,
and it was decided to secure them. Already in 2018, the technical condition of the castle’s
masonry structure was considered disastrous. The threat here was the exposed slender
walls 19 m high without stiffening in the form of vaults, wooden ceilings, and a roof.
Chimney walls were particularly at risk of losing stability, while the remains of the vaults
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contained a large layer of rubble and vegetation growing on them (Figure 2). In 2021, the
building was protected with a temporary wooden roof and covered with roofing felt, which
resulted in the quick drying of bricks and mortars with intensive ventilation caused by the
lack of windows and doors. The remains of the vaults, like the rest of the building, were on
the verge of a construction disaster. The above-mentioned loss of wooden ceilings, vaults,
and large fragments of walls significantly weakened the stiffness of the remaining structure
of the building, which was due to the walls being left unprotected for the last 45 years.
The facility required urgent protection and reinforcement of walls and lintels, as well as
reinforcements and additions to the vaults. Carrying out this work turned out to be an
extremely difficult and dangerous activity due to the additional threat associated with the
not fully recognized and heavily debris-covered surfaces of the structure, which already
lost its character as a building. Debris was lying on the ground floor and on the remains
of the vaults, which made it very difficult to inventory places that were then inaccessible,
hence scanning the facility [23] turned out to be very helpful as it did not have archival
documentation (Figure 3).

By the decision of the monument protection services, the facility was to remain in ruins
and intended for sightseeing, without supplementing or rebuilding the deformed structures.
The owner of the castle obtained consent only to protect the damaged structures against
construction disasters and eliminate the threat to visitors, which turned out to be difficult
to implement due to the fact that the standard conditions [18] would not be met both in
relation to the requirements for modern building materials and the stability conditions. As
mentioned above, a helpful solution was to scan the entire facility to determine the extent
of deformation of the remains of its walls and vaults. The first very difficult stage was the
removal of rubble from both the ground floor of the castle and its first aboveground floor
where the vaults and their fragments remained due to the threat posed by the deformed
and heavily strained masonry structure. The benefit of carrying out the above-mentioned
activities included not only cleaning up the rubble but also recovering approximately 70%
of valuable historical bricks, which were used to supplement and strengthen the structures
of walls and vaults. Defective and weakened historic ceramic bricks with a tendency to
delaminate, peel, and crumble were replaced with other bricks coming from elements that
no longer existed here, and the bricks themselves were preserved in good condition, placed
on a sand-lime mortar.

In Figure 3, the green color indicates the vaults that remained in the structure of the
building in whole or in part, while in Figure 4, the deformed chimney wall that tilted the
most from the vertical is marked.

Testing bricks or other materials cannot be an end in itself when it comes to an existing
and still used facility.

The brick itself is only part of the knowledge of the technical value of the masonry
structure it creates. Low parameters of individual bricks may disqualify such a structure as
a whole or have no major impact on it. Only the assessment of walls in facilities exposed to
the negative impact of the external environment, which is a highly unfavorable interference
for them, allows for a comprehensive assessment of the tested material, hence the research
and analyses should assess the degree of wear of masonry elements and the possible threats
this wear may pose. The heterogeneity of the bricks may disqualify the wall as a structure,
but the distribution of stresses in the walls at an angle of 60◦ with the simultaneous
elimination of concentrated loads and their considerable thickness (60–200 cm), as well as
a dense network of vertical stiffeners, may also allow for further exploitation of the ruin
after the introduction of an additional external structure (ensuring the stability of the walls
and can be dismantled at any time) and, at the same time, not reducing the authenticity of
the monument. Verification calculations for walls with a height of 19 m showed that the
compressive stresses in the wall should not exceed the permissible values, even for bricks
and (mortar) with a strength of 5 MPa and (1 MPa), and may even be lower by 15%. For
15 MPa class bricks, this reserve would be approximately 60%.
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The conservation covered the vaults and walls but only on the surfaces where the
bricks lost their structure. In order to strengthen, i.e., harden, the bricks and mortars in
the masonry elements, it was proposed to introduce the silicate preparation Primer Hydro
SF/Silikatfestiger into their structure, (art. no. 1072, Remmers) which is a liquid, mineral
primer with a strong bonding effect. It is a colorless preparation that creates a structure
permeable to water vapor, which structurally strengthens from 4 to 8 N/mm² by filling
pores and small cracks with silica with a pH of approximately 11.5. It was applied by
spraying three times until the substrate was fully saturated with it.

3. Review of the Literature

In the second half of the 20th century, the Schmidt sclerometer was first utilized
to test building ceramics. This tool is still being tested to establish a close relationship
between the number of rebounds (an assessment of impact energy) and the compressive
strength of bricks and mortars. Although Ernst Schmidt, who patented the device in
1948, originally designed it to assess concrete structures within the measurement range
of 10 to 70 N/mm², its application has expanded over time. Currently, work on the
application of the above-mentioned instrument for strength testing of materials other
than concrete is still based on its original purpose dedicated to concrete. An assessment
of the effectiveness of these studies and analyses can be found in refs. [3–9]. They also
constitute a theoretical and practical basis for “transferring” these techniques to other types
of materials. Visual inspection should be an integral and basic element of the diagnostics of
construction materials and products, as well as entire structures, which will initiate their
further treatment. As mentioned above, there are a number of nondestructive methods for
diagnosing historical buildings, dedicated mainly to materials used today, i.e., concrete,
steel, and wood, which will not always be widely available or fully useful in specific
situations. In Figure 5, the authors showcase the aforementioned continuously improved
methods. These techniques are designed not only to assess the strength characteristics of
elements and structures but also to detect hidden defects, especially in hard-to-reach areas.
These defects can significantly impact the durability and safety of both the structures and
their surroundings [4,6–8,10,11,24]. Knowledge of the location and size of such defects will
allow for creating a picture of the damage and, thus, influence the accuracy of subsequent
decisions and proceedings.

Already in the 1970s, Prof. Leonard Runkiewicz wrote about the imperfections of
sclerometric tests of masonry structures. In his publication [25], Runkiewicz stated that his
own research and the analysis of works [26–29] only indicated certain usefulness of N- and
L-type Schmidt hammers for assessing the current strength of built-in bricks. He proposed
his own, quite strict correlation between the strength and the number of rebounds of the
N-type Schmidt sclerometer, expressed by Formula (1):

Rc = 0.305L2 − 11.42L + 131.6 MPa, (1)

where L—number of rebounds.
In work [25], empirical dependencies for ceramic bricks were determined by Formula (2):

Rc = 0.203Ls
2 − 13Ls + 212.7 MPa, (2)

where Ls—reduced number of rebounds depending on the tension in the wall.

Ls = mL

where m = 1.00–0.75—coefficient at stresses from 0.0 to 2.0 MPa.
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Figure 5. Nondestructive methods useful in diagnostics of historical structures [4–8,10].

The authors of the above article [25] stated in the summary that Schmidt hammers in
testing historic buildings made of bricks could only be used to estimate strength [30]. When
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testing demolition bricks, due to the influence of small cracks and microcracks, the rebound
numbers were reduced by approximately 20–30% compared with new bricks. Tests carried
out on bricks by authors of [25] in historic buildings confirmed that small scratches and
microcracks have a significant impact on the rebound numbers depending on their strength.
It was found that there is a weak relationship between the surface hardness of the old brick
and its compressive strength [25].

Nondestructive testing of building ceramics is still a topic of interest for researchers
and engineers dealing with historical and contemporary structures, who strive to improve
these methods.

The topic of nondestructive and low-destructive testing was discussed by Dawid
Łątka in [31,32]. The author developed a unique correlation curve for determining the
compressive strength of bricks using the Silver Schmidt sclerometer. This curve considers
existing recommended curves for the mechanical version of sclerometers, with the goal
of diagnosing masonry structures built to high workmanship standards, such as viaducts
and bridges. So far, the most frequently used tool dedicated to quick and noninvasive
assessment of structures is a standard sclerometer (Schmidt hammer), but mainly in the
diagnosis of concrete structures [33]. Sclerometric tests using the Silver Schmidt electronic
hammer enable verification of the homogeneity of the bricks used during the construction
of the structure and a preliminary estimate of their compressive strength. Sclerometric tests
carried out on brick structures with higher standards of workmanship and the quality of
the material used are characterized by a smaller spread of results, which has a beneficial
impact on the accuracy of estimating the compressive strength of the wall. There are
several documents describing the sequence of proceedings for the sclerometric procedure,
mainly regarding the testing of concrete structures, such as the American standard ASTM
C805 [34], Polish PN-EN 12504-2 and others [33,35], or the Chinese JGJ/T 23-2011 [24].
So far, no standards have been developed for testing masonry structures, but RILEM
Instruction TC 127-MS.D.2 [36] is available, describing a procedure for masonry structures
that differs significantly from the one described for concrete structures. Inconsistent results
may arise from the lack of standardized testing protocols for masonry structures. A
standardized testing procedure must be created and followed to guarantee data accuracy
and comparability. The main difference lies in the repeated measurement at a single point,
as opposed to concrete testing where measurements are taken at intervals of 20–25 mm.
Selecting the test site is crucial to ensure the following conditions: the tested brick, as
well as the surrounding bricks and mortar, must be free of cracks and dry. Tests are
not performed on edge bricks. Before starting the actual measurement, the hammer pin
is placed perpendicularly to a clean and smooth surface and 3–4 strokes are made to
better seat the pin head. Then, without removing the pin from the surface, 10 strokes are
performed, and the resulting rebound R values are recorded. From these values, the five
highest readings are selected. The average value of these selected rebounds, along with the
standard deviation, constitutes the result for the given measurement location. Conversion
of the obtained results into the compressive strength of bricks is only possible if a minimum
of four destructive tests are carried out simultaneously. The number of tests carried out
within one area of the structure may depend on the variability of the results obtained during
the test, hence a greater number of measurements are required. The outcomes’ variability is
not the only factor determining the number of tests. Adhering to a specified testing process
should ensure the consistency and dependability of the results. In construction practice,
tests are most often carried out according to the rules adopted for concrete structures [37].

One of the first publications devoted to the use of a sclerometer to estimate the com-
pressive strength of bricks was the above-mentioned study by Olek et al. [27]. Unlike the
current methodology of testing whole bricks, the past standard provided for determining
the fB value on a sample made of two halves of a brick bonded together with cement mortar.
The error estimated in the studies was 34%.

Conversion curve equation according to [7], Formula (3) for previous (information above):

fB(R) = 0.031R2 − 1.164R + 13.418 (3)

8
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The results of research on historical bricks (18th and 19th century) and those manu-
factured today with the methods used in the past (hand-formed bricks) were published
by Egermann [38]. Based on the correlation between the compressive strength of bricks
determined according to German standards and the rebound number recorded with the
Schmidt hammer, he proposed his own conversion curve. This curve’s abscissa represents
the average rebound number R value, determined for the X direction (measurement on the
headers) and the Z direction (measurement on the stretchers).

Conversion curve equation according to [38], Formula (4):

fB(R) = 0.04Rxz
2 − 0.55Rxz + 13.6 (4)

In these tests, a difference was recorded in the readings taken on headers and stretchers,
which is related, among other things, to the anisotropic properties of ceramics.

R. Schrank recorded rebound numbers for the 19th-entury bricks in walls made of
solid ceramic bricks in lime mortar [37]. He also determined the strength of bricks on
the basis of destructive tests according to the DIN 105 standard. The same methods of
increasing the confidence level are used in the sclerometric assessment of concrete strength
when it is not possible to calibrate the base curve measured in destructive tests.

Conversion curve equation according to [37], Formulas (5) and (6):

fB(R) = 0.00103R3 − 0.058R2 + R (5)

fB(R) = (0.00103R3 − 0.058R2 + R)/1.4 (6)

The conversion function developed by Brozovski [39] was based on the results of the
research in which a light-type mechanical Schmidt hammer was used. Nondestructive
testing was carried out in accordance with EN 12504-2 [33] and CSN 731373 [40] standards,
and the compressive strength was determined in accordance with EN 772-1 [41]. Two
types of solid ceramic bricks with different dimensions were used, 29 × 14 × 6.5 (cm) and
25 × 12 × 6.5 (cm). The curves were developed for an LB hammer with a rounded shank
(dedicated specifically to the diagnosis of masonry structures). It is noteworthy that during
the tests with the LB hammer, a determination coefficient R2 value of 0.956 was obtained,
whereas for the L hammer, it was only 0.756. This suggests the greater efficacy of the LB
hammer in diagnosing masonry structures.

Tests conducted by Roknuzzaman [42] allowed for the development of two relation-
ships dedicated to testing bricks in a horizontal position. Both curves were characterized
by a high value of the R2 coefficient, i.e., 0.96 and 0.92.

To summarize the content of the above provisions, it should be stated that a uniform
method for assessing the compressive strength of bricks in situ has not been developed
so far. All the aforementioned attempts could only approximate the strength of the bricks
within varying degrees of error. This could be significant for structures already under
stress, even if they appear massive. However, there is a fundamental problem here when
the research concerns the assessment of wall parameters (strength and homogeneity of wall
elements) in larger areas. Their results can only be considered highly approximate due
to the scope (not only the method), but they nevertheless relatively indicate the precise
differences in the examined wall surfaces and their structures. In situ tests should always be
verified by destructive tests, which will not always be possible due to the limited number
of samples to be selectively taken if such a situation is possible at all.

4. Materials and Methods

4.1. Materials

The supporting structure of the castle ruins currently consists of walls and vaults made
of solid ceramic bricks with a strength ranging between ~5 and 15 MPa, made of sand and
lime mortars, the strength of which was set at 0.5 to 1.0 MPa. Brick is the basic building
material of walls here. It was highly degraded biologically and erosively as a result of

9
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repeated cycles of strong dampness and drying, as well as by aeolian factors where solid
particles carried by the wind caused abrasion of its external surfaces [6,24]. During visual
inspection of the walls and vaults, no whitening or salt efflorescence was found, which
indicates that the facility was not strengthened or repaired using cement-based materials.
Locally, biodegradation was found, mainly on the upper surfaces of the vaults, as a result
of the penetration of the roots of the intensively growing vegetation there. However, in
the capillaries, there was no water rising from the ground. The main causes of moisture
were climatic factors (precipitation, wind, temperature) and the lack of protection of the
facility from above. The authors of this article decided to carry out nondestructive tests
of the walls in situ and t collect samples of the material for laboratory tests. It was also
decided that dirty places would not be cleaned unless the existing coatings were harmful
to building ceramics; however, it was considered necessary to carry out biocidal treatments
on walls and vaults after removing organic materials and vegetation from them. During
the tests, no harmful coatings were found on the bricks, and only those surfaces that were
intended for subsequent strengthening were cleaned.

4.2. Methods
4.2.1. Testing the Strength of Bricks

As written above, part of the material tests were carried out directly on the site. First of
all, they concerned the evaluation of the strength of the embedded bricks using a Schmidt
sclerometer (Figures 6 and 7). The findings were compared with the results of destructive
tests performed on samples taken at several locations overlapping with the locations of
the nondestructive tests. Sclerometric tests confirmed the high structural and strength
inhomogeneity of the bricks, which was a further impediment to carrying out subsequent
structural protection. The strength of the bricks, determined by the nondestructive method,
was determined based on the correlation between their strength and the number of sclerom-
eter reflections using the regression curve formula, among others, for the “N” type hammer,
developed by Prof. Leonard Runkiewicz and Eng. Wieslaw Rodzik [25]. Therefore, the
compressive strength values obtained this way were considered only illustrative due to the
considerable scatter of results, the scale of the object size, the heterogeneity of the material,
and the inaccuracy of the testing methods. They did not give the expected unambiguous
answer about the current state of the remains of the castle walls, so it was decided to leave
the structure of the object unchanged and propose another form of protection.

Core drillings were taken and then tested in a strength press. The results are given in
Table 1.

Table 1. Brick test results.

Sample No. Sample Weight
Average Height/Length
of the Prepared Sample

Cross-Sectional Area Destructive Force Compressive Strength

[kg] [mm] [mm2] [kN] [N/mm2]

1 0.867 98/98 7543 37.8 5.0
2 1.387 154/98 7543 83.1 11.2
3 1.02 122/98 7543 39.4 5.3
4 0.795 98/85 7543 37.2 4.9
5 0.946 99/98 7543 40.3 5.5
6 0.835 89/89 7543 42.1 5.4
7 0.963 96/89 7543 60.4 7.2
8 1.234 121/92 7543 41.1 5.6
9 1.097 101/90 7543 68.0 6.1

10 1.125 124/93 7543 38.2 5.1
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Figure 6. Brick test results obtained with an N-type sclerometer (own study).
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(a) (b) 

Figure 7. (a) Testing the compressive strength of bricks using an N-type sclerometer; view of a sample
(b) (own study).

4.2.2. Testing the Degree of Moisture of Bricks and Salt Content

The subsequent tests were carried out to assess the level of moisture and salinity of
the masonry structures.

A commonly used measure of moisture content in building partitions, including
walls made of ceramic bricks, is their mass (absolute) humidity. It is described by the
percentage ratio of the weight of water contained in the material to its dry weight, as shown
in Formula (7).

wm =
mw − ms

ms
100% (7)

where

wm—mass moisture, w %
mw—wet weight of wood (sample), in g (kg)
ms—mass of wood (sample) dried to solid mass, in g (kg)

Mass moisture measurement was performed using the Protimeter MMS2 meter (Pro-
timeter, Crown Industrial Estate Priorswood Road Taunton TA2 8QY, UK (Figure 7). These
tests were verified using the laboratory dry-oven test method. The results are presented in
Table 2 [43].

Table 2. Results of moisture level tests for selected extreme cases of brick moisture.

Sample No. Moisture Mark Moisture Meter Reading

1 5.56% moderately moist ≤650
2 15.98% wet ~999
3 16.82% wet ~999

The moisture content of the bricks and the salt content in them were measured in a
total of 50 samples. Only three test results showing the extremes of the measured quantities
are included in Table 2, while Figures 8 and 9 (for its readability only) includes a graph
showing the measurement results obtained at 20 measurement points. Accordingly, the salt
content of samples 1, 2, 3 (according to Table 2) was determined.
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Figure 8. Assessment of the moisture level of walls using the radio and laboratory dry-oven test
method (photos by the authors).

Figure 9. Results of in situ mass moisture measurements using a meter (measurement depth up to
20 mm).

The graph in Figure 8 shows significant differences in the moisture content in bricks at
different measurement points. Until the roofing over the building structure was completed,
the walls and vaults showed a very high level of moisture, so they were considered wet.

The moisture distribution on the wall surfaces was not uniform. The highest mois-
ture levels were observed in the upper parts of the walls where they directly absorbed
atmospheric precipitation. Conversely, the lower parts exhibited the least dampness, with
a moisture content of less than 6% (7). The roof made in the spring cut off the rainwater
supply, and in the summer, it led to their rapid drying, which was intensified by the strong
ventilation of the building without windows and doors. This stabilized and evened out
the moisture content in the walls to a level not exceeding wm = 6% (7). However, this
situation had an impact on the condition of the heavily damp bricks, which partially lost
their compact structure, reducing their active load-bearing cross-sections. The process of
natural drying of the wall will continue for several years and it is recommended to continue
this method of drying the facility.

As part of the tests carried out, the level of salt content was determined using the
chemical indicator method (Figure 10), the test results are presented in Table 3.
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Figure 10. Assessment of salt content carried out on 20 samples taken from various places in the
building (photo by authors).

Table 3. The determined salt content in the collected brick samples (own study).

Type of Salt
Determined Values (% of Mass) Compartment

Qualifying (% of Mass) Mark
Sample No. 1 Sample No. 2 Sample No. 3

nitrates
NO3

0.005% 0.005% - <0.100 low

sulfur
SO4

0.2% 0.2% - <0.500 low

Chlorides
Cl 0% 0% - <0.500 low

Since the level of nitrates, sulphates, and chlorides was low, these compounds were
excluded as the cause of the damage, which confirms the previously stated thesis that the
direct cause was the variability of weather conditions and the lack of a roof over the facility.

Another problem and threat to the ruins of the building, apart from the heterogeneity
of the wall structure, was the deformation of the high 19 m walls in three directions. The
deflection of walls from the vertical (including those in the shape of an arc) reached up to
40 cm and, locally, even up to 1.0 m.

It was useful to conduct in situ and laboratory tests to assess the condition of the
entire structure.

The authors of this article emphasize the importance of material research necessary
to maintain the remains of historic buildings that are in a state of technical and functional
ruin. The ongoing research of the medieval castle in Słońsk is intended to serve both the
preservation of the assessed materials and its remaining ruins for the purposes of further
historical searches, archaeological exploration, and public access, constantly increasing
knowledge about them. Within the framework of this article, the case of preservation of the
remains of the chimney wall located in the northern corner of the building (Figures 5 and 11)
is selectively described, bearing in mind the incompletely recognized parameters of the
masonry elements due to their heterogeneity in such a sizable volume of the building
(about 22,500 m3). Attempting any reinforcement, additions, or repointing of the object and
its elements would lead to a reduction of its historic character. Therefore, the results of the
research provided a partial answer to the issue of further possible although risky treatment.
This is how material and environmental research should be directed, and it should not be
an end in itself.
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The wall in question, intact, was to remain in the object as a witness to the older and
recent history of the castle, depicting the turn of its fate to the present day, and the results
of the material tests carried out were to assess the possibility of allowing such exploitation.
The investigated case is not a duplication of similar standard research but a way of using
it for practical as well as research purposes for a specific object, which, thanks to it, was
admitted to exploitation bearing in mind the danger that may be posed by the incomplete
building materials that make it up. The main objective of this research was to establish
the parameters of medieval materials degraded by being left in an environment to which
they were not adapted. Their age, fire, and exposure to the external environment without
any protection contributed to bringing them to such a state. In addition, the castle’s vaults
were subjected to loads of rubble, organic embankment (soil), and vegetation whose roots
and moisture had a very negative impact on the structure of the walls and the bricks and
mortar themselves.

As part of the analysis and calculations carried out, it was determined that in the
extreme case, even after securing the wall structures, there is a possibility of their damage
during further operation, including in the presence of tourists. In view of the above,
such a state of danger was provided for in the construction solutions. It was proposed to
make an independent structure to protect the surroundings from the effects of possible
dehiscence and fall of loose bricks and even whole fragments of the wall while respecting
the authenticity of the monument. The research and subsequent analysis of the structure in
a highly deformed state will allow to keep the monuments—ruins—in the current authentic
state for them, not meeting the criteria of bearing capacity and stability required by current
regulations and standards [18].

The idea behind this solution was to capture the damaged wall at three levels and
protect it against loss of stability by anchoring it to a wall where stability and load-bearing
capacity were beyond doubt. The project assumed the possibility of fragments of the wall
breaking off in the highest part of the wall and the possibility of them falling to the lowest
level, hence the designed steel structure was secured with a steel mesh. This solution took
into account the low-strength class of bricks and mortars, their deep losses, and the lack of
proper bonds between the masonry elements. In the proposed solution, platforms made of
25 mm thick OSB (Oriented Stand Board) boards were introduced on two levels, the task of
which was to dampen the impact of falling debris on two levels, assuming the possibility
of their subsequent destruction (starting from the first and then the second platform) in
the event of the disaster of the wall in question. The principle of local strengthening of
the above-mentioned chimney wall is shown in Figure 11, which was to involve injecting
gaps in the joints between the bricks and strengthening the cracked and bulging parts of
the walls with composite meshes (FRCM). The use of carbon meshes applied on mineral
matrices did not take away from the authentic appearance of the monument because, in
the past, its walls were entirely covered with plaster.

The structure described above was actually made with minor modifications, adapting
it to the possibility of installation in the immediate vicinity of the deformed walls. Its final
and implemented version is shown in Figures 12 and 13. Currently, this facility is partially
open to the public.

As part of the measures available to the current owner of the building, the vaulted
lintels were also secured using a method similar to that described above, i.e., without any
rebuilding or strengthening. The aim of such actions was to limit the loss of the structure’s
authenticity as much as possible.

As a result of covering the ruins with a temporary roof, the facility began to dry out
quickly, which had an impact on the building ceramics, especially the vaults, which, after
removing unnecessary ballast and cleaning, turned out to be severely deformed structures
with local, but deep, defects. Moreover, as a result of drying, the bricks lost their structure
and their bottom surfaces became detached to a depth of up to half of their thickness.
Therefore, the planned method of strengthening them on both sides with composite meshes
on mineral mortars could only be applied locally and only in less damaged structures.
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Some of the vaults required additions (Figures 14–16). This was achieved by reproducing
the original, using the recovered bricks.

As part of the rescue and security works, biological contamination was neutralized
with biocides in the form of an alkonium-free chloride solution (pH: approx. 7.5) dedicated
to removing algae, fungi, lichen, and moss spores from the surfaces of the mineral building
materials. This measure was used in places where organic materials had previously
accumulated on the vaults and the ground floor at their junction with the walls, after their
prior removal. Agents based on silicic acid esters were used to consolidate the weakened
structure of the bricks. In places where the application of strengthening composite materials
was planned, the load-bearing capacity and adhesion to the surfaces of ceramic walls and
vaults were checked using the pull-off method. The peel strength of the test discs should
not have been less than 1.5 MPa.

 

(a) 

Figure 12. Cont.
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(b) 

Figure 12. Diagram of an independent structure strengthening the chimney wall (a) frames, (b) cross
section (own study).
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(a) (b) (c) 

Figure 13. Proposal for strengthening the chimney wall: (a) independent steel structure (two platforms
intended to transfer the load from falling debris are marked in red); (b) places where bricks are joined
by the injection of joints (yellow); (c) places where strengthening composite meshes (FRCM) are
applied—green (photos by authors).

Figure 14. Current view of the strengthened wall and the strengthening structure (photos by authors).
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(a) 

 
(b) 

Figure 15. Securing the arches of openings in walls: (a) design; (b) execution (own study).

 
(a) (b) 

Figure 16. Fragments of the vaults above the ground floor of the castle: (a) view of the damaged
bricks from below; (b) filling in (photos by authors).
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The most damaged “chimney” wall was strengthened and protected by:

− Preliminary ad hoc stamping on both sides;
− Cleaning the floor of the rooms and setting up scaffolding;
− Construction and assembly of a steel reinforcing structure and equipping it with light

platforms on two levels (Figures 10–12);
− Placing OSB3 boards on platforms to reduce the effects of the impact of a falling wall

fragment—they may break, which will allow the rubble to slide more gently to the
lower level and the ground floor;

− Filling larger gaps between vault bricks with expansive mortars based on lime, cement,
and trass;

− Introduction of reinforcements on damaged wall surfaces using C-FRCM meshes on
inorganic mortars; *

− Removal of temporary stamping structures and scaffolding.

* Damaged wall structures were surface-reinforced with carbon fiber meshes on
inorganic mortars based on the Ruredil C-MESCH GOLD 84/84 system (Visbud-Projekt
Sp. z o.o. Wrocław, Poland). A layer of inorganic matrix based on Ruredil X Mesh M25
pozzolans (Visbud-Projekt Sp. z o.o. Wrocław, Poland) for masonry substrates with a
thickness of 3 mm was applied on the stripped, cleaned, and moistened brick substrate,
after prior checking of the adhesion of future composites to the substrate using the pull-off
method (the pull-off strength of the discs exceeded 1.5 MPa). In the next stage, the Ruredil
X Mesh C10 (Visbud-Projekt Sp. z o.o. Wrocław, Poland) mesh was “embedded” and a
second layer of Ruredil X Mesh M25 mortar (Visbud-Projekt Sp. z o.o. Wrocław, Poland),
also 3 mm thick, was applied (Figures 11 and 12). One-sided or double-sided reinforcement
or strengthening of the vaults was made as described above after injecting the gaps in the
joints between the bricks.

5. Results

A wide range of tests carried out on the facility and, as a result, the proposal and
implementation of very low-invasive interventions in the structure of the walls made it pos-
sible to stop the degradation processes of this structure and its elements while maintaining
them in a visually unchanged (authentic) state. Currently, it has been monitored for 3 years,
and at the same time, it has been made available to the public for viewing (Figure 17).

 
(a) (b) 

Figure 17. Ruins of the castle in Słońsk: (a) initial condition; (b) current condition (photos by authors).

Test methods for valuable structures and building materials should be selected so as to
pose the least possible threat to unique, historical structures while maintaining the highest
degree of their authenticity (Table 4).
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Table 4. Brief description of methods of dealing with the tested object.

Name Description

1. Preparatory work

� Cutting off the supply of further portions of moisture from the walls of a facility that
has not been protected for 50 years (roofing and natural drying time);

� Literature review in the field of research methods used and currently being developed;
� Historical inquiry regarding the past of the monument and changes that have been

made to it, including the period of neglect over the last 50 years;
� Preliminary inspection of the entire facility;
� Preparing the remains of the castle structure for inventory—enabling safe access to it.
� Inventory of structures—manually and digitally (3D scanning);

2. Laboratory tests

� Selection and indication of places to take samples of bricks and mortars and then
collecting them;

� Destructive compressive testing—bricks and bricks containing mortar
fragments—support joints (these bricks were previously subjected to nondestructive
testing using a sclerometer to determine the hypothetical coefficient);

� Determining the water content in bricks;
� Determination of salt content in bricks;
� Determination of brick absorption;

3. “In situ” brick testing
� Visual assessment of damage;
� Sclerometric tests of the compressive strength of bricks.
� Assessment of the degree of moisture using a nondestructive method;
� Measurement of erosion losses (including mortars in joints);

4. Analysis of the study results

� Assessment of the strength of individual samples and the dispersion of results.
� Assessment of the size of net section losses in bricks and mortars;
� Assessment of the load-bearing capacity of the wall;
� Selection of a method for structural bonding of bricks heavily degraded by the

external environment.

5. Determining the amount of load that may be imposed on existing walls after taking into account significant differences in the
load-bearing parameters of the bricks and mortar losses in the joints, as well as taking into account load imperfections.

6. Developing rescue and repair methods for damaged masonry structures.

For nondestructive tests of the compressive strength of bricks, Formula (1) for the
regression curve of L. Runkiewicz according to [25] was used, which gave values close to
the results obtained in destructive tests.

6. Discussion and Conclusions

The problem of saving monuments, or more precisely the materials from which
they were made, is very complex despite appearances indicating the simplicity of their
construction. Often, in addition to the knowledge of the principles of statics and the
properties of the materials used, it is also required to take into account the effects of
physical processes that may occur inside the partitions. There are no two identical
buildings or identical structures or materials, hence any interference with a historical
building should take into account not only protecting it against further degradation, or
even destruction, but also preserving and exhibiting the solutions used in it, as well as
the effects of the solutions proposed in it, which should also be monitored in their future
operation. In this article, the authors describe a case that occurs commonly and often
leads to the reduction of national heritage resources if such a problem is not noticed and
treated appropriately at the right time. More and more often, the so-called permanent
ruin is mentioned, i.e., something that not only does not have the same splendor as the
original but is already in a state of “technical agony” but still constitutes a valuable
cultural, scientific, and historical value.

This article is a brief summary of the possibilities of dealing with immovable monu-
ments, protected by law, for which the combination of field, laboratory research, and
analysis of the structure gives the most feasible picture of their preservation. The authors,
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using proven and pioneering research methods, developed a model for saving a highly
damaged masonry structure, proposing an entirely different approach to preserving
historically and scientifically valuable buildings/structures by leaving them unchanged
or even damaged. The only change here was the introduction of lightweight, external,
low-exposure structures in relation to the original to be protected, ensuring that they
remain statically balanced and protected from danger to themselves and their surround-
ings. There are no methods that will unequivocally be able to assess the properties of
embedded materials. This is due to the not yet fully developed testing techniques, the
range of their capabilities, and above all, sizable areas (volumes) of the tested objects
with heterogeneous structures. Not always and not everywhere will it be possible to
successfully implement proper diagnostic techniques and traditional repair methods
regardless of the type of material and technology used. This article is, in a sense, a
case study; nevertheless, it can be successfully applied to other similar situations where
urgent salvage work is required, which, due to the extent of the degradation present
or the threat they may pose to themselves and their surroundings, is not possible to
implement in the traditional manner. At present, the site, left in a state of safe (per-
manent) ruin, allows for the research to continue and, at the same time, is open to the
public, serving as a tourist attraction. The targeted and ad hoc safeguards applied thanks
to the knowledge of its properties allow for historical and archaeological research to
continue in it. Since the walls and vaults are still drying out naturally and this process
will continue for several more years, along with the changes in the structure of the bricks,
monitoring these materials and structures by measuring moisture content and checking
for any deformation continues. In such situations, it should not be limited to conducting
material tests alone in isolation from their role in the construction of the structures they
form, especially in the case of large-scale structures. In such cases, the heterogeneity of
the parameters and the state of preservation of the materials—here, bricks and mortar
and their interrelationships—determine the strength and stability of what they were
used for. The authors of this article constantly carry out monitoring of the masonry
structure, taking into account changes in the parameters of bricks and mortars over
time due to their drying out after securing the castle with a roof. Such an activity is an
excellent testing ground for the change in operating conditions to the already favorable
indoor climate and progressive degradation of the materials originally examined, mainly
due to their drying out and changes in structure. Such research is still being conducted
and the results will be the subject of a separate publication.

The literature review along with the research and practical experience of the au-
thors of the article confirms the statement that there are no universal research methods,
especially if they concern centuries-old building materials. In addition to the assessment
of physical and strength parameters, there remains the historical aspect of the technol-
ogy and conditions of their (old buildings) execution. Decisions made on the basis of
research carried out contain a certain amount of risk, which is particularly dangerous
for unique materials and structures made from them (historical materials). Hence, the
results of all tests should be treated as initial material for in-depth analyses, both in
terms of static strength assessments and those supported by historical queries. The
authors of this article have determined the preliminary parameters of the bricks in terms
of their strength, structural integrity, and harmful moisture. The fourth parameter of
the research in question was monitoring the facility with a simultaneous analysis of the
changing environmental humidity conditions (after roofing the ruins) and their impact
on changing the properties of bricks and mortars losing the above-mentioned structural
integrity. This condition of the bricks also influenced the results of nondestructive tests
of the bricks where their top layer with a loose structure influenced the reading of the
size of the Schmidt sclerometer reflections and, thus, lowered the read compressive
strength of the bricks. The loose structure of the bricks also eliminated the initially
assumed method of strengthening the vaults by applying composite materials to their
bottom surfaces. The conducted research facilitated the development and selection of
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strategies aimed at preserving the original structural integrity and external aesthetics
of the building while ensuring the necessary level of reliability. As part of the safety
and repair works, three different methods of strengthening and securing the structure
were introduced, which was adequate to the scope of the damage and their location. The
authors of this article also considered the potential challenges associated with predicting
the behavior of the structure, particularly concerning the loss of cohesion in unexamined
areas of the walls. The efficacy of the diagnoses and chosen solutions will depend on
continued monitoring and observations of the structure over time.

Apart from the scientific and technical aspects, there is also a social aspect. The
materials that are the subject of this article (brick, mortar) constitute a structure for
which an appropriate role has been designated, and its parameters preserved so far
are to ensure the durability and safety of the remains of the facility. The article not
only describes a case study but also covers the problem in much greater detail, going
beyond the framework of typical laboratory tests and the creation of statistical curves,
which are an end in themselves. We are dealing here with a valuable historical object for
which the authors of this article accepted responsibility. The article indicates methods of
handling severely degraded structures caused by damage to their components, which
are periodically exposed to unique loads over a long period of nearly 50 years, which are
parallel to the standards used in the case study. This is not a typical load case associated
with degraded materials constituting the building structure, and the proposed methods
based on commonly used technologies are not conventional. This article shows a way
to preserve the existing condition (and even appearance) of materials without using
invasive techniques and materials that change their image and character. An inherent
element of such tests is static and strength calculations, which are not attached to
the article due to their extensiveness. Nevertheless, in situ tests, verified by random
laboratory tests, have indicated the possibility of further operation of the damaged
facility. The measurement of humidity and the examination of the absorbability of the
bricks allowed for a clear conclusion that these were not masonry elements adapted to
external exposure without additional protection, i.e., plasters. This conclusion concerned
both the external and internal walls of the castle. No two objects are the same even
though they could be made of similar materials, by the same work team, and in identical
circumstances. Hence, in such cases, there are no universal research methods that can
solve every problem. The authors pointed to an unusual form of solving the problem,
which may be applicable in other similar cases but only after prior assessment of the
degree of degradation of the object and the threat it may pose. As it is written in the
article that nondestructive methods of estimating the strength of bricks and mortars
are still in the research stage, most such structures are not able to wait until the end of
the research and testing stage. What we are dealing with here is a variety of masonry
elements in one historic structure at a risk of loss. The research carried out was of
an implementation nature, which is currently being verified through observation and
further analyses in terms of possible new damage, deformations, and durability of the
solutions used. This masonry structure is the target of further interest, observation,
and research.

The research carried out allowed for the assessment of the state of preservation of the
remains of walls and vaults of a valuable medieval monument with a height of 19 m and
a volume of 22,500 m3, which consequently saved ~8000 m3 of walls and 210 m2 of the
remains of vaults made of solid ceramic bricks in lime mortar. In this case, the structures
preserved in their original state should be considered as the starting research material for
further investigations and monitoring of the facility, especially in terms of the effectiveness
and durability of the structural bond of the bricks that have lost their cohesion as they dried
out due to the cutoff of the “moisture supply”. Continuation of geodetic measurements
will allow for the assessment of the stability of the entire masonry structure and, thus, the
analysis of its degree of safety as a function of time, which should be helpful in situations
that limit the possibility of taking samples for destructive testing or even in situ testing.
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Nowadays, we hear more and more often about leaving historical objects in the so-called
“permanent ruin”, hence the research described in this article may prove very useful when
making such risky decisions. When deciding to leave historical objects in their current
condition, the European Monument Protection Services refrains from trying to restore
their original appearance and function because this would involve interference that would
reduce their historical value and authenticity. On the other hand, masonry structures left
in this form may not fully meet the safety requirements imposed by currently applicable
regulations and standards. Researchers of objects and of building materials should not only
analyze and evaluate the obtained research data and calculation results but also develop
rescue and repair methods, assuming responsibility for the decisions made and, in such
cases, protecting cultural heritage.
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28. Instrukcja stosowania młotków Schmidta do nieniszczącej kontroli jakości betonu w konstrukcji, Instytut Techniki Budowlanej,
Warszawa 1977. Available online: https://www.studocu.com/pl/document/politechnika-warszawska/budownictwo-
ogolne/instrukcja-itb-210-instrukcja-stosowania-mlotkow-schmidta-do-nieniszczacej-kontroli-jakosci-betonu-w-konstrukcji-
warszawa-1977/97134970 (accessed on 20 April 2024).
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Metodyka badań, Techniki Rehabilitacji. Wiadomości Konserwatorskie No. 14, Kraków 2003. Available online: https:
//www.semanticscholar.org/paper/Zasolenie-i-zawilgocenie-mur%C3%B3w-ceglanych-w-%E2%80%93-bada%C5%84,
-Jasie%C5%84ko-Matkowski/286ec64bcb4fa52319fca931223da8ba681ef94c#citing-papers (accessed on 20 April 2024).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

27



Citation: Mackiewicz, M.;

Krentowski, J.R.; Zimiński, K.;
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Abstract: The evaluation of the technical condition of historic buildings that have operated for several
hundred years is a complicated issue. Even buildings that are in very poor condition must be checked
and assessed in terms of their further repair, strengthening, or compliance with conditions that allow
the facility to be safely operated. Most 18th-century buildings have not survived to this day retaining
their original arrangements and structural elements. Renovations and repair work in the past were
often carried out using materials of uncertain quality, with repair work of different qualities and
without detailed analysis or methodology, based only on the experience of the former builders. In
historic structures, the character of the work of individual structural elements has often changed due
to significant material degradation, the poor quality of repair work, or the loss of adequate support.
When load transfers change, internal forces are redistributed, and, as a result, the static scheme
changes. This article presents an overview of identified defects affecting the change in static schemes
in historical building structures built in the 18th century, using the example of a historic building
with a large number of aforementioned defects. The process of assessing the technical condition
of the facility is presented, in which non-destructive testing (NDT) methods were used. Detailed
computational analyses were carried out for the wooden roof truss structure, which had partially lost
its support.

Keywords: historic buildings; structural element damage; technical condition assessment; changes in
the static scheme

1. Introduction

The assessment of the condition of historic buildings must be carried out according to a
specific schedule and in accordance with relevant regulations [1]. The choice of repair method
and type of structure strengthening [2,3] may apply both to historic buildings [4–6]—which can
be several hundred years old—and to buildings erected relatively recently but damaged
as a result of the progressive degradation of structural elements, exceptional loads caused
by fire or war, errors in construction work, or low quality of building materials [7–9].
Historic buildings are a source of knowledge about the building technology of former times
and, therefore, as symbols of cultural heritage, must be legally protected. Therefore, it is
necessary to monitor and check their technical condition and to protect and appropriately
strengthen them [10]. The poor conditions of historic buildings or the high costs of their
revitalization do not qualify them for decommissioning and possible demolition. Due
to their cultural heritage, they must be carefully assessed in order to be approved for
safe operation.

Traditional methods for identifying defects and assessing their impact on the character
of structural work may turn out to be unreliable when the condition of facilities that
have operated for several hundred years is checked [11,12]. Conducting destructive tests
in historic buildings requires obtaining appropriate permissions so that the number of
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destructive tests is limited to the necessary minimum. However, NDT methods remain,
requiring people with an appropriate level of experience to carry out this type of testing.
NDT using modern devices allows for a much easier diagnosis. For example, georadar,
sonic and radar tests [13], and ground-penetrating radar (GPR) [14] enable the detection of
internal defects in structural elements. Terrestrial laser scanning (TLS) is also a useful tool
for architectural investigations of the external and internal structures of buildings [15,16].
TLS enables not only the accurate reflection of architectural details of the façades of historic
buildings [17] but also, using reflection intensity, allows for the analysis and determination
of the material from which a given structural element is made [18].

Examples of testing procedures using NDT or semi-destructive techniques (SDTs) are
popular in the literature [19–21], especially due to increasingly widespread access to devices
enabling this type of analysis [22,23]. Numerous described analyses and examples of specific
studies [24,25] also confirm the validity of using these methods in historic buildings. NDT
used in the assessment of historic buildings concerns both masonry structures and wooden
structural elements [24,26–28].

In addition to the research and assessment of the actual condition of historic buildings,
issues relating to the impact of harmful external factors on the properties of materials
from which the structure was made have also been analyzed [29,30]. A useful tool for
assessing the technical condition of historic buildings is historic building information
modeling (HBIM) [31,32]. Multidisciplinary methodologies are used to implement building
information modeling (BIM) for the analysis of historic buildings [3,5]. Taking into account a
BIM flowchart supports the process of assessing the condition of the structure, as confirmed
in [33,34]. Aspects taking into account sustainable development are also important during
the process of condition assessment and renovation [35].

All the above-mentioned methods and tools used in the analysis of technical structural
conditions enable the undertaking of a rational decision regarding potential repairs and
strengthening [2,3]. Attention and care to the preservation of the original architecture,
historical form, and detail requires a comprehensive approach in this scope [36]. The
essence is the awareness that any interference in a material structure is intended to extend
the time of safe operation of the building structure. This is why structural testing after the
strengthening and repair stage plays such an important role [37]. When designing new
structures and assessing the condition of structures that have been in use for several decades,
it is important to meet technical regulations and the required level of safety [38–41]. In
historic structures, even after strengthening, it is often not certain that safety reserves are at
the required level. Therefore, more useful tools are being developed to support the process
of solving problems relating to design, planning, management, erection, and operation
processes. New solutions and ideas that solve technical and technological problems, which
may appear in every single stage of projects, must be substantiated. The methodology of
TRIZ (theory of inventive problem solving) may be a useful tool in this aspect [42]. This
also applies to replacing existing materials while taking into account an effective eco-design
strategy [43].

This paper presents an important problem, namely, changes in the load transfer and
the redistribution of internal forces in 18th-century building structures. Examples of defects,
damage, and human interference observed in historic buildings, affecting changes in the
static schemes of structural elements, are described. A significant number of analyzed
defects were observed in a historic pavilion building of a historic palace complex located in
the northeastern part of Poland. Using this building structure as an example, not only were
the existing defects described but numerical analyses concerning the impact of defects on
static scheme changes of wooden roof truss were also carried out.

One of the problems discussed in this paper is the analysis of the wooden roof truss
structure. The analysis and assessment of historic wooden structures were described
in the literature regarding similar issues. Examples that describe the methodology for
assessing the condition of historic wooden structures are [44,45], where in both cases, NDT
methods were used. Correlations in the NDT tests, visual grading, and destructive tests
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were undertaken in [46]. In the work [47], the relationship between the results obtained
from NDT and destructive tests was described by emphasizing how important it is to
identify wood species. In this paper, the use of NDT methods to determine the material
parameters of wooden elements with the highest possible accuracy is described. Moreover,
the analysis using numerical calculations is presented. This article describes an attempt to
determine the factors influencing the changes in the static scheme of the structures. This is
what distinguishes analyses presented in this paper from previous contributions.

2. Defects Resulting in Static Scheme Changes in Structure

An important aspect of assessing a building’s condition is to identify defects and
determine the causes of negative destruction processes. In addition to the natural aging
processes of structures, phenomena that accelerate the degradation of the facility often
occur. However, it should be remembered that the main reason for the deterioration
of the technical condition of buildings is the lack of ongoing repairs and proper facility
maintenance by the owners. Historic buildings are under official conservation protection,
which effectively prevents this. There are a number of destructive methods that allow
for the determination of current material parameters. In historic buildings, carrying out
such tests requires special permits. Therefore, whenever possible, NDT methods are
used. An additional issue that may arise during the research and analysis of a structure’s
condition is the possibility of change in the static scheme. There can be several reasons for
changes in static schemes. The most important are degradation of construction materials,
excessive settlement of supports, excessive looseness in joints, and changes in the geometry
of structural elements (change in dimensions, deflections due to changes in humidity,
shrinkage, and rheological phenomena). Geometric changes in structural elements may
occur in the elastic and inelastic range. Geometric changes in the inelastic range may be
caused by rheological effects, brittle fracture or plasticization, biological and chemical
corrosion, physical processes such as cyclic freezing and thawing, excessive moisture
caused by leaky roofing or faulty ventilation [48,49], and washing out or dissolving small
particles from the material structure. Presented below are examples of historic buildings
from the 18th century in which, as a result of defects, changes in the static scheme of
structural systems occurred.

2.1. Realization of Installation below the Foundation Level

An investigation of the destruction state was carried out on a historic three-story
building dating from the second half of the 18th century, which was constructed as a
traditional brick wall structure. In the building, there was no basement, and the foundation
walls were made partly of cobblestone and full ceramic brick with lime mortar.

Installing pipes, for example, during the modernization of the sewerage network,
close to buildings and below the level of foundations is associated with high risk. Deep
excavation below the foundation level, without appropriate protection, results in changes
in the natural structure of the soil. It may cause uneven settlement of the foundation and,
consequently, cracking of load-bearing walls. In extreme cases, the installation pipe leaks,
and the flowing water or sewage washes out small particles of soil under the foundations.
This also leads to uncontrolled settlement in the foundations and cracking of the walls.

In the building presented in Figure 1, the width of the existing cracks significantly
increased and new cracks appeared just after the completion of earthworks related to the
modernization of the installation connection to the building. An inventory of the wall cracks
is presented in Figure 1. As a result of the cracks, the method of load transfer in the external
longitudinal wall was changed. The wall was divided into smaller fragments, which began
to function as separate independent elements, similar to pillars, arches, and vaults.
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Figure 1. Separation of the wall fragments, due to scratches and cracks, into smaller parts that work
independently.

2.2. Eccentrically Constructed Walls and Collapsed Vaults

Defects that cause changes in the static schemes were observed in a two-story building
in which the basement walls were built at the turn of the 18th and 19th centuries. The
above-ground walls were constructed in the second half of the 19th century, preserving
the basement of the building that previously existed in this place. The arrangement of the
basement walls does not correspond to the arrangement of the ground floor walls. The
internal longitudinal load-bearing wall on the ground floor does not coincide with the
basement wall and is based on the brick vault not on the wall located in the basement, as
shown in Figure 2. The offset of the walls is approximately 90 cm.

Figure 2. The structural arrangement of a basement vault from the turn of the 18th and 19th centuries.

The basement is partially filled with soil and rubble. In the place where the locally
collapsed vault is located, part of the load-bearing wall on the ground floor has no support.
Therefore, a natural secondary vault was created in the wall over the damaged vault. The
load transferring was changed, and the forces were transmitted through wall fragments
with appropriate support on the brick vault.

2.3. Destructive Impact of Rainwater

Leaking gutters and downpipes cause improper drainage of water from the roof, which
results in dampness and subsequent degradation of the walls. In the long term, it may
cause serious damage to the walls and foundations. Moisture in the walls is particularly
dangerous in temperate climates in the winter when the temperature outside is around zero.
Water freezes up and thaws out repeatedly in the wall cracks and pores of ceramic elements.

The result is visible in the form of plaster separations and the defects propagations,
Figure 3. Bricks and mortar are damaged. The thickness and the load-bearing capacity of
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the wall is reduced. Vertical forces from higher floors are displaced in relation to the axis of
the foundation walls, which additionally influences their uneven settlement.

Figure 3. Damage to a plaster and brick wall due to leaking drainpipes.

Draining rainwater into the ground close to the foundations, especially shallow foun-
dations in non-cohesive soil, leads to the washing out of small particles from the soil
framework. As a result, the soil structure is weakened, and the foundations settle. This is a
common cause of cracks and scratches on the walls.

2.4. Consequences of Wall and Ceiling Reconstruction

In a three-story residential building from the end of the 18th century, numerous recon-
structions were carried out during the building’s operation. The originally homogeneous
brick walls were transformed into separate parts with different technical conditions and
strengths. Moreover, in the same building, during the reconstruction, wooden ceilings were
demolished and replaced with reinforced concrete ceilings on steel beams. Ceiling slabs
only provide lateral support for walls if they have adequate stiffness. The demolition of
ceilings on several levels at the same time, leaving only wooden ceiling beams without
sheathing, led to a change in the stiffness of the lateral support of the walls. When the
sheathing was dismantled, the ceilings lost their stiffness and stopped providing continu-
ous support for the walls. As a consequence, until new ceilings were constructed, there
was a change in the method of lateral support and buckling length of the walls.

2.5. Construction of a Ceiling with Low-Stiffness Beams

An interesting case is a single-story production building from the end of the 18th
century, which is covered with a gable roof supported with longitudinal walls and a
wooden beam ceiling. During modernization work in the second half of the 20th century,
thermal insulation was placed on the ceiling and a 7 cm thick floor of cement screed was
made on it. The additional load on the ceiling increased the deflection in the ceiling beams,
as shown in Figure 4a. Therefore, the ceiling structure required temporary support, as
shown in Figure 4b. During repair work in 2022, all floor layers were removed from the
ceiling. It did not completely eliminate the deflection in the ceiling beams. The beams
remained permanently deflected due to rheological effects.
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Figure 4. Deformation of a ceiling with wooden beams: (a) roof truss structure supported on the
deformed ceiling and (b) view of the ceiling temporarily supported in order to limit the deflection.

The construction of ceilings using beams with insufficient stiffness leads to excessive
deflections. The problem starts when other structural elements, e.g., a roof truss, rest on
excessively deflected ceiling beams. The excessive deflection in the beams changes the
support and distribution of internal forces in the structure based on such a ceiling. This
leads to changes in the static scheme.

3. Analysis of the Destructive Stage of a Pavilion Building

The accumulation of defects and damages, which contribute to static scheme changes,
can be presented in the example of an 18th-century pavilion building that is a part of
the historic palace complex, as shown in Figure 5. During the assessment of the facility
condition, the effects of significant degradation of individual structural elements were
observed. The degradation of roof truss elements and the loss of proper support contributed
to a change in the character of the work of the roof truss structure. In the analyzed case, as
a result of the tests performed, the degree of collapse risk of the roof structure was assessed,
which was particularly important for the planned renovation work.

Figure 5. Pavilion building: (a) front elevation and (b) side elevation.

This section describes a number of defects found in the structural elements of the
pavilion building. The description of defects is preceded by a presentation of the history
and the structure of the building.

3.1. History of the Pavilion Building

The foundations of the pavilion building were laid in 1753. The construction and
finishing work took several years. After 1840, the pavilion was intended to serve as a
residence for factory officials. In 1915, during World War I, the palace buildings were
partially blown up, and only the one-story walls of the pavilion building. remained In
1937, the palace buildings were rebuilt and used as a hospital. During World War II,
the hospital was closed down, and the Soviet army was quartered in palace complex
buildings. After 1941, a camp for several thousand prisoners of war was organized. After
the end of the war, the hospital was reactivated, and the pavilion building was used for
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the needs of the hospital farm until 2003. There were offices on the ground floor, and
the first floor was residential. Currently, the pavilion building is not in use. During the
last 20 years, the condition of structural elements has been progressively degrading. The
current arrangement of the main structural elements is described in the next section.

3.2. Building Structure

The pavilion building was constructed as a two-story building, without a basement,
with an attic and covered with a hipped roof made as a wooden structure with traditional
technology, as shown in Figure 5. The walls were made of solid ceramic bricks. The ceiling
above the ground floor was made of reinforced concrete slabs, and the ceiling above the
first floor was made entirely of wood with wooden beams. The roof truss was made of
wood in a rafter–purlin structure. The ceilings and roof truss were built in 1937.

The foundation of the pavilion building was made of cobblestone with lime mortar.
The lintels were made of arched brick. Some of the lintels, built during the reconstruction
in 1937, were made of steel beams. The building was rebuilt several times. The effects of
numerous brickworks and changes in the location of existing window and door openings
were identified on the external walls.

3.3. Building Defects

The process of building condition assessment began with the foundations, which were
made of cobblestone arranged in a masonry bond manner. Based on the excavations, it was
found that the foundation stone wall has a compact structure. There was no mortar in the
joints on the upper surface of the foundations, but lime mortar in a satisfactory condition
was found deeper in the joints. The foundations were wider than the foundation walls
by approximately 40 cm, and the building corners by approximately 60 cm, as shown in
Figure 6.

Figure 6. Vertical and horizontal sections of the foundation extension in the building corner.

The foundation walls had the same width as the above-ground walls. Their bottom
was approximately 60 cm below ground level. The upper part of the foundation walls was
made of ceramic bricks with lime mortar, and the lower one was made of cobblestone and
solid ceramic bricks with lime mortar. The mortar on the wall surface was degraded, and
its strength was close to 0 MPa. Small scratches, which were caused by uneven settlement
in the building, were found on the foundation walls just above ground level.

Defects in the walls aboveground were concentrated in the corners of the building,
as shown in Figure 7. The bricks and lime mortar in the surface layers were significantly
degraded in many places and had a strength close to 0 MPa. In the deeper parts of the
wall, the mortar had a color typical of lime mortar, and its strength was estimated at
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approximately 0.2 MPa. The strength of bricks determined using destructive tests in the
laboratory met the standard criteria.

Figure 7. View of defects in external brick walls: (a) near a door opening and (b) in the corner of the
building.

The significant degradations of the brick walls and plaster losses visible on the surface
of the building’s façade were observed. Above the windows in the arched lintels, damage
was indicated in the form of scratches in the plaster and the loss of mortar, as shown in
Figures 8 and 9. The causes of damage to the brick arches above the windows and doors
were uneven settlement of the foundations, deformations of the walls, dampness of the
walls, and freezing and thawing of water inside the wall structure.

Figure 8. Damage to external walls: (a) plaster losses and bricked-up door opening and (b) crack in
the arch above the window.

Figure 9. Inventory of scratches on two external walls.

Large areas of the walls throughout the building were damp. In selected places, wall
humidity measurements were performed using the electro-resistance method. The greatest
dampness occurred at the ground level and just above it.
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Water is a significant destructive factor in the case of brick walls. Capillary properties
of the brick cause water to come up from the ground to the height of several meters of the
wall, simultaneously transporting water-soluble salts. Salt crystallization in the surface
layers of the bricks causes the mechanical destruction of clay material structure, resulting
in crumbling and brick fragments falling off the walls. Salts, due to the hydrolysis process,
change the reaction of water to slightly acidic or alkaline. This results in the destruction of
mortar and the dissolution of clay material in bricks.

In the pavilion building, the effects of capillary phenomena were visible on the walls,
especially on the lower parts. Low temperatures and water freezing led to mechanical
corrosion of the walls. Locally, the corrosion reached a depth of several centimeters inside
the wall.

In the walls with lower dampness, low temperatures also cause systematic separation
of plaster coatings after subsequent winter periods. After the wall is exposed (the plaster is
chipped off or it falls off on its own), the effects of brick corrosion are visible in the form of
brick fragments that flake, crumble, and falling off.

There were also visible effects of the corrosion caused by rainwater, flowing down
from the top of the walls. The capillary properties of bricks and mortars cause rainwater
to be excessively absorbed in the places where the walls are damaged. In such places,
due to the difficult evaporation of water, significant damage occurs when water freezes in
the winter.

Another factor causing corrosion is the active growth of microorganisms in walls
with increased humidity. As a result of algae growth, substrate degradation occurs due to
the secretion of organic acids. Acidic products of algae metabolism change the chemical
composition of the water in wall capillaries, which additionally increases corrosion.

Based on the analysis of external walls, the following defects and findings were noted:
significant surface damage to the walls, local defects just above ground level, local scratches,
relatively low compressive strength of the bricks (class 5), and relatively low compressive
strength of the lime mortar (approximately 0.2 MPa). However, no significant vertical or
horizontal deformations of the external walls were detected. There were also no cracks
propagating through the entire width of the wall. Due to the above-mentioned factors, it
should be stated that the technical condition of the external walls was sufficient.

The ceiling above the ground floor was made of reinforced concrete slabs and ribs, as
shown in Figure 10a. The ceiling was covered from below with a suspended ceiling made
of cement-lime plaster on steel mesh. Between the ceiling and the ceiling ribs, there was a
soffit made of boards. Two opencasts of the ceiling were made: from the bottom and the
top (Figure 11a). Based on the opencasts, it was found that the ceiling concrete slab was
made with a thickness of 7 cm, and the main reinforcement of the slab consisted of smooth
bars with a diameter of 8 cm every 17 cm. There was no distribution reinforcement in the
slab on a section of 40 cm. The ribs were 11 cm × 25 cm (height measured including the
ceiling slab). In the ribs, no reinforcement was found in the upper zone, but just under
the reinforced concrete slab, there were two bars with a diameter of 16 cm. In the ribs, no
stirrups were found on a section of 30 cm.

Sclerometric tests showed that the ceiling was made of C8/10 class concrete. Due to
the lack of stirrups in the ribs in the support zone, it should be considered that the shear
load capacity of the reinforced concrete ribs was insufficient. Due to the lack of stirrups or
their too large spacing in the ribs, the lack of distribution reinforcement in the ceiling slab,
and the low-quality concrete, it should be considered that the condition of the reinforced
concrete ceiling was poor.
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Figure 10. Ceiling sections: (a) concrete ceiling above the ground floor and (b) wooden ceiling above
the first floor.

Figure 11. Ceiling opencasts: (a) from the top of the reinforcement concrete ceiling and (b) from the
bottom of the wooden ceiling.

The ceiling above the first floor was made of wooden beams, as shown in Figure 10b.
Leaks in the roof covering caused dampness of the ceiling and contributed to the develop-
ment of biological corrosion. The ceiling above the staircase and the room on the southeast
side completely collapsed, as shown in Figure 12. The remaining parts of the ceiling were
very damp, as shown in Figure 11b. There were plaster defects and cavities in the sections
close to the collapsed parts of the ceiling. The ceiling beams were significantly damaged
as a result of biological corrosion. The remaining parts of the ceiling were in danger of
collapse. The overall condition of the wooden ceiling was poor.

Leaks in the roof covering caused dampness in the wooden elements of the roof truss,
and the biological corrosion developed. Wooden elements close to the chimney eaves and
a leaky roof covering were significantly damaged. Some of the rafters were damaged in
the places where they rested on the roofing wall plates. The collapse of the wooden ceiling
above the first floor caused the pillar walls of the roof truss to be supported only on the
brick walls and fragments of the remaining ceiling. The pillar walls above the staircase and
the room on the southeast side had no support.

Figure 12. Cont.
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Figure 12. View of the collapsed wooden ceiling: (a,b) above the staircase and (c,d) above a room on
the first floor.

4. Tests of Materials and Measurements Carried out during the Condition Assessment
of the Pavilion Building

4.1. Destructive Testing of Bricks

The quality of bricks in the walls was assessed based on laboratory tests of compressive
strength. Drilled holes (Figure 13a) were made in the walls to collect samples for laboratory
tests. During drilling, the mortar was washed out, which indicated that its compressive
strength was equal to 0.1–0.2 MPa according to [50]. Strength tests of bricks (Figure 13b)
were performed in accordance with applicable standards [51]. For three samples that were
taken for testing, a total of 10 tests were performed. The average compressive strength of
the individual brick samples was equal to 6.6 MPa, 7.9 MPa, and 4.7 MPa, as presented in
Table 1. Based on the obtained strengths, the tested bricks should be classified as class 5,
which is the lowest class of bricks. The strength of the lime mortar in the walls should be
estimated at 0.2 MPa.

Table 1. Compressive strength of brick samples obtained from laboratory tests.

Sample
Number

Core Diameter
(mm)

Maximum
Compressive

Force (kN)
Strength (MPa)

Average Value
of Compressive
Strength (MPa)

1.1 54 9.9 4.3

6.6
1.2 54 18.9 8.2
1.3 54 11.0 4.8
1.4 54 20.6 9.0

2.1 54 20.8 9.1
7.92.2 54 11.6 5.1

2.3 54 21.6 9.4

3.1 53 10.9 4.9
4.73.2 54 12.3 5.4

3.3 53 8.4 3.8

According to the findings obtained from destructive tests and taking into consideration
the visual evaluation of the defects, the technical condition of the walls was classified as
sufficient.

4.2. Wood Testing Using a Woodtester

During the condition assessment of the wooden roof truss, NDT methods were used
such as measuring the wood density using a Woodtester and measuring the wood humidity
using a moisture meter. The most important reasons for the poor condition of the roof truss
were leaks in the roof covering, provisional repairs of defects, lack of proper flashing of the
chimneys and gutters, lack of periodic inspections, and supplementary impregnation of
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the wooden truss structure with fungicides and insecticides. Humidity tests showed that
the moisture content of the wooden elements of the roof truss was 30–50%.

Figure 13. Destructive testing: (a) cutting out brick samples from the wall and (b) the strength test of
a brick.

The condition of the roof truss structure was thoroughly assessed visually. Progress of
the biological corrosion and damage to the elements were very significant.

Despite the difficult access to the roof truss elements, due to the ceiling collapse,
partial tests were performed using a Woodtester, as shown in Figure 14. Based on the
depth of needle penetration into the wood, it was possible to estimate the density of
the wood and then the average modulus of elasticity. In the case of the analyzed roof
truss, the degradation of the cross-sections of the elements was significant. Based on the
Woodtester tests, the average modulus of elasticity of the wood was estimated and applied
in numerical calculations.

Figure 14. Woodtester: (a) view of the device and accessories and (b) during the test.

4.3. Terrestrial Laser Scanning of the Pavilion Building’s External Walls

Another NDT method used during the assessment of the pavilion building condition
was TLS, which allows for performing comprehensive measurements of a building’s geom-
etry. As a result, a point cloud is obtained, where each point has four coordinates assigned
to it. Three of them, X, Y, and Z, are shown in the local coordinate system of the scanner and
can be transposed to any geodetic system. The fourth coordinate describes the reflection
intensity of the laser beam from the measured element. Scanning devices can collect data
from a maximum distance of 300 m, with a horizontal field of view up to 360 degrees and
a vertical plane up to 270 degrees. Measurements are performed with an accuracy of up
to 1 mm.

TLS technology allows for performing analyses in the field of inventory of the actual
shape and current condition of building structures as well as measurements of displace-
ments and deformations in structural elements and buildings. A laser scanner is a useful
tool for collecting geometrical data about the technical condition of building objects. Based
on the measurements, it provides data on the shape and dimensions of the analyzed object.
At the same time, defects in the form of deformations, cracks, or other surface damage are
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inventoried. The data obtained during the measurements are processed using computer
programs, which allows for obtaining a virtual, spatial copy of a measured building [15–18].
Additionally, thanks to digital photos taken during the measurement, a three-dimensional
model can be viewed in natural colors.

The 3D laser scanning and specialized computer programs allow for more complete,
more accurate, and more legible documentation of the building. The obtained information
is very detailed, so the scope of its application is wide. For this reason, scanners are
increasingly replacing other measuring tools.

In the case of the pavilion building, laser scanning was performed. External walls were
scanned, and the digital point cloud was obtained. Views of the pavilion building after the
appropriate processing and development of the point cloud are shown in Figure 15. Thanks
to precise measurements, the actual geometry of the pavilion building was available, as
shown in Figure 15a. Significant advantages include the possibility to observe in detail the
defects in external brick walls and also to determine the depth of these defects, as shown in
Figure 15d.

Figure 15. Images obtained based on the point cloud: (a) horizontal projection with building
dimensions; (b,c) a view of the external walls and (d) a view of defects in the brick wall.

5. Numerical Analysis of the Wooden Roof Structure of the Pavilion Building

The intensive degradation process of the wooden roof structure began with damage
to the roof covering. It directly caused considerable dampness of the upper parts of the
external walls, the roof truss, and the wooden ceiling above the first floor on which the roof
truss was supported. The wooden roof truss and ceiling were attacked by fungi and were
seriously damaged. The rapid progress of biological corrosion weakened and damaged
the support zones of the ceiling beams. This resulted in the collapse of the ceiling parts
(beams 1–5) supporting the roof truss, as shown in Figure 16. The roof truss structure
partially lost its support. Despite serious damage, the roof truss did not collapse and
remained in a state of unstable balance.

A spatial computational model of the roof truss structure was prepared in order to
precisely assess the degree of effort of structural elements. Based on the Woodtester results,
taking into account the actual material properties and rheology of the wooden elements,
the average final modulus of wood elasticity was estimated as Emean,fin = 3667 MPa [41].
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The flexibility of the roofing wall plate support in the horizontal direction of 500 kN/m
was assumed for all calculation variants. The loads were determined according to [38–40].

Figure 16. View of the roof truss structure supported by a partially destroyed ceiling.

In the numerical analysis, computational models of the roof truss structure were made
taking into account:

• The low value of the elastic modulus of the wood;
• The influence of humidity and rheology;
• The nature of the load and duration of the load (DOL) effect;
• The flexibility of supports in the horizontal direction (support on roofing wall plates);
• The degradation of some structural elements;
• The lack of supports due to the collapse of the wooden ceiling;
• The impact of deformation in the main structural elements on the secondary elements

based on them;
• The character of the joints’ work (some joints can only transfer compressive forces);
• The discontinuities (looseness) in the joints.

In the first case (variant I), the calculations showed that the ceiling beam not loaded
with the pillar wall had a greater deflection value than the adjacent ceiling beam loaded with
the pillar wall. The displacement diagram showed that the pillar wall was not supported
on the ceiling beam, but the ceiling beam was suspended to the pillar wall. Observation
of this phenomenon was possible for permanent loads acting on the structure, as shown
in Figure 17. Since the loads transferred from the roof were relatively small, tensile forces
occurred in the connection of the ceiling beam with the pillar wall, which was inconsistent
with reality.

Figure 17. Variant I—model and displacements due to permanent loads.

In the second case (variant II), it was assumed that the pillars and swords could not
transfer tensile forces due to the character of the work of the carpentry joints. For the same
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permanent loads, the deflection in the ceiling beam supporting the pillar wall was greater
than the deflection in the adjacent ceiling beam not loaded with the pillar wall, as shown in
Figure 18.

Figure 18. Variant II—model and displacements due to permanent loads; the pillars and swords can
transfer only compressive forces.

In the third case (variant III), the same permanent loads and the same assumption that
the pillars and swords can transfer only compressive forces were applied. The modification
assumed that the supports of the roof truss in the form of the remaining ceiling beams
were replaced with elastic supports with flexibility corresponding to the ceiling beams.
Moreover, the displacements in the support points were assumed to be equal to 2.5 cm to
correspond to the deflection in the ceiling beam under the ceiling’s own weight, as shown
in Figure 19.

Figure 19. Variant III—model and displacements due to permanent loads; the pillars and swords can
transfer only compressive forces; and flexible supports with the initial deflection of the ceiling beams.

In the fourth case (variant IV), calculations were made using the same assumptions as
in variant III. In addition to the permanent loads, the loads from snow were also taken into
account, as shown in Figure 20.

In the presented diagrams, different values for displacements in the pillar wall were
obtained. It mainly depended on the method of support and the possibility of transferring
tensile forces through the pillars and swords. Based on the analyses and calculations
performed, it was confirmed that the spatial computational model of the roof truss is
susceptible to many factors, which have a significant influence on the displacement results.

If the stiffness of the supports (in this case the ceiling beams) was low, the first
calculations showed that the roof truss was not supported by the ceiling beams, but the
ceiling beams were suspended to the roof truss, which is inconsistent with reality. It was
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necessary to analyze the character of the work of the carpentry joints. On this basis, an
assumption was made that some elements of the roof truss were unable to transfer tensile
forces. These were the elements that were connected with the other elements with carpentry
joints. After taking this assumption into account in the calculations, the internal forces and
displacements in the structure changed significantly.

Figure 20. Variant IV—model and displacements due to permanent loads and snow, pillars, and
swords can transfer only compressive forces and flexible supports with the initial deflection of the
ceiling beams.

6. Discussion

All defects described in this article have a negative impact on the technical condition
of structural elements. The destructive impact of external factors can be divided into
two groups:

• Group 1—destructive processes cause a gradual deterioration of the strength parame-
ters of structural elements until their load-bearing capacity is reached.

• Group 2—destructive processes, at some stage, cause a change in the static scheme, as
a result of load-bearing capacity loss of a single or several elements or as a result of
excessive deformations in individual structural elements.

In the brick walls, making additional openings or filling existing openings with non-
structural materials causes several fragments of walls may be not connected to each other
and to work independently. As a result of uneven settlement of the foundations, cracks
in the walls appear. Natural dilatations are created and individual wall fragments work
independently of each other. Above the separated fragments, the wall can maintain its
continuity, e.g., by creating a spontaneous secondary arch.

In the case of wooden structures with carpentry joints, the distribution of forces and
stresses is more difficult to interpret. As a result of the redistribution of internal forces and
change in the static scheme, the structure may collapse or maintain spatial stiffness and
still continue the safe transfer of loads in the new static scheme.

During the condition assessment process of historic buildings, it is necessary to conduct
a detailed analysis, taking into account as many of the previously mentioned factors
as possible. The analysis of masonry structures should consider, among others, wall
re-building, the variety of materials from which parts of the wall were made, ground
conditions, etc. In the case of spatial roof truss structures, as a result of progressive
degradation, damage propagation, and reduced stiffness of structural elements, a change in
the static scheme may occur. As a result, tensile forces appear in elements that previously
had compressive forces. If the carpentry joints are unable to transfer tensile forces, a
secondary change in the static scheme occurs. For the computational calculations, it is
necessary to assess whether the displacements in the structure are consistent with the actual
situation. It should also be checked whether the obtained internal forces can actually occur.
Due to the character of the work of the supports and joints, elements have a limited ability
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to transfer various types of forces. During the computational analysis, carpentry joints in
traditional wooden structures should be carefully examined because, depending on their
type, they can transfer only compressive forces and cannot transfer tensile forces.

Multithreaded analyses are always challenging, despite the considerable experience
of those who perform them. One of the most important repercussions, resulting from the
conducted research, is a statement that the identification of the appropriate static scheme is
often a difficult and demanding task. Errors may appear in the form of oversimplifications
of computational models and material parameters. Appropriate methodologies and tools
should be used to support the assessment process, especially in order to notice changes in
the static schemes of the structure. The main implication of this study is the confirmation
of the validity of using NDT methods in the condition assessment process.

7. Conclusions

Research and analyses of the structures presented in this article lead to the conclusion
that many processes and actions related to progressive wear, changes in use, repairs,
and reconstructions lead to changes in static schemes. Some of them may have a local
impact, but often, the changes affect the static work of almost the entire structure. Obvious
situations are removing or changing the flexibility of the supports and changing the stiffness
of structural members and connections.

The decrease in the strength properties of building materials is caused by:

• Corrosion and anthropogenic processes;
• The aging of materials;
• Changes in loads acting on the structure;
• Changes in environmental conditions (temperature, humidity).

These factors cause the loss of load-bearing capacity of individual structural elements.
In extreme cases, it results in failure, or the structure remains stable, but redistribution of
internal forces and changes in the static scheme occur.

Taking into consideration aspects such as the impact of rheological phenomena, the
effects of DOL, humidity, temperature, the actual technical parameters of materials, in-
cluding degradation, and the character of joints is important in the process of assessing
the condition of degraded historic building structures. All defects in structures contribute
to changes in the static schemes. Based on the research presented in this article and the
results obtained, the possibility of changes in the static schemes should be considered. This
aspect requires emphasis because it has not been strongly promoted in the cases of the
condition assessment of structures, which were previously described in the literature. The
main limitation is the lack of dedicated guidelines for this purpose. However, research and
the application of different methods are a part of the expected future development.
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20. Jaskowska-Lemańska, J.; Przesmycka, E. Semi-Destructive and Non-Destructive Tests of Timber Structure of Various Moisture
Contents. Materials 2021, 14, 96. [CrossRef]
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Abstract: This article focuses on the description of material properties of segments of masonry
structures in three-dimensional analyses. It mainly considers degraded and damaged multi-leaf
masonry walls. In the beginning, the causes of degradation and damage to masonry are described
with examples. It was reported that the analysis of such structures is difficult due to the adequate
description of the mechanical properties in the individual segments of the structure and the amount
of computational cost of large three-dimensional structures. Next, a method of describing large
fragments of masonry structures by means of macro-elements was proposed. The formulation of such
macro-elements in three-dimensional and two-dimensional problems was given by introducing limits
of variation in material parameters and damage of structures expressed by the limits of integration of
macro-elements with specified internal structures. Then, it was stated that such macro-elements can
be used to build computational models by the finite element method, which allows the analysis of
the deformation–stress state, and at the same time, reduce the number of unknowns in such issues.
A strategy for performing analyses and examples of practical applications in masonry analyses
were proposed. It was reported that the results of the analyses can be used to plan the repairs and
strengthening of structures. Finally, the conducted considerations and proposals were summarised,
as well as examples of practical applications.

Keywords: masonry; non-homogenous materials; degradation; damage; macro-element

1. Introduction

A significant part of the materials used in the past as well as nowadays in the
construction industry are heterogeneous materials and structures such as concrete, re-
inforced concrete, and masonry. Masonry as a construction material has been used for
centuries. Unreinforced masonry can be defined as a composite of two interconnected
components—masonry units and mortar. The classification (taxonomy) of the internal
arrangements of masonry is extensive with regard to masonry made up of ceramic as
well as stone elements and various layers (leaves) [1,2]. In addition to the strength of
the components, the influence of an internal structure of the masonry (periodic, quasi-
periodic, chaotic textures) on the formation of damage is still being explored. Especially
for historical masonry structures, attention is also paid to structural arrangement and the
internal structure of masonry walls [3]. Essential interrelated parameters of construction
are the durability of component materials and material properties. These parameters are
influenced by such factors as wall texture and its construction (single- or multi-leaf), unit
shape and size, the volumetric ratio between components, and the mechanical properties
of mortar and units—Young’s modulus, Poisson’s ratio, and compressive, tensile, and
shear strength. Observations and research studies indicate the variability of these parame-
ters over time [4–7]. A variety of environmental impacts affect embedded materials and
buildings from their establishment.
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During the realisation and utilisation of structures, physical, chemical, and biological
interactions cause processes associated with unfavourable changes in the components,
leading to gradual deterioration and degradation of properties of the materials used in
structures. Damage due to overloading or frost effects can also occur during a lifetime. It
is a natural process difficult to be stopped. A case in point is multi-leaf walls (including
degraded ones), in the description of which should be distinguished segments in different
states of technical condition. Examples of such degraded masonry structures are shown in
Figure 1. Changes in stress states in structures are caused by the degradation of materials,
deformations, changes in the purpose (function), and loads of the facility [8]. Degrada-
tion and ageing of materials and damages are influenced by the environment, including
temperature effects, precipitation, or capillary rising of water from the subsoil. A change
in the state of stress in the structure leads to damage in the form of discontinuities and
cracks. In some geographical regions, water is an important factor affecting the durability
of masonry. Freezing in the pores of the material leads to frost damage (flaking, spalling,
or cracking) [9]. It also induces other corrosive processes, changes the texture of the brick,
and allows the growth of microorganisms, leading to biodeterioration. Adverse impacts
and changes in the properties of materials cause the need to assess the current strength
condition and then protect them by increasing their load-bearing capacity and stiffness.
Before any action is undertaken, it is important to recognise the scheme of working and
stress distribution in a structure composed of masonry units and binders, considering the
component arrangement and the mechanisms of damage.

Figure 1. Examples of structures and degradation of masonry fragments (a–d).
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The issues of materials joining are considered in engineering in many fields and
aspects [10]. The analysis of heterogeneous materials investigates the interactions of the
components and contact zones are also taken into account. These are studied at different
scales of observation by assuming homogeneity (using homogenisation) or describing the
internal arrangement of components in material. In numerical analyses of such materials,
interface-type elements are used to describe the connections [11,12]. These have been used
among others in modelling various material structures, for example, masonry [13] and
concrete [14]. Material inhomogeneities are also introduced into structural materials by
implementing modern repair methods through the injection or bonding of composite or
steel materials to reinforced concrete or masonry elements. The scope also includes issues
related to the renovation and strengthening of masonry structures and methods based on
numerical analysis are useful during their implementation.

For the analysis of masonry structures, many numerical modelling methods have
been developed to simulate the behaviour of masonry. In the most general approach, a
distinction can be made between continuum models and discrete models. Continuum
models are based mainly on the finite element method (FEM) [15]. Discrete models consider
the medium as an assembly of distinct bodies interacting along the boundaries (DEM) [16].
A synthetic overview and comparison of the results of these methods can be found in
the paper [17]. Depending on the level of accuracy of the description of the medium,
the following modelling strategies are distinguished [18]: detailed micro-modelling, sim-
plified micro-modelling, and macro-modelling. In detailed micro-modelling units and
mortar, in joints are represented as continuous materials bonded by interface discontinuum
elements. Simplified micro-modelling uses the geometric expansion of the units separated
by discontinuous elements that simulate the behaviour of the mortar joints and unit-mortar
interface. In macro-modelling masonry components: units, mortar, and unit–mortar inter-
face are smeared out in a homogeneous continuum. The aforementioned approaches are
based on the representation of the solid medium at the micro-, meso-, and macro-scale.
Proposals for more detailed modelling strategy classifications in application to masonry
structures are given in papers [19,20]. Among the methods currently being developed,
particular attention is paid to multi-scale modelling by analysing the issue at several scales
of observation [21], e.g., at the meso- and macro-scale.

Static analysis of masonry structures in spatial (3D) schemes needs the development
of large-scale computational models [22]. The analysis of large real spatial structures
in multi-year periods of utilisation and calculations in spatial schemes often require the
considerable computing power of computers and the use of special computing procedures
and techniques [23,24]. One way to solve this problem is through the multi-scale modelling
of structures [25–27]. In order to reduce the computational cost, this paper proposes the use
of multilayer macro-elements that model geometric and mechanical properties of fragments
of structures. The proposed formulation of the description of segments (fragments) of the
structure with differently localised zones with degradation and damage, as well as the
multi-stage analysis, is filling the scientific and research gap. The description of masonry
fragments can be regarded as a certain way of numerical homogenisation of masonry in
a multi-scale approach [28]. The formulation of such elements and their properties is the
main focus of this work. A proposal for a stepwise analysis and examples of the application
of such a description to masonry structures will also be presented. Especially in the case
of historical masonry walls, we encounter various forms of degradation and ways of
implementing repair and strengthening [29–32]. A reliable description of the mechanism of
static work of such masonry structures requires the use of spatial (3D) models, formulated,
e.g., in the methodology of the finite element method.

2. Problem Formulation

In masonry structures, within the range of its technical condition considered, there are
fragments in different levels of degradation and damage (Figure 2).
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Figure 2. An example of a structure composed of heterogeneous and degraded materials: (a) dif-
ferent degradation zones in a building; (b) brick arrangement, local degradation forms, and meso-
scale model.

Degradation is understood as a local change in the stiffness of the material, expressed
through mass losses, cracking, surface flaking, and, as a consequence, changes in the
mechanical parameters E, ν, R. Damage is treated as breaking a continuity of masonry
and an exclusion of damaged areas or volumes from static work. The description of
degradation and damage is analysed at two scales: at the structural scale, where an
equivalent homogeneous medium is considered, and at the meso-scale, where the complex
heterogeneous masonry mesostructure is taken into account. The developed method of
description consists of separating segments of a certain size in the analysed structural
model, referred to as macro-elements. In each macro-element, the existing (actual) state
of degradation of the structure and damage in the form of discontinuity is assumed. As
a result of integration in the sub-areas, matrices describing the stiffnesses of the macro-
elements are determined. The stiffness of the whole structure is described by the set of all
macro-elements.

A model presented in the work enables us to take into account the variation in physical
properties appearing in sub-areas (sub-spaces) of a structure, the damaged fragments of
a structure by introducing the limits of variation in material parameters, and the dam-
age of a structure expressed by macro-element integration limits. The model describing
larger areas (volumes) is proposed, allowing optimal modelling of the material prop-
erties of a structure in a three-dimensional scheme, e.g., by the finite element method,
and avoiding high computational costs by using macro-elements and staged analyses.
Depending on the dimensions of the analysed structure and the adopted discretisation
method—the dimensions of repetitive masonry fragments—it is proposed to use 8- and
20-noded macro-elements, as shown in Figure 3. In this paper, considerations are limited
to walls with a regular arrangement of masonry units.
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Figure 3. Proposed finite macro-elements describing segments of a structure: (a) internal structures
of macro-elements in general cases; (b) 8- and 20-node finite elements.

In order to describe the phenomena occurring, areas covering materials with different
properties are identified, assuming the continuity of displacements at the boundaries
of these areas. The unknowns are located at the nodes and form a global displacement
vector q. In this vector, a number of displacements in the zone of the cohesion are selected
and an element e is spanned on the nodes. The displacement components of the nodes of
this element form a vector ue. In the analysis, it is proposed to use macro-elements that
sample internal structures, as shown in Figure 3a. The finite macro-elements are spanned
on 8 or 20 nodes, and the displacement components of the nodes of these elements have 24
and 60 components, respectively:

u
(8)
e =

{
u1, v1, w1, . . . , u8, v8, w8

}T , (1)

u
(20)
e =

{
u1, v1, w1, . . . , u20, v20, w20

}T . (2)

The displacement field in heterogeneous media, in which three directions of variation
in physical properties of materials are observed, is assumed to be approximated by shape
functions N(e)

i . In the 8-node element, the polynomials approximating the displacement
field are linear:

N(8)
i = 1

8 (1 + ξξi)(1 + ηηi)(1 + ξξi), i = 1, . . . , 8 (3)

whereas in the 20-node element these are second-degree polynomials [33] of the type:

N(20)
i = 1

8 (1 + ξξi)(1 + ηηi)(1 + ζζi)(ξξi + ηηi + ζζi − 2), i = 1, . . . , 8 (4)

N(20)
i = 1

4 (1 − a2)(1 + bbi)(1 + cci), a, b, c ∈ {η, ξ, ζ}, i = 9, . . . , 20 (5)

where ξi, ηi, ζi are the natural coordinates of the node i.
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The strain energy of the entire structure can be written by the equation:

Wε =
1
2

∫
V

εTσdV =
1
2

∫
V

εTEεdV =
1
2

∫
V
(Bu)TE(Bu)dV =

=
1
2

qT
elem

∑
e=1

[
RT

e KeRe

]
q =

1
2

qTKq ,
(6)

where:

E —elasticity matrix;
B —strain matrix;
Re —an allocation (incidence) matrix, assigns degrees of freedom to elements;
Ke —macro-element stiffness matrix.

The macro-element stiffness matrix is calculated by integrating the expression for the
internal strain energy in sub-spaces (sub-areas). Sample macro-element structures in spatial
and flat problems are shown in Figure 4.

Figure 4. Sample internal structures of macro-elements with layers in three and two directions.

In spatial issues:

Ke =
∫

V1

BTE(1)B dV + . . . +
∫

Vj

BTE(j)B dV + . . . +
∫

Vn
BTE(n)B dV. (7)

Sub-areas of integration are fragments of materials with specific characteristics used in
the construction of the wall. Figure 5 shows examples of sub-spaces in a wall with a thick-
ness of two bricks and a wall with a three-leaf structure.

Figure 5. Integration sub-spaces of macro-element with damage: (a) repetitive layers (courses) of
solid masonry; (b) multi-leaf masonry.
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Numerical integration is carried out according to the relationship written in the form:

Ke =
∫ −a+l1

−a
dx

∫ −b+h1

−b
dy

∫ −c+t1

−c
BTE(1)B dz+

+
∫ −a+l1+l2

−a+l1
dx

∫ −b+h1

−b
dy

∫ −c+t1

−c
BTE(2)B dz+

· · ·+
∫ −a+∑ li

−a+∑ li−1

dx
∫ −b+∑ hi

−b+∑ hi−1

dy
∫ −c+∑ ti

−c+∑ ti−1

BTE(i)B dz+

· · · +
∫ a

a−∑ ln−1

dx
∫ b

b−∑ hi−1

dy
∫ c

c−∑ tn−1

BTE(n)B dz (8)

in which the symbols l, h, t are shown in Figure 4. The general form of the deformation
matrix B (the derivatives of the shape function) is constant in each sub-area:

B =
[
B
(e)
1 , . . . , B

(e)
i , . . . , B

(e)
n

]
, (9)

B
(e)
i = LN

(e)
i = L

⎡
⎢⎣

N(e)
i 0 0
0 N(e)

i 0
0 0 N(e)

i

⎤
⎥⎦, (10)

i —node number (i = 1 . . . n),
n —number of nodes of the macro-element,
L —operator matrix,
N(e)

i —shape functions.

The elasticity matrix in sub-space j (bricks, joints), in general varying over time (T), is
written in the form:

E
(T)
j =Ej=

Ej
(1+νj)(1−2νj)

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

(1 − νj ) νj νj 0 0 0
νj (1 − νj ) νj 0 0 0
νj νj (1 − νj ) 0 0 0

0 0 0 (1−2νj)
2 0 0

0 0 0 0 (1−2νj)
2 0

0 0 0 0 0 (1−2νj)
2

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

. (11)

In the notation of matrix E, the superscript (T) is used to emphasise the variability of the
parameters over time, but for the sake of clarity, it will be omitted in most notations, as in
the notations of other matrices and vectors: K, q, Q. Elements of the matrix E dependent
on the material constants, Young’s modulus E, and Poisson’s ratio ν of the brick and mortar
are generally variable in the adopted sub-spaces j and during long-term service life of the
structure, and should be determined in laboratory tests [34] (Figure 6).

Figure 6. Laboratory testing of materials: (a) bricks; (b) mortar.
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Flat models can be used in some cases. In a 2D area composed of sub-areas (Figure 7),
integration in sub-area j, under certain assumptions, can be carried out analytically, ob-
taining the explicit form of the macro-element stiffness matrix. The following results are
then obtained:

K
(T)
e = Ke = t

∫ −a+l1

−a
dx

∫ −b+h1

−b
BTE(1)B dy+

+ t
∫ a−l3

−a+l1
dx

∫ −b+h1

−b
BTE(2)B dy +· · ·

· · ·+ t
∫ a−l11

−a+l9
dx

∫ b

b−h5

BTE(10)B dy + t
∫ a

a−l11

dx
∫ b

b−h5

BTE(11)B dy , (12)

and t denotes the layer thickness.

Figure 7. A sample internal structure of thickness-constant macro-element.

Below is enclosed a piece of the code for calculating the first element of the stiffness
matrix obtained by integration of expression (12). The selected terms of the sum are equal:

KA(1,1,1) = Em(1)*h(1)*l(1)*(l(1)**2*ni(1)-6*a*l(1)*ni(1)+12*a**2*ni(1) &
-l(1)**2+6*a*l(1)-2*h(1)**2+12*b*h(1)-24*b**2-12*a**2) &
/(a**2*b**2*(ni(1)-1)*(ni(1)+1)),

...

KA(11,1,1) = Em(11)*h(5)*l(11)*(l(11)**2*ni(11)-l(11)**2-2*h(5)**2) &
/(a**2*b**2*(ni(11)-1)*(ni(11)+1)).

The value of the element (1,1) of the stiffness matrix is then calculated from
the formula:

Ke2D(1,1) = t/96 * ( KA(1,1,1) + KA(2,1,1) + KA(3,1,1) + KA(4,1,1) &
+ KA(5,1,1) + KA(6,1,1) + KA(7,1,1) + KA(8,1,1) &
+ KA(9,1,1) + KA(10,1,1) + KA(11,1,1) ).

3. Strategy for Performance of Analyses

It is proposed that the calculations should be carried out according to a staged algo-
rithm that uses the formulation of the equilibrium equations in the form:

K
(T)
i q

(T)
i = Q

(T)
i , (13)
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where:

K
(T)
i is variable over time stiffness matrix of the modelled medium;

q
(T)
i is the vector of unknown node displacements of the model

at step i of the iteration;
Q

(T)
i is the load vector.

The formulation makes it possible to model material degradation and damage in
segments of large existing structures or to investigate the effects of loading history over
years of service on the degradation of masonry and the state of stress level in a structure.
The computer implementation of the algorithm takes advantage of the secant stiffness
matrix, seeking equilibrium of the system at each load increment. The scheme for carrying
out the calculations has been divided into stages, as illustrated in Figure 8.

Figure 8. Stages of numerical analysis of heterogeneous materials embedded into a construction.

Stage I —analysis of large areas or volumes and macro-element formation;
Stage II —analysis of displacements, assessment of stress and strain fields inside the macro-

elements;
Stage III—parameters modification in a model according to (11) and recomputation;
Stage IV—recommendations for repairs and strengthening.

As stated above, the method of analysis developed consists of separating segments
(fragments) of a certain size in the structural model to be analysed, taking into account the
unit arrangement and degradation. The unit arrangement (texture) does not need to be
regular or repeatable; however, this affects the cost of the computations. For each segment,
a specified (existing) state of degradation of the internal structure and the properties of the
materials that compose it is assumed, in addition to possible damages and discontinuities
of the structure. As a result of the integration in the sub-spaces (sub-areas) of the segments,
the matrices used to model the stiffness of the segments (macro-element stiffness matrices)
are calculated. The set of all such macro-elements forms the stiffness matrix of the modelled
structure Ki in successive steps of load increments Qi. The load increment can also be
interpreted as a time-dependent parameter. Once the displacement field of the model
nodes has been determined, the stress state in each sub-area is verified. When the stresses
exceed the permissible values, the current damage configuration of the internal structure is
determined in each macro-element by searching for an equilibrium configuration at the
meso-scale (at the RVE level). For the modified RVE structure, the macro-element stiffness
matrix is calculated for the next loading step. The implementation of this calculation
procedure is presented in a simplified flowchart (Figure 9), where only the most essential
steps of the computational process are indicated. The flowchart is directly related to the
numerical analysis strategy presented in Figure 8. It also contains graphical information
consistent with the approach presented in Section 2 of this article describing degradation
and damage processes. The masonry wall structures analysed are treated as brittle and
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a simple approach was used in the computational process that does not directly take into
account other complex aspects, including that of plasticity. Exceeding the permissible
stresses in brittle structures results in the elimination of the area of the structure where
damage propagation is identified. This is expressed in a change in the integration limits or
modification of the properties of the fragment of the internal structure of the macro-element,
as illustrated in Figure 9. The proposed approach employs therefore an isotropic damage
model of the internal structure of the macro-element.

Figure 9. Flowchart of step-by-step computational process.

In order to perform stress assessment, determine damage zones in heterogeneous
materials and structures, as well as to identify damage propagation and degradation
mechanisms during the loading process, failure criteria are used [35]. They are formulated
analytically in the form of functions of stresses, strains, or their invariants using the results
of laboratory strength tests. The safe state of the stress field σij is defined by the inequality:

F(σij, cm) < 0, (14)

and cm denotes the material parameters obtained in laboratory tests. The failure initiation of
non-symmetric materials in the range of tensile stresses is verified by the Rankine criterion.
The failure of brittle materials also depends on the value of the mean stress. Among the
numerous failure criteria used in masonry analyses, the Mohr–Coulomb criterion is often
applied [36,37]. In the present work, the criterion is adopted in the form:
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1
2 cos ϕ

(σi − σj) +
1
2
(σi + σj) tan ϕ < Rs, i, j = 1, 2, 3 (15)

where ϕ is the angle of internal friction.
The principal stresses σi, σj are determined in macro-element structures from the

computed displacements of its nodes. Additionally, the criterion is used to control the state
of stress level in joints in which the physical plane of stress is determined, and it is written
by an inequality:

|τ| = c − σn tan ϕ < Rs, (16)

in which Rs is the shear strength of the joint.

4. Application Examples

The applicability of the model is demonstrated by examples. They were performed
according to the presented step-by-step algorithm for successive load increments in order to
reproduce the results of laboratory tests in which degradation over a longer period of time
is unimportant. The first example presents an analysis of a fragment of masonry shearing
parallel to the load-bearing joints with the geometry given in Figure 10. The discretisation
with 324 macro-elements resulted in the division is shown in Figure 10a. The comparative
discretisation by standard plane stress elements contains 16,125 finite elements in the size
of 1 cm × 1 cm. The macro-elements used have dimensions several times larger, with
side lengths in the range of 6–10 cm presented with lines in black. Material parameters
were assumed to be the same in the brick and mortar areas, respectively, (degradation
and damage of the initial masonry structure were not taken into account). The number
of unknowns in the developed models was 722 using macro-elements and 5942 using
conventional modelling, respectively. Subsequent calculation steps were carried out ac-
cording to the algorithm developed and shown in the flowchart. As a result of the solution,
the damage distribution in the masonry sample was obtained. An exceedance of the stress
values according to the adopted failure criterion was interpreted as material damage, as
illustrated in Figure 10b, and compared with a typical form of damage (Figure 10c). Typical
forms of damage obtained in laboratory tests of this type of masonry specimens can be
found in papers [38,39], among others.

Figure 10. Shear wall: (a) model discretisation; (b) damage propagation pattern according to the adopted
algorithm; (c) a form of typical failure mechanism in masonry under shear and compression.

The qualitative similarity of the obtained results of the two presented tests and a
consistent trend in the form of damage to the masonry sample are observed. In both
presented examples of numerical analyses, the same values of parameters characterising
ceramic bricks and mortar were used: Young’s modulus, Poisson’s ratio, compressive
strength, tensile strength, and shear strength were equal, respectively, to:
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E(brick) = 17, 500 MPa, E(mortar) = 2900 MPa,

ν(brick) = 0.20, ν(mortar) = 0.20,

R(brick)
c = 27.1 MPa, R(mortar)

c = 10.0 MPa,

R(brick)
t = 1

7 R(brick)
c , R(mortar)

t = 1
5 R(mortar)

c ,

R(brick)
s = 4

5 R(brick)
t , R(mortar)

s = 4
5 R(mortar)

t .

A further example refers to a part of brick masonry representing a flexural member
of a structure strengthened with an FRP strip placed under the lower course of bricks.
The arrangement of the units in the brickwork element studied and the macro-element
meshing discretising the masonry units and mortar are shown in Figure 11. A total of
490 macro-elements with side dimensions of 3–5 cm and 7611 elements of the classical FEM
discretisation were used. The number of unknowns in the model where macro-elements
were used was 1080, compared to 7280 unknown displacements in the classical model.
In the numerical experiment, a linear model of the strengthening material was adopted
with a value of Young’s modulus EFRP = 240 GPa. The FRP strip material was modelled
with bar finite elements, assuming no damage between the strengthening layer and the
bricks. The numerical experiment was carried out according to the adopted algorithm in the
flowchart. The presented damage form, similarly as in the first example, was determined
on the basis of the adopted failure criterion.

Figure 11. The model analysed: (a) scheme and geometry; (b) discretisation of the masonry structure;
(c) the stresses in the masonry; (d) the P(u) force–displacement relationship diagram.

The realisation of the real element test is described in the work [40]. The results of the
strength laboratory experiments and numerical simulation are shown in Figure 11c,d. The
displacement–force relationship graphs obtained in both experiments show convergence.
Analysing the differences in the obtained correlations for the two experiments, these were
determined to be 16.6% for 0.1 cm displacements, 11.5% for 0.2 cm displacements, and 8.2%
for 0.3 cm displacement values. Comparisons of the results show a convergent trend in
both experiments.
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5. Conclusions

The work presents proposals for the description and analysis of heterogeneous struc-
tures, composed of dissimilar materials in different states of technical condition and level
of degradation. Examples include masonry structures of historical buildings and other
masonry structures. The demonstrated method of modelling with macro-elements allows
the analysis of large fragments of structures, taking into account their heterogeneity and
degradation over time. Stiffness matrices of the macro-element describing such fragments
were obtained by numerical or explicit (analytical) integration within the limits of variation
in material parameters, degradation, and damage to the structure. This method can be
regarded as a kind of numerical homogenisation of the structural arrangement of masonry
structures. In this work, such elements were formulated and application examples were
given, along with a proposal for staged analysis of structures. The results obtained in
the examples show the correct modelling of structures using the proposed method and
macro-elements, show the correct tendency of relationships, and quite good convergence
of computational and experimental results varying within 8–16%. The modelling method
and strategy make it possible to analyse structures in spatial (3D) or flat (2D) schemes and
reduce the number of unknowns by about seven times. In engineering practice, there is
a need for the repair and rehabilitation of heterogeneous and degraded structures. The
modelling approach given in the work allows the assessment of the stress state in structural
elements in order to perform the repairs and strengthening of multi-material structures, as
illustrated in Figure 11.

Author Contributions: Conceptualisation, C.M. and A.W.; methodology, C.M. and A.W.; software,
A.W.; validation, C.M. and A.W.; formal analysis, C.M. and A.W.; investigation, C.M. and A.W.;
resources, C.M. and A.W.; writing—original draft preparation, A.W.; writing—review and editing,
C.M. and A.W.; visualisation, A.W.; supervision, C.M. and A.W.; project administration, C.M.; funding
acquisition, C.M. All authors have read and agreed to the published version of the manuscript.

Funding: The research was carried out within the scope of work no. WZ/WB-IIL/4/2023 and
financed from the resources for science of Ministry of Education and Science of Poland.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data sharing is not applicable to this article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Szabó, S.; Funari, M.F.; Lourenço, P.B. Masonry patterns’ influence on the damage assessment of URM walls: Current and future
trends. Dev. Built Environ. 2023, 13, 100119. . [CrossRef]

2. Schiantella, M.; Cluni, F.; Gusella, V. Parametric Analysis of Failure Loads of Masonry Textures by Means of Discontinuity Layout
Optimization (DLO). Materials 2022, 15, 3691. . [CrossRef] [PubMed]

3. Rios, A.J.; Pingaro, M.; Reccia, E.; Trovalusci, P. Statistical assessment of in-plane masonry panels using limit analysis with sliding
mechanism. J. Eng. Mech. 2022, 148 . [CrossRef]

4. Ramalho, M.; Taliercio, A.; Anzani, A.; Binda, L.; Papa, E. Experimental and numerical study of multi-leaf masonry walls.
In Structural Studies, Repairs and Maintenance of Heritage Architecture IX; Brebbia, C.A., Torpiano, A., Eds.; WIT Press: Southampton,
UK, 2005; pp. 333–342.

5. Anzani, A.; Garavaglia, E.; Binda, L. Long-term damage of historic masonry: A probabilistic model. Constr. Build. Mater. 2009, 23,
713–724. [CrossRef]

6. Miedziałowski, C. Corrosion and stress damage of facade elements of historic buildings. In Protection of Buildings from Moisture,
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Abstract: This paper reports a comparison between the advantages and disadvantages of fused
filament fabrication (FFF) and computer numerical control (CNC) milling, when applied to a specific
case of conservation of cultural heritage: the reproduction of four missing columns of a 17th-century
tabernacle. To make the replica prototypes, European pine wood (the original material) was used for
CNC milling, while polyethylene terephthalate glycol (PETG) was used for FFF printing. Neat mate-
rials were chemically and structurally characterized (FTIR, XRD, DSC, contact angle measurement,
colorimetry, and bending tests) before and after artificial aging, in order to study their durability.
The comparison showed that although both materials are subject to a decrease in crystallinity (an
increase in amorphous bands in XRD diffractograms) and mechanical performance with aging, these
characteristics are less evident in PETG (E = 1.13 ± 0.01 GPa and σ = 60.20 ± 2.11 MPa after aging),
which retains water repellent (ca = 95.96 ± 5.56◦) and colorimetric (ΔE = 2.6) properties. Furthermore,
the increase in flexural strain (%) in pine wood, from 3.71 ± 0.03% to 4.11 ± 0.02%, makes it not
suitable for purpose. Both techniques were then used to produce the same column, showing that for
this specific application CNC milling is quicker than FFF, but, at the same time, it is also much more
expensive and produces a huge amount of waste material compared to FFF printing. Based on these
results, it was assessed that FFF is more suitable for the replication of the specific column. For this
reason, only the 3D-printed PETG column was used for the subsequent conservative restoration.

Keywords: advanced technologies; cultural heritage; conservation; additive manufacturing; computer
numerical control milling

1. Introduction

Additive Manufacturing (AM), first named rapid prototyping before becoming known
as “3D printing”, is an innovative technology able to produce 3D models with complex
shapes using a layer-by-layer building strategy. By contrast, in recognized traditional
techniques, such as subtractive manufacturing (SM) and formative manufacturing (FM),
the material is removed via machining, drilling, or grinding methods, or cast into molds [1].
Due to its fast expansion, the aim of AM has shifted from rapid prototyping to rapid
tooling, and now to 3D manufacturing. AM has included several manufacturing techniques
(photopolymerization, powder bed fusion, directed energy deposition, material extrusion,
binder jetting, curing, lamination, etc.), to create a wide range of machineries of possible
importance to industry. The driving force of the exponential increase in AM technolo-
gies could be attributed to the important results achieved by academic and industrial
researchers in developing low-cost technologies and innovative high-tech materials [2–8].
Numerous aspects inform the selection of the most suitable manufacturing method for a
specific application, such as cost, geometric complexity, material usage and properties, time,
energy consumption, and sustainability. More details are reported in a previous review
by the authors [9], where the classification of the most important AM techniques with a
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description of respective processing is reported. The advantages and disadvantages of these
technologies are also reported. One of the most common problems lies with the instability
of these devices, creating imperfections in the 3D printed models and differences in surface
roughness across 3D reproductions with the same digital input [2]. SM techniques pro-
duce machined components with elevated accuracy and low geometrical complexity. AM
allows for the creation of very complicated geometry with a lower tolerance and relative
quality [10]. Several authors have proposed a solid analysis of the similarities, differences,
advantages, and disadvantages of AM vs. SM through documented international works,
based on these key factors. As an example, the Wohler’s 2013 Report presents a wide
overview of AM’s incorporation into the industrial market [11], evidencing where AM can
dominate SM, or otherwise cannot compete with conventional techniques. Referring to
high-volume production, the high venture capital necessary to produce 3D models using
AM does not make it a financially reasonable choice for producers [12]. Traditional tech-
niques, such as, for example, injection molding, still appear more economical and suitable
for this context, even if AM allows for the production of models with high geometrical
complexity, removing, shaping, and linking the process by printing complete parts in a
single step. An example of this is the metal acetabular cup [13] used in hip replacement
surgeries; in the past it was produced using several SM and formative manufacturing
processes, such as forging, machining, and coating. Contrastingly, an AM powder-bed
fusion metal printer can build the acetabular cup and add the porous surface into the
surface layers in a single print.

Another important field of application is mass customization, identified by its ca-
pability to offer exclusively designed products and services to each consumer because
of elevated process agility, flexibility, and integration [14–16]. The lack of lead time and
fast design modification in AM, together with exclusive representation supplied by 3D
scanning, puts AM techniques ahead of SM processes for this specific application. Refer-
ring to the low-volume manufacture of products, which is defined specific to the industry,
product, and sale capacity [17], AM manufacturers can achieve a superior complexity with
equivalent costs. The launch of AM into the manufacturing sector started, in fact, with
low-volume production for rapid prototyping with stereolithography. Until now, func-
tional assembly manufacturing remains the main application of AM, as also reported by
Wohler [11]. Another paper [17] compared the production cost of a small plastic bar made
using AM powder-bed fusion with that of one made with injection molding, suggesting
that for a production volume smaller than 10,000, AM had a reduced unit cost compared to
injection molding [17]. While SM dominates the mass manufacturing region financially,
AM is better suited to producing the tooling and fixtures necessary for conventional mass
manufacturing molds [18,19]. AM presents a decreased lead time and cost, taking ad-
vantage of high value, low production of parts such as those used in ships, automation,
aviation, and satellites, etc. AM also offers producers the capability to trade complexity
for customizability in low volume production, where AM is being utilized for personally
customized restoration components [20]. Nevertheless, AM machines offer production
flexibility, and they are still significantly expensive in comparison to SM techniques. On
the other hand, AM allows for a reduced production of wasted material and higher re-
source efficiency, which, importantly, has a good effect on the environmental impact, in
comparison to the SM machines [4,5,9,21]. Strategic conditions for the diffusion of AM into
the broader trade market involve high process stability, a database including AM material
properties, on-line quality control processes, constant certification, and preparation of
design guidelines. Nowadays, the growth of gradually more precise technologies, the
reduction of costs, and the development of innovative high-tech materials allow for the
successful use of AM techniques in several application fields, such as cultural heritage [22].
In a previous work [22], the authors demonstrated the suitability of the fused filament
fabrication (FFF) method for the reproduction and restoration of four missing columns of
a 17th-century polychrome wooden tabernacle belonging to a private collection. In this
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paper, the same columns were also reproduced with a traditional SM technique, with the
aim of comparing the two different technologies in the same specific application.

2. The Case Study

This research aims to evaluate the general effectiveness of the two different method-
ologies in the restoration and conservation of artistic heritage; specifically, it assesses the
advantages and disadvantages of each selected technique (fused filament fabrication (FFF)
and computer numerical control (CNC) milling) in the reproduction of missing columns
of an ancient 17th-century polychrome wooden tabernacle (Figure 1). The tabernacle is
made of pine wood and according to oral sources it was handed down. With preliminary
observation under the optical microscope [23], it can be seen to be decorated with an artistic
technique called “Estofado de Oro”.

Figure 1. 17th-century polychrome wooden tabernacle and original column.

The experimental work carried out in this paper started with the characterization of
the materials used in both CNC and FFF techniques, and the subsequent comparison of
some of the properties that were most interesting for conservation purposes. Next, the
ancient column was replicated by using PETG for FFF and pine wood for CNC. A deep
comparison analysis of the times, costs, and waste production of the two techniques was
also performed before the final restoration step.

The experimental activity consisted of the following steps, summarized in Figure 2.
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Figure 2. Experimental activity in summary.

3. Materials and Methods

3.1. Characterization of the Materials for FFF and CNC Milling Process
3.1.1. Chemical Characterization of Neat Materials

Pine wood was selected to produce the column prototype using the CNC milling
technique because it is similar to the original material of the tabernacle, as reported from
oral sources and confirmed by preliminary optical microscope observations. The European
pine wood used in this work was supplied by Tecno Wood SRL (Lecce, Italy) with the
following features: light yellow colour, straight grain, medium texture, weight 2373.79 g,
length 799 mm, and square cross-section with 79 mm side.

Polyethylene terephthalate glycol (PETG), supplied by the company PrimaSELECT
(Malmo, Sweden), was used for the FFF printing of the columns. It was selected by
comparing its properties (such as durability and thermal stability) to that of other materials
usually used in 3D printing [22]. The PETG filament has a diameter of 1.75 ± 0.05 mm, a
density of 1.27 g cm−3, and a melt flow index (MFI) of 12.1 g/10 min at a temperature of
225 ◦C, according to the supplier’s data sheet.

Fourier-transform infrared spectroscopy (FTIR) analyses were performed on the neat
materials (pine wood and PETG) to carry out a preliminary chemical structural characteri-
zation. FTIR spectra were obtained on KBr pellets (1 mg of wood powder and PETG and
200 mg of KBr) using a JASCO FT/IR 6300 spectrometer (Easton, MD) with a resolution of
4 cm−1, setting up 64 scans in the region between 4000 and 600 cm−1. Five spectra were
considered for each replicate sample.

3.1.2. Durability Analysis

To study the durability of the materials used for the reproduction of the tabernacle
columns, and to obtain more information on the average lifetime of the replicas, PETG and
pine wood were subjected to accelerated aging tests.

The samples used for the accelerated aging test (bars with dimensions of 60 mm ×
13.2 mm × 0.7 mm) were produced from pine wood and PETG, according to ISO178:2014.
Specifically, the pine wood samples were produced by cutting the wooden stock piece
manually, while the PETG samples were produced using the BQ HEPHESTOS 2 printer
(BQ Company, Madrid, Spain) and setting the following operating conditions: extrusion
temperature 220 ◦C, printing speed 50 mm/s, infill 20%. The CAD model was created with
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Fusion 360 software (Autodesk, San Rafael, CA, USA), converted to an STL file with Cura
software (Ultimaker B.V., Utrecht, The Netherlands).

Artificial aging was carried out by placing the samples in Binder model KMF115
climatic chamber (BINDER GmbH, Tuttlingen, Germany) (T = 60 ± 2 ◦C, RH% = 80 ± 1%)
and under a xenon-arc UV lamp for 5 days [24].

Morphological structural, thermal, and mechanical analyses were carried out on test
samples, before and after exposure to artificial aging, to study the durability of the materials:

− Dynamic contact angle measurements were carried out with the First Ten Angstroms
FTA1000 Quick Start instrument (Newark, CA, USA) equipped with a video camera,
and analyses were performed at room temperature using the sessile drop technique,
according to NORMAL-33/89.

− Evaluation of color change of materials before and after artificial aging was carried
out with a Konica Minolta CR-410 (Milano, Italy), equipped with a Xenon lamp.
Measurements were made following the recommendations of NORMAL-43/93 and
using the CIELab International Chromatic System (1976). The color changes were
evaluated by the L*a*b* system and expressed as ΔE.

− XRD measurements were carried out with a Rigaku Ultima+ diffractometer (Tokyo,
Japan) with CuKα radiation (λ = 1.5418 Å) in the step scan mode recorded in the 2θ
range of 5–60◦, with a step size of 0.02◦ and a step duration of 0.5 s. For each replicate
sample, three spectra were considered.

− DSC analysis (Mettler Toledo DSC1 StareSystem, Milano, Italy) was performed on
3D-printed PETG samples to investigate glass transition temperature (Tg) variations,
over a temperature range of 25 ◦C to 200 ◦C (heating rate of 10 ◦C/min).

− Flexural tests were performed on the samples using a Lloyd LR5K dynamometer
(Lloyd Instruments Ltd., Bognor Regis, UK), with a test speed of 2 mm/min and a
specimen support spacing of 64 mm, according to the ISO178(2014). For each sample,
five replicates were made.

3.2. Replica of the Column by FFF Printing and CNC Milling

The CNC milling machine model HURCO VM 10 (Gindumac GmbH, Kaiserslautern,
Germany) and the BQ HEPHESTOS 2 printer (BQ Company, Madrid, Spain) were used
to reproduce the columns of the ancient tabernacle and to compare CNC milling versus
FFF printing.

Specifically, the creation of the column replica with both methodologies followed the
steps below (Figure 3):

− Morphological survey and manual drawing of the column (Figure 3A) [22];
− Transformation of the 2D model into CAD model using Rhinoceros software (Robert

McNeel & Associates, Seattle, DC, USA), Figure 3B,C [22];
− Modification of the CAD model using Fusion 360 software (Autodesk, San Rafael,

CA, USA); specifically, while a single CAD file was sufficient for the CNC milling
technique (Figure 3D), for the 3D printing of the column it was necessary to separate
the half-height 3D model into two parts and create two separate CAD files (base and
capital, Figure 3E,F), due to the small print volume (210 mm × 297 mm × 220 mm)
compared to the total height of the column (H 38.7 cm).

− Transformation of CAD files into G-Code and STL, using Cura software (Ultimaker
B.V., Utrecht, The Netherlands);

− FFF printing of the PETG column using the following operating parameters of the
3DPRN LAB printer: 0.4 mm nozzle, 20% infill, extrusion temperature of 220 ◦C,
platen temperature of 50 ◦C, printing speed of 60 mm/s, layer height of 0.2 mm;

− Reproduction of the pine wood column by CNC milling by setting the following
operating parameters in the Fusion 360 software: HURCO VM 10 machine, pine wood
material. Functions and cutters were set according to the different steps, as will be
reported in the Section 4.2.
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Figure 3. Surveying measurements with a caliper (left) and drawing by hand (right) (A); 2D drawing
with Rhinoceros software (B); 3D modeling of the column using Rhinoceros software (C); CAD model
modified with Fusion 360 software for CNC milling (D); CAD models modified with Cura software
for 3D printing (E,F).

3.3. Materials for Restoration

The materials used for the restoration of columns produced were: Bologna gypsum
(CTS SRL, Bari, Italy), rabbit glue (CTS SRL, Bari, Italy), putty (modostuc Gimod SRL,
Pavia, Italy), yellow ochre bolus (CTS SRL, Bari, Italy), gelatin sheets (Dolciaria Pezzella
SRL, Naples, Italy), 22 K gold leaf, 917/1000, dim. 8 × 8 cm (Aurum SAS gilding products,
Bologna, Italy).

4. Results

4.1. Study and Characterization of Materials

The chemical characterization of the neat materials used, pine wood and PETG, was
carried out by identifying the main molecular groups using FTIR spectroscopy (Figure 4).
The FTIR spectra of wood samples show infrared bands at 3440, 2900, and 2800 cm−1

associated with O-H and C-H groups; characteristic peaks in the fingerprint region at
1509 cm−1 (C-C stretching of the aromatic ring) and at 1209 cm−1 (C-O stretching) are
associated with lignin, while at 1741 cm−1 (C-O stretching), 1640 cm−1 (C-O group),
and 1090 cm−1 (C-O stretching) are associated with polysaccharides (hemicellulose and
celluloses) [25–27]. The FTIR spectra of PETG show infrared peaks at 3432 cm−1 (O-H
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group), 2925 and 2851 cm−1 (C-H stretching), 1743 cm−1 (C-O ester group), 1462 cm−1

(C-C stretching); 1162 cm−1 (ester groups), 1091 cm−1 (C-H bends) [28]. The spectroscopic
data agree with the literature [25,26,28]. In pine wood, no peaks associated with additives,
fats, or impregnants are visible, but only the bands related to the main wood components:
cellulose, hemicellulose, and lignin. Furthermore, the bands at 3400 cm−1 related to
the stretching vibrations of the hydroxyl groups are different in the FTIR spectra of the
two materials [29]. It is known in the literature that the position and shape of the OH
stretching band can change in the specimens, and this will be positioned at about 3350 cm−1

for water chemically bound to the material and 3290 cm−1 for water absorbed from the
external environment [29]. The size of the bands in the two samples results from this
phenomenon, and the fact that the band at 3400 cm−1 in pine wood is greater than that in
PETG indicates its greater hygroscopicity.

Figure 4. FTIR spectra of pine wood and PETG, and main infrared bands.

Pine wood and PETG test samples, produced as previously described, were subjected
to scientific analysis before and after artificial aging in a climate chamber in order to
compare the behavior of the two materials and their durability. The average results and
relative standard deviations for each material are shown in Table 1.

Table 1. Comparison of surface, thermal, and mechanical properties of pine wood and PETG before
and after artificial aging.

Sample
W (g) CA (◦ ) ΔE Tg (◦C) E (GPa) ε (%) σ (MPa)

Before After Before After Before After Before After Before After Before After Before After

Pine
wood 2.10 ± 0.90 2.04 ± 0.07 / / / 9.03 / / 2.22 ± 0.20 0.99 ± 0.13 3.71 ± 0.03 4.11 ± 0.02 53.01 ± 2.40 40.37 ± 1.89

PETG 3.92 ± 2.11 3.90 ± 1.08 98.36 ± 3.21 95.96 ± 5.56 / 2.60 70.81 ± 0.51 71.37 ± 0.73 2.35 ± 0.02 1.13 ± 0.01 3.61 ± 0.53 3.20 ± 0.64 67.10 ± 1.20 60.20 ± 2.11
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The artificial aging process had no significant effect on the size of the inspected sam-
ples. Instead, very small variations in weight were detected (Table 1). PETG preserves a
good water repellency after artificial aging [30]; the contact angle value after aging is in
fact 95.96 ± 5.56◦, higher than the 90◦ limit conventionally used to distinguish a hydropho-
bic from a hydrophilic material [30]. In addition, it does not undergo appreciable color
variations. These results agree with the literature, which reveals only a slight difference in
brightness [9,24,31]. In contrast, pine wood shows a greater variation in the colorimetric co-
ordinates L*, a*, b*, with a ΔE greater than five (Table 1). In fact, it is well known that wood
is susceptible to photochemical degradation caused by exposure to light radiation, mainly
due to lignin being a component [32]. Greater changes in thermal and mechanical proper-
ties are evident in the inspected samples (Figure 5). In the X-ray diffractogram of the wood
sample (Figure 5A), the diffraction peaks at 15.3◦ and 22.2◦, together with an amorphous
background band, are evident; they originate from the crystalline and amorphous regions
of the cellulose. Specifically, the first peak is assigned to the crystalline plane (101), while
the second peak is assigned to the crystalline plane (002) [4]. The effect of artificial aging
on the X-ray diffractograms of pine wood can be observed from the peak height at 22.4◦,
which increased significantly, in contrast to the peak height at 15.5◦ remaining unchanged
(Figure 5A). These data are indicative of an increase in the crystallinity of the samples, as
aging reduces the amorphous fractions of the wood [26]. The X-ray diffractogram of PETG
(Figure 5B) shows the presence of peaks at 17.9◦, 22.8◦, and 26.1◦, corresponding to crystal
planes with Miller indexes of (010), (110), and (100), respectively [33]. As a result of artificial
aging, an increase in the amorphous phase of PETG is observed, with a consequent decrease
in the crystalline phase (Figure 5B). PETG neat shows a glass transition temperature (Tg) of
about 70.8 ± 0.5 ◦C (Figure 5C,D), calculated using the inflection point method and compa-
rable with the reference literature [22,28]. After aging in a climate chamber, Tg of PETG is
slightly reduced, indicating a decrease in the degree of crystallinity (Table 1, Figure 5C,D),
which was previously indicated by XRD analysis. Accelerated aging can usually cause
depolymerization of polymers, resulting in a less ordered structure [34]. This phenomenon
involves the decomposition of the polymer into low molecular weight molecules, which
occurs spontaneously through a natural aging process or, as in our artificial study, due to
the influence of temperature and humidity [34,35]. Mechanical test data show different
bending behaviors in the two materials (Figure 5E,F). This difference is accentuated by
artificial aging and is more evident in pine wood. In particular, while the flexural modulus
of elasticity (GPa) and the flexural stress (MPa) of both materials decrease after aging,
contrastingly flexural strain (%) increases in pine wood (Figure 5E).

A general comparison of the morphological structural features of the two materials
subjected to artificial aging shows a higher durability of PETG compared to pine wood, as
was also reported in the literature [22,24,32,34,36]. However, to be exhaustive, the compari-
son must be applied to the specific case study analyzed and, thus, to the reproduction of
the same column. In fact, although both materials are subject to a decrease in crystallinity
and mechanical performance with aging, these characteristics are less evident in PETG,
which preserves the water-repellent and colorimetric properties that are of fundamental
importance to the preservation of the structural and chromatic properties of the columns
and tabernacle. Furthermore, the increase in bending deformation manifested by pine
wood with aging could cause greater instances of discontinuity surfaces in the multilayer
system of the column (pictorial layers/gold leaf/stucco/support) and, consequently, more
problems over time due to the detachment of the pictorial layers and the formation of
lacunae on the column. As a result, PETG’s specific properties of good resistance and
stability are more suitable for column reproduction for conservation purposes.
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Figure 5. X-ray diffractogram of pine wood (A) and PETG (B) before and after aging; DSC curves
of PETG (C) and glass transition temperature (D) before and after aging; flexural properties of pine
wood (E) and PETG (F) before and after aging.

4.2. Replica of the Column by FFF Printing and CNC Milling

A replica of the column was reproduced in PETG using the FFF technique (Figure 6A,C).
Specifically, the printing strategy used facilitated the positioning of the object on the
printer’s plate, eliminating the use of supports (thus with less waste of raw material). Fur-
thermore, it allowed for layers perpendicular to the height of the column, enabling, during
the final restoration phase, a good grip on the layers applied by the restorer to recreate the
original texture. The following process parameters were used: nozzle 0.4 mm, infill 20%,
extrusion temperature of 220 ◦C, plate temperature 50 ◦C, printing speed 60 mm/s, and
layer height 0.2 mm. All details of the 3D printing can be found in our previous work [22].
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For the reproduction in pine wood of the column by means of CNC milling (Figure 6B,C),
the machine was first initialized (including warm-up and calibration phases), and the tools
were assembled and set up (selection of tool position, assembly of the spindle tool holder
collet, assignment of the identification number and probing cycle). Subsequent operations
involved the assembly of the blank on the four-jaw chuck (considering a length of the blank
greater than the actual length of the workpiece) and the setup of the workpiece zero, the
position of which must coincide with the choice made during the design phase on the
CAM software (Fusion 360 software (Autodesk, San Rafael, CA, USA)). Once the CNC
machine setup was complete, the G-code file was uploaded. Due to the non-uniformity
of the surface and section of the wood piece used, an initial roughing/finishing of the
workpiece was carried out using the “parallel” function and a Ø 20 mm milling cutter
(Figure 7A). The passes were carried out parallel to the plane selected, and the tool path
followed the surface in the Z direction. Then, the workpiece was blocked in the chuck,
placing the jaws on the processed area. The processing was continued by always using
the “parallel” function and the following parameters: a Z step of 10 mm, a side step of
8 mm, a cutting feed rate of 1300 mm/min, a spindle speed of 5000 rpm, and an overmetal
value of 5 mm. The milling cutter used was similar to the previous process. By contrast,
the second processing was undertaken using the “parallel” function by a single pass, a side
step of 6 mm, and the value of the supermetal reduced to 1 mm (Figure 7A). Finally, to
reduce the average roughness, the third processing was carried out using a Ø 5 mm milling
cutter, a lateral step value of 1 mm, and an oversize of 0.5 mm. After finishing the roughing
operations, workpiece finishing was carried out. Initially, the capital was processed with a
Ø 5 mm and a 0.25 mm lateral step milling cutter, obtaining an average ridge height value
of 0.032 mm. Subsequently, the finishing of the capital was completed by using a Ø 1 mm
cutter and a lateral step value of 0.1 mm (Figure 7B). The last operations involved finishing
the truncated conical lower part of the column (Figure 7C). In this case, the “linear rotary
multi-axis” function was chosen (lateral step equal to 1 degree and cutter Ø 5 mm). Partial
truncations (90 degrees apart) were made using the “2D contouring” function (three passes
with a Z step of 5 mm) and, finally, a manual truncation of the finished product.

 

Figure 6. PETG column printing with BQ HEPHESTOS 2 printer (A); pine wood column production
with HURCO VM 10 (B); comparison between the two columns produced (C).
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Figure 7. Initial roughing of the workpiece with the “parallel” function and a Ø 20 mm milling
cutter (A); finishing operations on the capital (B); finishing operations on the lower truncated conical
part of the column with the “rotary linear multi-axis” function (C).

4.3. CNC Milling versus FFF: The Case Study of the Missing Column of the Tabernacle

A general comparison between the advantages and disadvantages of the two analytical
techniques investigated, CNC milling and FFF printing, is given as Supplementary Material S1.

In this section, the authors examine the same parameters for each technique, analyzing
them according to the specific application: the reproduction of the missing columns of the
17th-century polychrome wooden tabernacle. There are, in fact, a lot of overlaps concerning
the range of different possible applications. It is well known in the literature that CNC
milling represents the best manufacturing solution for producing strong, accurate, and
heat-resistant objects. However, FFF could be more suitable for different application fields.
In this paper, we focus on a cultural heritage conservation application. We compare the
different design and process steps required by both CNC milling and a low-cost FFF
machine to produce the same column of a 17th-century polychrome wooden tabernacle,
evidencing the advantages and disadvantages of the two building methodologies used for
the same application. It is important to underline that the same column was printed using
the FFF method with PETG and in the CNC milling machine, by using the same wood that
the original tabernacle was made from.

The comparison of the properties of the two materials and the analysis of the accuracy
of the models produced have been reported in previous Sections 4.1 and 4.2. Here, the
construction time, material waste, and total production cost in both cases were calculated
and summarized in the following tables.

The time required for each building step necessitated by the two different technolo-
gies was determined by the laboratory technician using the information provided by the
machines’ software, and it was also recorded using the stopwatch. The results obtained are
reported in Table 2.

The calculation reported in Table 2 suggests that, for this specific application, CNC
milling is more rapid than FFF according to the general considerations, as previously reported.

Table 3 reports a comparison of the costs required by the two building methodologies.
Specifically, Table 3 shows the material cost, operator cost, and tooling cost for both

FFF and CNC milling. The material costs were determined by using the costs of materials
reported on the technical data sheet, considering the amount of each material required by
both FFF and CNC milling techniques to produce the same object. In particular, 210 g of
PETG and 2400 g of pine wood were required by FFF and CNC milling, respectively. The
operator cost for both the CNC and FFF was given by the lab technician, considering the
unit cost of the operator and the total time reported in Table 2, without the duration of
the building process (i.e., 15 h for FFF and 5 h for CNC milling). The tooling cost of each
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machine was determined by considering the price of each machine. In particular, the cost of
FFF is EUR 1000, while the cost of CNC milling is EUR 11,0000. As a consequence of the data
reported in Table 3, it is evident that the total production costs of CNC milling are a great
deal larger than those of FFF. Finally, the mass of wood and PETG waste produced during
the CNC milling and FFF process were calculated. In the case of FFF, the mass of waste is
negligible since it was not necessary to produce supports, and, hence, no waste materials
were obtained at the end of the 3D printing process. The calculation of wood waste mass
(measured in grams) produced by the CNC milling process is reported as follows:

Wood waste mass = mass of the neat wood stock − mass of the produced column

The mass of the neat wood stock was measured by weighing the piece before using it;
it is equal to 2374 g. The mass of the produced column was also determined by weighing it;
it is equal to 240 g. It is, thus, evident that the CNC milling process produces a very large
amount of waste material (about 2134 g).

Finally, Table 4 summarizes all the data collected by comparing the two techniques for
the production of the column of the tabernacle.

Table 2. Comparison between time (h) of CNC milling and FFF for the production of a column of the
17th-century tabernacle.

Time (h) FFF CNC Milling

Design and Machining
Strategies 2.0 4.0

Selection of Process
Parameters 0.5 1.0

Simulation 1.0 1.5
Building Processing 15.0 5.0
Machine Cleaning 0 1.0
Total 18.5 12.5

Table 3. Comparison of costs of CNC milling and FFF for the production of a column of the 17th-
century tabernacle.

Costs (Euro) FFM CNC Milling

PETG Pine Wood Stock

Material Cost 9.45 2.50
Operator Cost 375.00 125.00
Machine Cost 1000.00 110,000.00
Total 1384.45 110,127.5

Table 4. Comparison between costs of CNC milling and FFF for the production of a column of the
17th-century tabernacle.

FFF CNC Milling

PETG Pine Wood Stock

Time (h) 18.5 12.5
Costs (EUR) 1429 110.000
Material Wastage (g) No wastage 2134

4.4. Restoration

Based on the results obtained from the materials’ characterization and mainly from the
comparison of the two production methods used (FFF and CNC milling), which showed
the greater suitability of FFF as a technique to produce the missing column, the final
restoration operations were carried out by the restorer exclusively on the PETG column, as
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reported: preparation of the substrate with Bologna plaster and rabbit glue, modeling of
the stucco with a scalpel, application of red bolus, application of gold leaf with isinglass,
and burnishing (Figure 8C). The success of the restoration is unmistakably shown by the
images in Figure 8, clearly demonstrating the suitability of FFF techniques for this specific
application, as well as the suitability of PETG for this conservative restoration.

Figure 8. Original column (A); PETG printed column replica (B); and PETG column after restora-
tion (C).

5. Conclusions

In this paper, one of the of four missing columns of a 17th-century polychrome
wooden tabernacle was reproduced using two of the most popular subtractive and additive
technologies—FFF and CNC milling—with the aim of selecting the most suitable machine
for this specific application. The analysis of the durability of the different materials used in
the two machines, European pine wood (for CNC milling) and PETG (for FFF) confirmed
that the mechanical properties of both materials decrease after accelerated aging weathering.
However, PETG’s specific features of higher mechanical and wet resistance, stability and
preservation of chromatic properties made it more suitable than pine wood for column
reproduction for conservation purposes. This preliminary result was not a sufficient basis
on which to select one of the two techniques, basing the decision only on the performances
of the used material. For this reason, a deeper analysis based on a comparison between
time, cost, and waste production of the two machines was performed. The calculations
demonstrated that the building time of FFF is higher than that of CNC. However, the
production costs and waste materials connected to the CNC process were much greater than
those connected to FFF. Starting from this result, and considering that the different materials
used for the realization of the two columns does not positively affect the steps of restoration,
the authors selected the FFF process as the most suitable technique for producing the
missing column. The 3D printed PETG column was, hence, successfully restored, clearly
demonstrating the suitability of 3D printing for use in cultural heritage applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ma16083038/s1, Supplementary Materials S1: CNC milling
versus FFF. References [1,9] are cited in the supplementary materials.
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Abstract: The subject of the article is to assess the suitability of over materials over a hundred years
old that are embedded in historic building structures in conditions of contemporary utility challenges
in residential and public buildings. It is based on an example of technical condition evaluation of a
ceramic staircase erected in 1840 and a structure of two reinforced concrete staircases from the year
1910. As a part of in-situ and laboratory tests, the physical and mechanical parameters of unique
historical materials (brick, concrete) were determined. Then the conditions for their incorporation
were inventoried and determined in order to save the unique material and technical solutions used
in the first half of the 19th century and the first decade of the 20th century. The article is a summary
of the research and analyzes carried out in terms of proper handling of historical materials, buildings
and their elements that could still fulfill their original function and be a witness to the history of
a certain era. Both a research case and an application case are described here. It will allow for the
continuation of these studies directly in the facility, thus assessing the effectiveness and suitability
of such methods for use in similar or other situations. The aim of this approach was to introduce a
non-invasive reinforcing technique that would not change the valuable and authentic appearance
of these historic structures. It would also not change their static schemes, and at the same time
would ensure their proper load-bearing capacity, bearing in mind that the materials used here are not
equivalent to current regulations and standards.

Keywords: staircases exploitations; buildings diagnostics; historic buildings; concrete/ceramic
staircases; in-situ/laboratory tests; physical/mechanical parameters

1. Introduction

The inspiration to take up the presented topic was the inquiry of the Provincial Office
for the Protection of Monuments about the possibility of leaving and further to use the
historic staircases in renovated buildings in new conditions. Designers of renovation,
strengthening and modernization works had assigned these structures to demolition due
to the low strength of concrete and because of currently not used technologies [1–25].

Authors of the article decided to evaluate these materials and use them in structures
in terms of suitability for today’s construction and operational requirements. As it was
mentioned above, the subject of the research was over a hundred-year-old materials, of
which the structure of three staircases marked as K1, K2 and K5 (ceramic) were made. The
main idea was to leave them for further use in a new function of the building, i.e., the
Centre for Vocational Education, and indicating the scope and solutions of their possible
reinforcements. The research, the accurate inventory of three subjective structures and
also the research of the elaboration [26–32] were used to carry out the static and strength
analysis and to indicate the reinforcement zones where the materials did not show sufficient
load-bearing capacity.

The ceramic (K5) and concrete (K1, K2) staircases responsible for vertical communica-
tion in buildings have been so far used as fully-fledged load-bearing elements in a public
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utility facility (hospital facility with clinics), until it was shutdown. An object of this rank
had to be regularly inspected, but at the time of performing these elaborations [1,2], their
authors did not have such documents at their disposal. Inspection of the above-mentioned
structures, carried out in December 2021 and April 2022, did not find any deformations and
damage to these structures in terms of excessive deflection, cracks or even scratches exceed-
ing the limits considered acceptable, i.e., 0.3 mm. Initially, the condition of the structure
was considered to be in a good technical condition and suitable for further exploitation.

In terms of diagnostics, it is also important to refer to the applicable regulations
and standards. For calculating the load-bearing capacity of the staircase structure, Polish
Standards were used [20–25], older than the current ones, which were considered to
be closer to the historical solutions at the time when the building was erected with no
obligatory standards. An example is the class of concrete. In the current standards, the
lowest strength class is C12/15 (former designation B15), while at the time of the staircase
construction, these were classes from the B3 to B5 range, in special cases B7 (B7.5). Such
classes can still be found with the Polish Standard from year 1976 [22].

2. Materials and Methods

The aim of the work was to make the research of building materials (shown in
Tables 1–3) and to determine the static schemes that were necessary to perform the calcula-
tions that allows to verify the load capacity of the staircases, e.g., in order to propose the
appropriate reinforcements, where the bearing capacity has been exhausted. As a result of
the analysis, a secondary aim emerged, i.e., to propose reinforcements for areas that were
exhausted in terms of their bearing capacity. As another method, calculations performed on
the basis of the strength results of tested materials should be indicated. Calculations were
made with our own algorithms and calculation programs based on FEM, such as Autodesk
Robot Structural Analysis. Conducted moisture tests of bricks and concrete of the staircases’
structures showed an air-dry condition of moisture, in which the mass moisture content
of the mentioned materials did not exceed 3%. No traces of moisture were found to have
been caused by leaky roofs or capillary humidity rise in those staircases.

2.1. Loads

Both values of permanent and functional loads were adopted on the basis of Polish
Standards [20,21], with corresponding load factors. This corresponded to the values of the
loads assumed for the design of the structure during the erection period of the buildings.
The usable load of staircases was assumed in accordance with “Table 2a Communication
spaces” [21], with a value of 4.0 kN/m2. It is the number of loads required to be transferred
on communication areas in office buildings, schools, research institutes, banks and medical
clinics. The specifics of the above-mentioned rooms do not differ much from those in
hospitals and prison buildings, where the required operational loads are 1.0 kN/m2 less,
the value being 3.0 kN/m2. This load is classified as a long-term, in fact it will be a short-
term or even temporary load. In the combination of loads, only a part of it (its short-term
value according to PN-82/B-02003) described by the coefficient ψd = 0.35 could be assumed,
but its full value was taken into account in the verification calculations due to the fact that
these structures have already passed the technical service life that were assumed for them
(over 100 years). The structures of all three staircases have been verified due to capacity of
the load-bearing characteristic value of 4.0 kN/m2.

2.2. The Perfomance Technologies of Staircases
2.2.1. Concrete and Iron (Steel) for Reinforcement Bars—K1 and K2 Reinforced
Concrete Staircase

The first tests of concrete compressive strength [30–32], carried out on three samples,
revealed a very low class of concrete, of the order of 9.2 MPa ÷ 12.3 MPa (the middle value
was 10.0 MPa), which did not allow for classification within the concrete class currently
in construction. Nevertheless, in first three decades of the 20th century, concrete classes
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with kb = 30, 35, 45, 45, 50 kg/cm2 (currently they should be defined as B3 ÷ B5, there
is no reference to Eurocode 6) were commonly used in concrete structures and concrete
reinforced with iron (steel) bars [25,33]. In the first decade of the 20th century, design
studies of concrete structures at that time, including stairs, class B7.5 (Eb = 140,000 kg/cm2)
concrete was also used and iron for reinforcement bars with Ee = 210,000 kg/cm2 [33]
fragment of the description below—Figure 1 (original, translated from German language).

Figure 1. A fragment of a German-language manuscript that describes properties of materials [33].
Translation below.

“A derivation of formulas and calculation methods with small examples

A. Pure bending I. without considering concrete tensile stresses.

(a) Simple reinforcement. The ratio of the modulus of elasticity of iron εe = 2,100,000
kg/cm2 to the modulus of elasticity of concrete εb = 140,000 kg/cm2

εe/εb = n = 2,100,000/140,000 = 15”

The research of concrete structures from the beginning of 20th century indicated much
higher strength parameters than assumed by their original designers. An example of
this is the research carried out by another laboratory, which has checked the mechanical
parameters of concrete and bricks by the request of the following article authors.

Basing on the compression research of 3 concrete samples according to [30], it was
possible to assume the B12.5 concrete class, which was used quite often in Poland and was
even used in the second half of the 20th century to design and manufacture concrete and
reinforced concrete structural elements. Concrete testing for the K1 staircase (presented in
the following sections), using both the non-destructive and laboratory methods, indicated
much higher compressive strength classes of concrete [28]. On their basis, it was assumed
that on average it will be class C20/25 (B25), but for the verification calculations, lower
parameters of structural concrete, corresponding to class C12/15 (B15), were adopted.
Additionally, the load-bearing capacity of these structures was checked, assuming that they
were made of B12.5 class concrete. Additionally, a series of “in situ” research has been
carried out using the “Schmidt’s hammer” sclerometer, not simply to estimate the concrete
class, but to evaluate the homogeneity in its structure.

It is similar with reinforcing steel (iron, in this case, probably cast). According to the study [25],
the immediate tensile strength of steel with a modulus of elasticity E = 2,100,000 kg/cm2 ranges
from 3700 kg/cm2 (370 MPa) to 5800 kg/cm2 (580 MPa). According to the studies [34], the tensile
strength of cast steel was in the range of Rm = 370 ÷ 450 MPa, so it was practically consistent with
the source cited earlier. These steels can be considered as the equivalent of St3S steel according to
PN-88/H-84020 with Rm = 360 ÷ 490 MPa. This is also confirmed by the research [31], where
basing on the measurement of steel hardness, the tensile strength Rm = 235 MPa was assigned
to it.

This section presents the results of research carried out for the structural elements
made of reinforced concrete of the K1 staircase, which also had a reinforced concrete
railing that served as the stringers of the running plates. The structural thickness of the
running plate and landing is 13 cm, and the utility layer is 3 cm thick terrazzo (Figure 2a).
The reinforced concrete balustrade is monolithised (composite) with the stair tread and
constitutes the above-mentioned cheek beam. Figures 2a and 3 shows the place of collecting
the tested samples. Representative sample No. 7 was collected in the form of a core in
the staircase, which was then tested in a strength press. Sample No. 5 was taken from the
landing. The test was carried out in the Pilot 4 testing machine in accordance with the
applicable standards, the results are presented in Table 2.
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Figure 2. A view of staircases (a) staircase K1, (b) staircase K2.

Figure 3. A view of a staircase with a sample 8 location.

Another tested element of vertical communication was the K-2 staircase, which is fully
monolithic. It was built by the P-3 slab (13 cm thick, with 16 cm thick landing and the
following layers: 13 cm reinforced concrete slab and 3 cm of finishing layers). On both
sides, it rests on 2 B-3 reinforced concrete stringers. In the level of the platforms the slabs
rest on the new supporting structure, and the other side on the wall. They were connected
with a massive B-3.1 reinforced concrete beam in the space between the running plates of
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the landing, probably in order to stiffen the entire structure. The staircase diagram is shown
on Figures 2b and 4. Sclerometric and destructive tests were carried out on the concrete of
running and landing slabs as well as reinforcement iron (steel) inserts.

Figure 4. A view of the K2 staircase.

It was not necessary to carry out a statistical analysis in this example and plan the
experiment, because the samples were made to verify those presented in previous studies.
The general aim was not a new experiment, but to determine the parameters of the existing
structure, which was associated to limit the number of taken samples.

On Figure 2b. The diagram of K2 staircase indicates the place of collecting the research
samples. Sample No. 8 was taken from the landing slab. A core sample was taken
(Figure 5) and then tested in a strength press. Representative sample No. 9 was taken from
the landing.

Figure 5. Core concrete sample No. 8 (borehole diameter 98 mm).

The tests of taken samples were carried out in the Pilot 4 testing machine in accordance
with the applicable standards. The obtained results are presented in Tables in Section 3.

2.2.2. Ceramic K5 Staircase

In the first decades of the 20th century, ceramic bricks were commonly used, the
so-called clinker—with compressive strength Kc = up to 640 kg/cm2, the so-called class I
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masonry with Kc = up to 160 kg/cm2 (16 MPa), class II with Kc = ~100 kg/cm2 (10 MPa)
and sand-lime with Kc = ~180 kg/cm2 (18 MPa). In fact, the strength class of the bricks was
much higher, which is confirmed by most of the research carried out today. The current
condition of masonry structures depends on the conditions in which they were used, as
well as whether the maintenance and repair procedures have been carried out or not. The
collected samples of bricks (walls) from the walls of the building [32] have shown their
examination a considerable range of strength, even up to 30 MPa (in a dry condition, i.e.,
with a mass humidity of ≤3%). The average value of this strength was set at 18.1 MPa. A
similar result was obtained during laboratory tests [28], f = 28 MPa. The ceramic structures
of the staircases did not show any moisture content, so the level of moisture in the bricks
corresponded to the dry condition (acceptable humidity).

This part of article describes tests of the ceramic and vaulted structural elements of
the K5 staircase, which also served as a starting point for the verification calculations. The
load-bearing structure of the staircase consists of ceramic running (bricks and mortar),
landing and landing plates based on walls and iron (steel) beams. The main subject of the
research and analysis of the structure in question if a brick was a running plate (vault with a
thickness of 1

2 brick—12 cm) with an arc arrow up to 24 cm, shown above (Figures 6 and 7),
on which the places of sampling for strength research were marked. Representative sample
no. 1 (core borehole) was taken in the course of the staircase.

Figure 6. A view of K5 staircase.
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Figure 7. A view of a staircase with sample 1 location.

Representative sample No. 2 was taken from the landing (Figure 8). The sample tests
were carried out in the Pilot 4 testing machine in accordance with the applicable standards.
The obtained results are presented in Table 1.

Figure 8. Bitumen sample (a) and a core cross-section (borehole diameter 98 mm) (b).

Table 1. The strength test results for samples no. 1 and 2.

Sample No. Sample Weight [kg]
Average Height of the

Prepared Sample
[mm]

Average Length of the
Prepared Sample

[mm]

Compression
Strength f [N/mm2]

1 (average-horizontal test) 1.387 98 98 28.05
1a 1.385 97 98 27.09
2a 1.385 98 97 28.15
2b 1.387 97 99 28.20
1d 1.387 98 98 28.23
1e 1.387 98 98 28.31
1f 1.387 98 98 28.05
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Table 1. Cont.

Sample No. Sample Weight [kg]
Average Height of the

Prepared Sample
[mm]

Average Length of the
Prepared Sample

[mm]

Compression
Strength f [N/mm2]

2 (average-vertical test) 0.867 122 98 5.00
2a 0.872 123 99 5.05
2b 0.863 121 98 4.93
2c 0.866 122 97 4.83
2d 0.867 122 97 5.09
2e 0.869 123 99 5.02
2f 0.863 121 97 5.09

Slag/the so-called slag mixed with tar, for which the bulk and tapped bulk densities
were determined to be 0.89 g/cm3 and 1.08 g/cm3, respectively.

3. Results

For each staircase, samples 8a–f were taken in the running plate and samples 9a–f in
the landing plate. Results are presented in this section.

3.1. K5 Ceramic Staircase

The obtained results are presented in Table 1—there are two representative samples
(samples 1 were taken within the running plate, samples 2 were taken within the landing
plate), and each had results a–f. Tests were done on different sub-samples from the same
brick, which were taken in multiple places.

Basic statistics presented in the following figures were carried out for the research
results (Figure 9).

Figure 9. Cont.
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Figure 9. A view of statistics (a) samples 1a–1f; (b) samples 2a–2f.

The values of internal forces in the vault were determined using Robot Autodesk
Structural Analysis. The selected calculation results are shown on Figure 10, which shows
an example of the calculation results.

Figure 10. Cont.
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Figure 10. A view of the dialog box (a) map of XX moment, (b) map of YY moment.

As mentioned in the studies [26,27], the ceramic running plates are vaulted struc-
tures and as vaults they did not require separate reinforcement. To calculate the stresses
and check the bearing capacity of the above-mentioned, the structure was verified with
the aforementioned Robot Autodesk Structural Analysis program. Whereas the calcu-
lation results were verified with the Rama R2D2 Intersoft program and the proprietary
algorithm [26], created in the Mathcad 7 program, based on standards [20,21,24]. In the
study [28], the compressive strength of bricks was determined at the level of 28 MPa, while
in the study [32] at an average of 18.1 MPa. Finally, the compressive strength of bricks was
assumed for the verification calculations, equal to 15 MPa and mortar of the class (brand)
of 5 MPa (cement-lime mortar, as it was present here). The principle of the correct shaping
of the vaults was to adjust their shape (the arch height f) in such a way that the pressure
line was within the contour of the loaded element. In this case, we deal locally with tensile
stresses in the ceramic cross-section of the running plate, causing the pressure line to exceed
the cross-section.

3.2. K1 Reinforced Concrete Staircase

The obtained results are presented in Table 2—there are two representative samples
(samples 1 were taken from the running plate, samples 2 were taken from the landing
plate), and each had results a–f. Tests were done on different sub-samples from the same
concrete, which were taken in multiple places.

Table 2. Strength test results for samples no. 5a–f and 7a–f.

Sample No. Sample Weight [kg]
Average Height of the
Prepared Sample [mm]

Average Length of the
Prepared Sample [mm]

Strength on Compression
f [N/mm2]

5 (average) 1.480 98 85 36.4
5a 1.45 99 83 36.3
5b 1.5 96 86 35.9
5c 1.49 97 86 37
5d 1.48 98 84 36.5
5e 1.48 98 86 36.4
5f 1.46 99 84 36.2

7 (average) 0.867 98 98 22.3
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Table 2. Cont.

Sample No. Sample Weight [kg]
Average Height of the
Prepared Sample [mm]

Average Length of the
Prepared Sample [mm]

Strength on Compression
f [N/mm2]

7a 0.859 95 96 22.3
7b 0.873 100 94 22
7c 0.862 99 97 22.3
7d 0.865 97 99 23
7e 0.866 98 99 21.9
7f 0.875 98 100 22.5

Basic statistics presented in the following figures (Figure 11) were carried out for the
research results.

Figure 11. A view of statistics (a) samples 5a–f; (b) samples 7a–f.
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Strength tests of 3 samples (tested in [30]) of concrete used for the structure of stairs
in compression according to [30] has shown its very low class in relation to the current
requirements B10 ÷ B12.5; therefore, it was initially considered that these structures had
insufficient bearing capacity of running plates and landings and should be dismantled
according to the owner and project manager. The subsequent research carried out on a
much larger number of samples, taken from various places of the staircase, showed higher
strength parameters of concrete; therefore, as already mentioned above, the verification
calculations were carried out for two concrete classes B15 (C12/15) and B12.5 (without
modern concrete). The calculation results obtained for the concrete class B12.5 were
assumed as “safer”, despite the fact that the tests indicated a much higher class. In [26],
the actual number of reinforcement bars was compared to the computationally required
amount. This required an additional, more detailed diagnosis on the site before making a
decision to leave the existing condition for further use or to supplement the reinforcement.

The structure of the stairs is made of a running plate (13 cm thick) supported on
the longitudinal wall of the staircase and a running string, which is also a reinforced
balustrade. In the assumptions for the calculations, it was assumed that the balustrade
is entirely a load-bearing stair cheek beam. It was also assumed that the P-1 running
plate is freely supported on both sides, although in fact it can be fixed on one side in
the above-mentioned “cheek”. Sclerometric and destructive tests were carried out on the
concrete of running and landing slabs, as well as reinforcement iron (steel) inserts. Such an
assumption would significantly reduce the span moment, the amount of deflection and
the computationally required amount of reinforcement bars. The performed verification
calculations showed that the inventoried number of reinforcing bars should be sufficient to
transfer the moment, but their spacing does not meet the current code requirements [22],
because it is too large. The permissible maximum bar spacing according to PN [22] should
be the smaller of the two values: 25 cm or 1.2 h = 15.6 cm, i.e., much smaller than the actual
one, set at 24 cm. In this situation, it was proposed to strengthen the boards from the bottom
with one layer of PBO mesh applied on the mineral matrix. General requirements for the
reinforcement of ceramic and concrete structures with the use of composite materials are
given in point 3. The P-2 landing slab is supported on the wall and on the landing beam.
The spacing (17 cm) and diameters of the bearing bars (ø8—the equivalent of S235 class
steel) are computationally and structurally acceptable here, and only these values should
be confirmed directly on the construction site before starting the works. The permissible
maximum bar spacing according to PN [22], as stated above, should be the smaller than the
two values 25 cm or 1.2 h = 15.6 cm (the actual spacing of ~17 cm is close to the permissible
values). If such bar diameters and spacing are confirmed, it will be possible to leave the
structure of the plates without additional reinforcements. The B-1 cheek beam, which is
also a stair railing (balustrade), has a sufficient load-bearing capacity assuming the work of
the entire cross-section, i.e., about 100 cm high.

The problem was the not fully inventoried landing beam B-2, loaded with two large,
concentrated forces originating from the reaction of the B-1cheek beams. With the existing
cross-section, the bottom reinforcement in the form of 8 bars ø18 (equivalent to steel of A-I
class) would be required, while only 2 such bars were inventoried. In the period when the
staircases structures has been made, the concentration of reinforcement was used, which
would be unacceptable at the present time (sketch below according to [33]—Figure 12,
12ø30 in cross-section with b = 20 cm).
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Figure 12. A view of historical structures reinforcement. [33].

At the present times, the width of the beam could not be less than 42 cm. It cannot be
ruled out that the existing reinforcement of the B-2 beam has not been fully inventoried
or that there is an additional iron (steel) profile inside it. The cross-section of two ø18 iron
inserts is Fa = 5.05 cm2 transfers the moment of ~47.5 kNm with a possible maximum
of 177.15 kNm (the required reinforcement is 8ø18 with Fa = 20.36 cm2). Such a large
bending moment could be transferred by the parallelepiped I 200 × 200 (h = 200 mm
and b = 200 mm), produced since 1902, which could easily fit into the cross-section of the
B-2 beam.

3.3. K2 Reinforced Concrete Staircase

The obtained results are presented in Table 3 and Figure 13—there are two representa-
tive samples (samples 1 were taken from the running plate, samples 2 were taken from the
landing plate), and each has results a–f. Tests were done on different sub-samples from the
same concrete, which were taken in multiple places.

(a)

Figure 13. Cont.
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(b)

Figure 13. A view of statistics (a) samples 8a–f; (b) samples 9a–f.

Table 3. Strength test results for sample no. 8, 9.

Sample No. Sample Weight [kg]
Average Height of the
Prepared Sample [mm]

Average Length of the
Prepared Sample [mm]

Strength on Compression
f [N/mm2]

8- average 1.45 98 80 28.27
8a 1.46 99 78 28.35
8b 1.44 96 79 29.01
8c 1.47 95 82 27.66
8d 1.42 97 80 28.99
8e 1.46 99 87 27.83
8f 1.45 98 76 27.75

9- average 1.19 98 70 46.3
9a 1.2 98 70 47.1
9b 1.23 96 71 45.3
9c 1.15 99 73 46.2
9d 1.34 97 72 46.9
9e 1.13 98 69 46.1
9f 1.17 99 67 46.2

The P-3 plate rests on both sides of the B-3 running beams’ cheeks and it cannot be
ruled out that it is fixed in them. For this slab, the reinforcement was inventoried in the
form of 7 bars ø8/per 1 m width (equivalent of A-I class steel) with Fa = 3.59 cm2. This
spacing (every 14 cm) is sufficient to carry the expected loads, therefore no additional
reinforcements are provided for here. The situation is similar with the construction of the
B-3 beam. It was recommended that, prior to the commencement of construction works,
the size and spacing of the reinforcement inserts should be confirmed in an amount not
less than 4ø16 (equivalent to A-I class steel) with Fa = 7.40 cm2.

4. A Proposal to Strengthen the Existing Structures

A very interesting element of the research was the assessment of over 100-year-old
structures, especially the reinforced concrete. It was a pioneering period in the use of
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reinforced concrete. Despite the fact that the requirements then for the strength classes of
materials, diameters and spacing of reinforcement inserts were significantly different from
the present ones, the over 100-year service life of these structures proves that the solutions
were properly adopted at the beginning of the 20th century. The authors of the research,
wanting to keep the existing structures unchanged (to maintain their authenticity), without
additional visible interference, proposed to strengthen them by implementing FRCM
(Fibre Reinforced Cementitious Matrix) composite systems using carbon mesh of ceramic
structures) and PBO (polyparaphenylene benzobisoxazol) mesh (for reinforced concrete
structures). Both types of the nets differed from each other by the terms of strength, density
and spacing of the carrying fibers. Carbon meshes were characterized by the same spacing
of fibers and the same load capacity in two orthogonal directions (it is important for tensile
stresses in two directions in the stair vault—diagrams of the distribution of internal forces
and stresses in the vault Figure 10). For PBO meshes, the main direction of the load-bearing
capacity was determined and the associated much higher fiber density was associated with
it. Both carbon mesh and PBO mesh should be attached to properly prepared substrates in
inorganic matrices and, if necessary, anchored with system connectors.

The FRCM technology using carbon mesh and PBO mesh is now more and more
commonly used to strengthen masonry and reinforced concrete structures, especially those
historic ones. A suitable example of this is central Italy, located in the seismic impact
zone, where the strengthening of the structure with the “FRCM technology” allowed
the preservation of valuable immovable monuments even after several earthquakes. Such
solutions, apart from their strengthening function, should be at the same time not noticeable
enough not to disturb the aesthetics of the visual reception of the rooms in which they
are used, and thus their functional comfort. The thickness of a single reinforcement layer
does not exceed 1 cm, and at the same time it can be an additional fire protection for
shallowly laid reinforcement, because without losing its load-bearing parameters, such
protections can withstand temperatures of 550 ◦C to 600 ◦C. This regards the application of
meshes only on mineral matrices, but not to joints using epoxy resins. Additional finishing
layers, such as plasters, can be applied on the reinforcement. Before the application of
FRCM reinforcements, the pull-off strength research of the substrate should be checked
(this applies to the adhesion of future matrices). It should be not less than 1.5 MPa. The test
should be carried out using the so-called Tear-off mushrooms by gluing them with epoxy
glue to the smooth and cleaned surface, circumferential incision of the substrate and then
tearing them off using a tear-off device, e.g., Positech AT-M. After starting the works, the
wall load-bearing capacity should be assessed in the places of concentrated loads, i.e., in
the places where the stringers, landings and platforms are supported. Such checking and
possible strengthening of wall fragments would also occur when new stair structures rest on
them. The application of the meshes should be preceded by preparatory works with the use
of an appropriate concrete or construction ceramics re-profiling system when the substrate
is uneven, peeling and with cavities. The system described above is used to strengthen
reinforced concrete elements, mainly in the areas of bending, shear and torsional stresses.
Strengthening the stair elements should be performed on the entire surfaces qualified for
this purpose with the above-mentioned PBO composite meshes. As is the case with the
reinforcement of masonry structures with carbon meshes, the application of PBO meshes
must be preceded by consultation with a technical specialist of the system application, who
will indicate to the contractor all the detailed requirements for its use in the case in question
and confirm in writing that the application of the structure reinforcement system has been
completed in accordance with all the requirements set by the manufacturer in the technical
data sheets. It should be performed under strict supervision of authorized persons (works
manager, supervision inspector).

5. Discussion and Conclusions

A comprehensive diagnostic analysis of a building structure often requires the participa-
tion of people with appropriate qualifications and experience, which will allow for appropriate
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orientation and overall assessment of the problem under consideration [1–14,18,19,35–54]. The
construction materials discussed in the article are undoubtedly of valuable historical value,
especially as they come from the pioneering period of implementing concrete and iron (steel)
connections on the European construction market. Their valuable element is also a different
computational and constructional approach to the selection of reinforcement inserts of rein-
forced concrete elements and their distribution in the concrete cross-section of the elements.
Moreover, at the turn of the 19th and 20th centuries, as well as at the beginning of the latter,
materials with much lower strength parameters were used, which, in the aspect of current
research, may equal the materials currently used, but are not identical to them. A particularly
valuable object here are the original ceramic vaulted stairs, for which some concerns may be
caused by their load-bearing capacity due to the expected quite high operational load, i.e.,
4.0 kN/m2, but at the turn of the above-mentioned centuries, the dimensioning of the stair
structure was taken into account already functional loads of 4.0 kN/m2 (below is a fragment
of calculations from 1910 according to [33]—Figure 14- Nutzlast—400 kg/m2—including the
translation from the German language).

Figure 14. The fragment of calculations from publication [33]. Translation below.

“If the calculations are to be carried out for a strip with a width of b = 1.00 m, then
the width of the stairs can be freely changed without reducing the correctness of the
calculations. The average thickness of the steps 18/2 = 9 cm

operational load—400 kg/m2

steps—180 kg/m2

landing plate—408 kg/m2 total load—p = 1000 kg/m2

plaster—12 kg/m2

Since the running plates of the stairs together with the landing plates are a load-bearing
structure with many sub-pores, according to the guidelines of the Ministry, the bending
moment in the middle of the board should be Mśr = pl2/10 × 100. Dimensioning should
be carried out in accordance with table II in the formula book (page 14 no. 15), specifically
for the compressive stress of concrete σb ≤ 40 kg/cm2 and for the tensile stress of iron σb
≤ 1000 kg/cm2.”

The position of the authors of the publication is to preserve the historical substance
to the highest degree of its authenticity, not mentioning about keeping them in general. It
is difficult to carry out reliable research and analyzes in terms of determining the safety
level of the structures left behind, the computational approach of which was completely
different than the current one. Nevertheless, the inspection of the components of the
staircases revealed that, despite over 100 years of exploitation, their deformations or
scratches are not visually noticeable. So far, no measurements of this type have been carried
out. The performed tests and verification calculations allow for the approval of these
structures for further operation after taking into account the assumptions and requirements
described above.

92



Materials 2023, 16, 2302

Structure materials in historic buildings should not be classified as useless in relation
to current regulations and standards, only because of their age. In the considered cases,
parallel to the laboratory research of concrete and bricks, non-destructive tests were carried
out for them using a “Schmidt hammer” sclerometer, which was calibrated on the basis
of samples taken and destroyed in the laboratory. The main purpose of these tests was to
check the homogeneity of the material structure on the entire surfaces of these structures,
which was also confirmed. The quality of the constructions made in year 1840 and in
1910 should be considered as high, and their technical condition as very good.

Currently, science is trying to look ahead towards the development and research of
new materials, technologies, conducting advanced laboratory research, but there are still
historical objects that are the national heritage of each region, which should be preserved
for future generations in full technical efficiency and the highest degree of authenticity.
Universal methods of strengthening, repairs and reinforcement have not yet been developed
for them. This article not only attempts to justify such a necessity and to justify the
preservation of these objects in a version corresponding to the original, but also to maintain
their original function, but in the new conditions of the requirements set by building
regulations and standards. What would science be if it did not transfer the results of
its research to reality, even the one concerning “obsolete” constructions, one of which is
over 180 years old and the other two over 110 years old? These are not standard and
typical solutions, because such solutions in historic structures are still rare. We are dealing
here with three different, and significantly different, technologies of performance of stairs
with currently not used parameters, which have been subjected to multi-format researches
and analyzes of materials, indicating simple but innovative reinforcement solutions, full
responsibility for their implementation and operational safety. Reinforcing composite
materials are already a well-known solution, but it mainly concerns the technology of their
fixing with resins. As a way to strengthen the weakened parts of the structure, solutions
based on the FRCM technology using carbon meshes and PBO have been proposed, which
are described in detail in point 4 of the article, which are still in the research phase, especially
in terms of their strength depending on adhesion to substrates and have not yet been fixed
in standards.

This approach to the problem of historical buildings is a significant part of the sustainable
development strategy, because such buildings can still perform their original functions or can
be used for other purposes. In this way, the need to deposit post-demolition waste in landfills
that are already disappearing or is eliminated. Such solutions do not require the energy that is
needed to produce new materials, transportation and erection of new facilities.
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Abstract: In the case of historic buildings, especially those under protection, it is important to
replace elements of the roof covering, while maintaining current technical standards, to meet the
requirements of the conservator. The authors of the article present alternatives to commonly used
solutions, based on their experience with replacing historic building roofing with ceramic tiles made
according to the production and firing technology of the nineteenth century. They emphasize that the
correct/specialized restoration of existing tiles in a building makes it possible to preserve and reuse
them, which is in line with the principles of historic preservation. However, due to the preservation of
the roof tiles, it is not always possible to revitalize them. As a solution to the problem, the use of clay
roof tiles manufactured according to 19th-century firing technology, including handmade methods, is
presented, which preserves the geometry of the historic roof tiles. The approach presented by the
authors meets both the requirements of conservation theory and the building standards for roofing
elements. Although it is much more expensive than the solutions currently commonly used that
result from modern technical requirements and tile-manufacturing technology, in the case of objects
of significant cultural heritage, it is a solution that meets modern technical requirements while not
compromising the original appearance of the monument.

Keywords: ceramic tiles; historic roofs; old technology; conservation; heritage

1. Introduction

The frequent replacement of old elements with new elements in historic buildings
(such as ceilings, roof trusses, window and door joinery, plaster, roof coverings, insulation,
the body of the walls, etc.) irretrievably deprives them of their historical and scientific value,
causing the problem that after a thorough “revitalization”, what remains is a “candy” new
building that merely imitates the original one. This is not only contrary to the principles of
protection that constitute the rule of law [1–3], but it deprives us of a material legacy that is
a visible sign of the activity and presence of the generations before us.

In particular, when it comes to roofs, it is common to approach original tiles as merely
a technological element that protects the roof of the building from weather, which is usually
understandable, but in the case of historic buildings covered with historic handmade tiles,
it is most often not correct [4–6]. Therefore, if the value of a monument is determined by its
originality, why are the original roofing materials removed in most cases and replaced with
modern machine-made ones?

This paper presents the authors′ proposal on how to simultaneously meet the technical
criteria arising from contemporary technical standards while at the same time satisfying the
requirements arising from the theory of historic preservation. This is of great importance,
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especially in the case of buildings of significant historical and artistic value and those under
the protection of the Office for the Protection of Monuments.

From the point of view of the ceramic tile roofing technology commonly available on
the market and widely used today, it would seem impossible to produce a roof covering
manufactured in accordance with modern building standards while at the same time
meeting the requirements of monument conservation theory. Therefore, ensuring that the
proper requirements of modern building standards are met while ensuring authenticity
and preserving the traces of historic alterations and transformations is an often-overlooked
aspect of the activities of today′s architects and engineers.

The basic classification of roof tiles is based on the material from which they are
made, that is, ceramic tiles (fired from clay) and cement tiles (made from a combination of
cement and sand with additives). Ceramic tiles are slightly lighter than cement tiles and
are available in a wider range of colors. However, the natural red brick shade is the most
popular because it blends best with a variety of facades and surrounding areas.

Of today′s clay roof tiles, the most common shapes used are the Dutch (also known as
S-shaped), overlapping, Marseille, or plain tile (Figure 1). Flat roof tiles are available as
clay and cement tiles. A modern solution is the photovoltaic tile, which makes it possible
to produce electricity. This type of tile is a novelty on the construction market, but is not
recognized by the conservation community.

Figure 1. Examples of different roof tiles.

Over the years, as a result of UV radiation, rain, and other atmospheric conditions, tiles
can become stained, lose color, and thus start to look unattractive (Figure 2a,b). To renovate
the tiles, it is not necessary to replace the entire roof immediately. It is also possible to
renovate them, waterproof the surface, and strengthen the structure with suitable chemicals
based on silane and silicate particles.

The most effective method is to clean the tiles using a pressure washer (Figure 3a) with
a rotary nozzle at a pressure of min. 220 bar. Using this method, loose dirt, moss, and old,
poorly adhering coatings can be removed. Particular care should be taken to thoroughly
remove moss from the tiles.

The most common means of restoring historic roof tiles after cleaning are silicate-
based agents (Figure 3b), which do not add a new color to the ceramics (they are colorless),
thus achieving colorless protection while at the same time impregnating and closing the
pores in the old tiles. This action also protects them from moisture. This is particularly
important under the influence of changing weather conditions. By closing the pores in the
ceramics, the silicates create a smoother finish and thus inhibit moss growth on the roof.
Tile waterproofing treatments are available in gloss, satin, and matt finishes. Unfortunately,
not all roof tiles can be revitalized, especially if their structure and mechanical properties
disqualify them.
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(a) (b) 

Figure 2. Examples of historic roof coverings after many years of use: (a) handmade late medieval
and Renaissance roofing tile; (b) machine-made tiles approximately 100 years old.

  
(a) (b) 

Figure 3. Revitalization of historic roof tiles: (a) cleaning; (b) maintenance.

As the problem of preserving old tiles is very complex and costly, the most common
route is to choose a new material to mimic the old one. The use of new machine-made
roofing tiles has many negative consequences:

• Changes to the appearance of the roof covering;
• The obliteration of the original arrangement of tiles, often of different shapes, built

into the roof slope and constituting evidence of its transformation relevant from the
point of view of monument documentation;

• The necessity of leveling the roof slope for new tiling, resulting in the incorporation or,
worse, the removal of original carpentry elements or their fragments;

• The need to apply new layers, including vapor-permeable foil, which sometimes leads
to a disruption of the microclimate within the loft and acceleration of the biological
corrosion process of the original elements of the roof trusses;

• A reduction in the weight of the roof covering, which in the case of high roofs (e.g.,
churches) and in places of contact with high partitions (e.g., church towers) often
results in the tiles being torn out of the roof slope despite their proper fixing.

For roof coverings of historic buildings, it is important to produce adequate documen-
tation that includes measurements of the geometry of the existing tiles and, if necessary,
their layout on the slope of the roof. An example of such measurements of the geometry of
historic roof tiles to help produce replacements is shown in Figure 4.
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Figure 4. Geometry of historic roof tiles.

It is equally important to determine the degree of technical degradation of historic
roofs and, in the case of undamaged roof tiles, how they should be cleaned, maintained,
and possibly reinforced. The next step is to indicate the extent and manner of replacing the
roofing elements.

Tiles that are part of the restoration and replacements of original ones should be
adapted in a way that does not obliterate the original architectural layout and made in such
a way as to meet the technical requirements, while allowing specialists to recognize the
original and secondary elements, according to the requirements of monument conservation.

According to the authors, one of the most interesting solutions is the use of ceramic
tiles made according to 19th-century firing technology, hand-formed and fired in traditional
coal-fired Hoffman furnaces.

Based on the results of the laboratory tests carried out by the authors and on the
authors′ experience with repairs/maintenance of the roof coverings of historical buildings,
the article shows that solutions are possible and available that meet both technical and
conservation criteria at the same time. This is very important in order to avoid falsifying
the historical appearance of a building, which is unacceptable from the point of view of
heritage protection.

2. Materials and Methods

To compare the physical and mechanical performance of old and new tiles that look
the same, we tested the methods for making historic clay roof tiles, dated as min. 100 years
old. The historic tiles were compared with new tiles made with traditional technology, but
with up-to-date technical parameters. The tests included determining water absorption
and permeability, assessing frost resistance, and a bending strength test. There were 52 tiles
used in the tests, of which one was damaged during transport—sample No. 051 cracked.

Before testing, the material was visually assessed. It was found that:

• The tiles came in various sizes and shapes;
• The age of the tiles was estimated to be around 100 years;
• Traces of various mortars were observed on many tiles;
• The tiles were heavily and moderately soiled;
• Numerous roof tiles were chipped;
• There were numerous traces of biological corrosion on the right (upper) surfaces of

the tiles, which was contributed to by moss and algae growth (visible, for example, on
sample Nos. 010, 029, and 038);

• One of the tiles (sample No. 051) was cracked.

2.1. Water Absorption Test

A total of 30 samples of the dismantled clay tiles (No. 021 to No. 046, No. 048 to
No. 050, and No. 052) were selected from the tiles supplied for the test, dried for 24 h in
an oven at 110 ◦C +/− 5 ◦C (Figure 5a), and weighed to the nearest 1 g. Then, they were
subjected to a water absorption test (Figure 5b) according to the procedure in Appendix
A of the current standard in [7]. The results of the nm mass absorption were between
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nm min = 9.7% (sample No. 031) and nm max = 15.4% (sample No. 029), as shown in Figure 6.
The average absorption for all 30 tiles was 13.9%.

  
(a) (b) 

Figure 5. Absorption test: (a) drying of tiles to constant weight at a temperature of 110 ◦C +/− 5 ◦C;
(b) roof tiles in a chamber with 100% humidity.

Unfortunately, there are no standards for the maximum water absorption values of
clay plain tiles. According to the world′s operating major tile manufacturers, the maximum
water absorption of approved clay roof tiles should not exceed 10%. This water absorption
condition was not met by 28 of the 30 samples.

2.2. Frost Resistance Test

The frost resistance test was performed according to the current standard in [8]. Before
the frost resistance test, 6 tiles (Nos. 021, 024, 029, 031, 038, and 050) were selected from
the 30 tiles (No. 021 to No. 046, No. 048 to No. 050, and No. 052; tile No. 047 was a
broken tile) on which the tile water absorption test was performed. Tiles that were free
from unacceptable damage in the test and characterized by their minimum, maximum, and
average water absorption (2 pieces each) were selected and subjected to frost resistance tests
according to the procedure presented in the standard in [8] (Figure 7). Table 1 summarizes
and compares the tiles before and after the frost resistance test.

The following were observed on tiles subjected to the frost resistance test after the test:
surface scratches, peeling, delamination, and spalling, examples of which are shown in
Figure 8a–c.

According to the standard in [9], the clay roof tiles used in Central Europe should be Class
1; that is, they should not show any of the types of damage specified in Table 1 of the standard
in [8] after 150 freeze/thaw cycles. The condition of resistance to frost was not fulfilled.

100



Materials 2022, 15, 7835

 
Figure 6. Water absorption of selected historical clay roof tiles.

 

Figure 7. Roof tiles in a climate chamber.
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Table 1. Comparison of the visual condition of the selected tiles before and after the frost resistance test.

Tile No.
Appearance Before Frost

Resistance Testing
Appearance After Frost

Resistance Testing

021

  

024

  

029

  

031

  

038

  

050

  

   
(a) (b) (c) 

Figure 8. Frost resistance test: (a) surface damage observed after the test; (b) edge damage observed
after the test; and (c) damage observed after the test.

2.3. Permeability Test

The permeability test was performed according to the current standard in [10]. After
selecting 10 samples (No. 011 to No. 020) of tiles, the tests were carried out according to the
procedure described in the standard in [10] (Figure 9). The tile permeability test consisted
of determining the time that elapsed until the first drop of water fell under the pressure
of the water column exerted on the upper surface of the tile, under normal atmospheric
conditions. The test consisted of lying the tile samples in tap water at room temperature
for 48 h ± 4 h. The samples were then dried at 110 ◦C ± 5 ◦C to a constant weight. The
final step was to cool for 4 h at room temperature. The test lasted no longer than 20 h. The
permeation coefficient (IC) was calculated using the relevant formulae.
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(a) (b) 

Figure 9. Roof tiles during the impermeability test: (a) general view; (b) view of the underside of tile.

The test results for the individual tiles and the time to the first drop of water (h) are
shown in Figure 10. The average time to the first drop of water for the entire test series was
Xi av = 4.98 h. The highest value of the single water absorption coefficient was ICXi av = 0.751.
The mean permeation coefficient was ICXi av = 0.751. The value of the largest single-sample
permeation coefficient was ICXi = 0.988.

Figure 10. Permeation coefficient.

According to the standard in [9], for standard clay tiles approved for Category 1, the
average permeability coefficient of ICXi av should be 0.8 or less, and all values of the per-
meability coefficient of ICXi for individual samples should be 0.85 or less. The condition
for the average permeation coefficient ICXi av was met. The condition for the values of the
permeation coefficients for individual ICXi samples was not met by seven out of ten samples.

2.4. Flexural Load Capacity Test

The bending resistance test was carried out according to the current standard in [7].
After selecting 10 clay tile specimens (No. 001 to No. 010), the tests were carried out
according to the procedure described in the standard in [7] (Figure 11a,b). Figure 12
summarizes the load-bearing results obtained on the selected clay roof tiles tested. The
average failure load of Fav was 0.24 kN.
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(a) (b) 

Figure 11. Flexural load capacity test: (a) tile in the testing machine during flexural capacity tests;
(b) tiles (Nos. 001–010) after flexural strength tests.

Figure 12. Flexural load-bearing capacity of the selected tiles.

According to [9], for approved plain clay tiles, the bending strength should take a value
of min. 600 N (0.60 kN). The bending strength condition was not met in all 10 samples.

In comparison, hand-formed tiles and fired according to the technology of the nine-
teenth century in coal-fired Hoffman furnaces have the properties shown in Table 2 and
meet the requirements of the current standards [7–10].

Table 2. Physical and mechanical properties of the new ceramic tiles produced with the old technology.

Properties Value

Water absorption <10%
Permeability ICxi ≤ 0.85

Frost resistance Frost resistant after 150 cycles
Flexural load capacity ≥1.2 kN

3. Results of Case Study

The laboratory tests carried out for historic clay tiles showed that the roofing material
did not meet the modern requirements for reuse in the renovated building. Basic physical–
mechanical tests reflected the condition of the historic tiles as a material unsuitable for
effective roofing, such as:

• The absorbability (water absorption) condition was not met by 28 out of 30 samples;
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• Although the condition regarding the average water absorption coefficient ICXiav was
met, the value of the water absorption coefficient for single samples, ICXi, was not
met by 7 out of 10 samples;

• The condition concerning frost resistance was not fulfilled;
• The condition concerning flexural capacity was not fulfilled.

In comparison, new tiles formed by hand and fired according to 19th-century technol-
ogy in coal-fired Hoffman furnaces, although almost identical to the historic tiles, complied
with the current standards (Table 2).

To illustrate the applicability of new ceramic tiles produced with old technology, a
short case study of the application of this type of tile in a historic building is presented
below. The reference object is the Salt House (Figure 13) of 1539, located in southern
Poland [11]. It is located in a space between two rows of medieval defense walls erected
before 1220. In 1566, there was a fire in the town, but the building was not damaged besides
a few wooden elements. Extended in 1698, the building was used as a storage house for
salt and grain until the end of the 18th century. In the 19th century, it was partly converted
for use as a prison and the headquarters of the town′s fire brigade. The building served as
the firemen′s headquarters up to the 1990s of the twentieth century.

 

Figure 13. The Salt House elevation view.

The Salt House is situated on a hill within the chamber of the ramparts, i.e., between the
higher and lower lines of the ramparts. This location was due to fire safety considerations,
since the high walls effectively separated the building from the flammable buildings of the
city, mostly wooden, and also protected it from flooding in the event of rainfall and floods.

The Salt House was built on a rectangular plan measuring 33.8 × 18.4 m from basalt
stone and field pebbles bonded with lime mortar with a clay mixture, with the north wall
being coextensive with the inner fortification wall. Its numerous but small window openings
on the southwest, south, and southeast sides of the town could be used as rifle ranges if
necessary. It eventually reached a height of 22 m, accommodating four stories and an attic.

Inside, all of the ceilings received a wooden structure and were supported by wooden
columns. The different levels were connected by stairs in the form of ladders supported
by ceiling beams. Inside the warehouse, a crane was installed to allow for the loading or
unloading of goods. Originally, there must have also been a writer′s room and a weighing
scale on the ground floor level. The main stone-vaulted gate was located on the northeast
side of the building [12–14].

The project documentation created for the renovation envisaged the removal of the
existing 19th-century machine-made tiles of no historical or technical value and their
replacement with new clay roof tiles, with the application of contemporary layers used
in the laying of the new roof, including vapor-permeable foil, which is a commonly used
solution [15], but not always correct.

105



Materials 2022, 15, 7835

Once the work had started, it was found that on the roof, in addition to tiles dating
back to the nineteenth century produced by machine in an amount of approximately 25%,
the majority of the remaining were handmade tiles, including some from the period of the
building′s construction, with four different modes of shaping (flat, segmental, semicircular,
and angular) (Figure 14a).

i oo e a e

(a) (b) 

Figure 14. Different types of roof tiles: (a) historical; (b) new roof tiles in historic dimensions.

It was also found that on the south slope, the tiles were laid in a scalloped pattern (on
the north slope in a lace pattern) with lime mortar fixings with fur and the joints sealed
with wooden shackles.

Following the intervention of the building inspector after the renovation work had
already begun, the voivodeship conservator of monuments changed his earlier decision to
remove the tiles in their entirety and replace them with new ones. He ordered the careful
removal, under the additional supervision of a conservator of works of art, of about half
of the tiles on the southern slope, ordering that the tiles fixed with original mortar be left
on the roof. After analyzing the problem, it was decided to undertake the conservation of
the original roofing elements in situ using a hoist and climbing methods (on ropes), while
reinforcing the slope by introducing additional battens supporting the original ones. This
allowed the original patches and mortar to be preserved and prevented possible damage to
the original tiles during their removal and reinstallation after conservation. Only selected
roof tiles in poor condition were replaced (Figure 14b). These measures were taken after
taking into account all the conservation principles of this type of historic structure [16],
while monitoring the static condition of the structure. Some of the procedures proposed
in [17] were implemented.

The original decision of the preservation office was also modified, ordering that the
original existing roof tiles be cleaned, preserved, and incorporated using traditional mortar
fixing. Not all tiles were suitable to undergo this process due to their technical condition.

Instead of the heavily damaged original and 19th-century machine-made tiles, custom
handmade tiles resembling the original in appearance, but with much better physical and
mechanical properties and with a detailed arrangement of tiles of different shapes on the
roof slope reflecting its historic character, were installed (Figure 15).
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Figure 15. Arrangement of tiles on roof slopes.

4. Discussion

Investigations of historic clay roof tiles have shown significant losses in the quality
of the material as a roof covering used in traditional construction. Their failure to meet
the requirements for water absorption, permeability, and frost resistance results in poor
durability of the material, compared to tiles produced today. Their strengthening through
conservation measures, i.e., cleaning and then structural strengthening with chemical
preparations based on silicates, is possible, as in the case of the case study presented above,
but in the opinion of the authors, due to both the significantly higher costs of this type of
work in comparison to ordinary roofing and the greater technological complexity requiring
the participation of conservators of works of art in the field of ceramics, it is justified only
in the case of historic buildings of particular artistic, scientific, or historical significance.
For historic buildings that are not of such significance, but are important from the point of
view of individual cultural heritage protection or the protection of a larger urban or rural
area [18,19], for example, for the preservation of Genius Loci, the solution proposed by the
authors meets the criteria of cultural heritage protection, whose importance is emphasized
in the document of the International Council of Monuments and Sites [20].
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The use of contemporary handmade roofing tiles, fired in traditional coal-fired Hoff-
man furnaces, which give the shape, size, and color of historic tiles, makes it possible
to achieve a quality roof covering. The importance of this problem can be learned from
numerous publications [21–24].

In the case of the presented case study, the change in the method of investment, i.e.,
the abandonment of the originally designed contemporary tiles in favor of handmade
ceramic tiles made according to 19th-century technology in coal-fired Hoffmann cookers
and the in situ conservation of part of the original tiles, resulted in an extension of the
investment from one to three years and a significant threefold-increase in costs. However,
because of a different method of revitalizing the roof covering of the building compared
to that originally envisaged, it was possible to preserve the historic elements of the roof.
This was achieved in compliance with both contemporary technical requirements and the
requirements of the conservation doctrine, thus precisely complying with the requirements
recommended by UNESCO [25] for the protection of the historic urban landscape.

This is particularly evident where, along with the original, cleaned, and structurally
reinforced roofing elements, new ones have been built in, but produced according to a
model and technology corresponding to the historic technology. On the one hand, this
approach meets the technical requirements of contemporary standards, while on the other
hand, it does not obliterate the original historic appearance of the monument by introducing
modern elements that do not harmonize with the original historic substance. An additional
and perhaps the greatest benefit of the approach proposed by the authors is that, despite
the coherent and harmonious appearance of the historic building′s revitalized roofing, the
use of 19th-century tiles makes it possible and, more importantly, will in the future enable
specialists to identify and differentiate between original and contemporary elements. In
the opinion of the authors, this approach also perfectly fulfills the authenticity document
requirements of the Nara [26] for the preservation of the originality of historical elements.

5. Conclusions

In the opinion of the authors, the use of tiles formed by hand and fired according
to 19th-century technology in coal-fired Hoffman kilns not only meets the technical and
conservation requirements in the case of historic buildings, but also prevents many of
the disadvantages that accompany the replacement of roofing with new, machine-made
contemporary roofing. The tiles, which are a precise reproduction of the geometry, texture,
and color of the original roofing elements, are in keeping with the conservation doctrine
of preserving the traces of our ancestors′ activities and presence as accurately as possible.
They do not introduce cognitive dissonance when viewing the monument, as is the case
with additions or the replacement of original elements with completely new ones, but only
supplement or finally replace the destroyed elements in a way that allows the monument
to be fully perceived in its original form without falsifying its history.

There are doubts about the cost of making new handmade tiles or maintaining old
tiles compared to using contemporary materials. The question is: Is it easier and quicker to
replace the roof covering with a new one made of commonly available materials? While
preserving for posterity the authenticity of heritage buildings, together with their scientific
and historical significance, and fulfilling the requirements of conservation doctrine, we
should revitalize the roof coverings of historic buildings in a way that allows the building′s
unadulterated past to be maintained. This choice should not be questioned.
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Abstract: Reinforced concrete has been a widely used material for the construction of buildings for
many decades. However, with the passage of time, the material characteristics and connection of
structural elements gradually degrade. Development in measurement technology makes it possible
to efficiently obtain data on the current state of the structure and material characteristics using
non-destructive methods, with limited or no destructive testing. The paper presents the analysis of
the condition of the reinforced concrete roof of a 100-year-old theatre building in terms of its further
use after planned modernisation. The tests carried out in situ as well as the computational analysis of
structure are described. Based on the test results, the current load-bearing capacity was assessed and
the limit state conditions were checked. Limitations on the accuracy of the non-destructive test results
in relation to the destructive test results were formulated. Options for the strengthening reinforced
concrete beams with regard to structural and technological considerations were analysed.

Keywords: RC beams; NDT; historic structures; degradation; strengthening

1. Introduction

Poor management and lack of maintenance of buildings that have been in continuous
use for more than a century threaten the durability of the structure and, consequently, the
safety of users [1,2]. Ignoring the need for retrofit work can accelerate the degradation
processes of building materials [3]. External structural elements, exposed to the direct
effects of the environmental influence of the weather, will not wear out quickly if the
facility is diagnosed correctly, and the repairs carried out can effectively extend the service
life [4,5]. Degradation processes are influenced by both environmental factors and the
natural ‘ageing’ of materials. The errors occurring at the design and construction stage, or
incorrect operation or condition assessment, are also factors that can generate hazardous
situations [6–9]. The public buildings should be constantly monitored and should comply
with the most restrictive standards. Properly carried-out renovation work allows them to
operate safely and regain their architectural qualities [10,11].

Reliability of structures, i.e., the ability to meet the requirements of load-bearing
capacity, serviceability and durability, is a fundamental design issue. Methodological
principles for the design of structures in Europe are included in the standard [12], which is
based on the method of limit states and partial factors. In the case of calculation of newly
designed structures, the materials with strength parameters adequate for the load-carrying
requirements placed on them are adopted. The problem occurs with existing structures, for
which static calculations must be carried out that take into account the actual physical and
strength properties of materials and state of degradation. Before proceeding with design
work for the reconstruction, renovation or strengthening of such structures, it is necessary
to carry out a number of tests of material parameters. To avoid design errors, it is reasonable
to analyse the cases of structural failures that have occurred. These failures occur in both
industrial [13–15] and civil structures [16]. Analysis of the origin of unintentional structural
failures provides a valuable testing ground for scientists and designers. The combination
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of advanced research methods together with numerical calculations allows the causes of
loss of load-bearing capacity to be identified, which contributes to improving design work
and avoiding the duplication of errors.

Public buildings constructed in the 20th century were usually constructed as masonry.
Widely known ways of maintaining, repairing or strengthening such structures have been
described in the literature [17,18]. However, between the wars, i.e., in the 1930s, reinforced
concrete structures and mixed or combined structures such as reinforced concrete and
masonry or reinforced concrete and steel structures were also built. These structures were
usually characterised by a long service life, but nowadays, due to their service life of about
a century, they require immediate repairs or complex modernisations. A change in the
function of or way of using the building requires a detailed analysis of the conditions of
the elements of historic structure and the properties of materials used over many years.

The development of measurement technologies is positively influencing the diagnosis
of building structures. Modern testing methods such as digital image correlation [19–21],
as well as laser scanning [22,23] and ultrasonic methods [24,25], allow for non-invasive
monitoring of structures. Non-destructive testing of concrete elements has been popu-
larised in [26–28]. Due to the exposure of the elements to aggressive industrial influences,
chemical tests of the concrete also provide reliable results [29]. The extensive descriptions
of experimental methods of detecting structural damage that use ultrasonic methods based
on the nonlinear Lambda wave principle were presented in [30] and the methods based
on colinear nonlinear mixed-frequency ultrasound can be found in [31]. The systematisa-
tion and summarisation of the latest methodologies and technologies for vibration-based
structural health monitoring can be found in [32].

As a result of the conducted research, it becomes possible to carry out an analysis of
the current technical state of existing structural and architectural solutions. The results
of research also make it possible to carry out calculations that allow for an unambiguous
assessment of the structure’s load-bearing capacity [33]. Strengthened structural compo-
nents are also being experimentally studied in research labs [34,35], contributing to the
development of repair methods. In the case of complex modernisation of the building,
all structural elements should comply with the limit state conditions specified in valid
standards and regulations.

2. Historic Theatre Roof Structure

The described diagnostic measures are illustrated with an example of the research
procedure and concepts for reinforcing the RC roof of historic theatre, located in north-
eastern Poland. The main part of the theatre was built between 1933 and 1938. After nearly
100 years of exploitation, the city authorities decided that the building, which is listed as an
historical monument, needed to be renovated. The aim of the planned work was to bring
the facility up to current standards in terms of stage technology and acoustic requirements,
and, above all, structural solutions to ensure the safety of users.

The load-bearing structure of the building consists of solid ceramic brick walls on lime
mortar, based on concrete foundation walls. The inter-storey floors were built as reinforced
concrete slabs supported on reinforced concrete beams and external walls. The roof slab
was made as a monolithic reinforced concrete structure. The main structural elements of the
roof are the reinforced concrete beams, varying in height from 1.00 m to 1.30 m, on which
the box section roof is supported. The beams, with a clear span of 15.74 m, are supported
on reinforced concrete columns with a cross-section of 0.50 × 0.70 m. Bevels were made
in the support zones of the beams to stiffen the joints. The schematic view of the beams
on the theatre plan is shown in Figure 1a. The structural cross-sections are presented in
Figure 1b–d.
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Figure 1. The layout of the roof ceiling: (a) plan of the beams; (b) view of the beam; (c,d) structural
cross-sections of the beam; (e) layout of the box ceiling.

The box section ceiling structure was made as a monolithic one (Figure 2b). The
dimensions of the ceiling are shown in Figure 1e. In the central part of the ceiling, between
two central beams, there is a skylight of a width corresponding to the ceiling span between
the beams. The main structural elements of the ceiling in this zone are the ribs (Figure 2a)
with cross section 0.30 × 0.12 m. The axial spacing of the ribs is approximately 0.90 m. The
ceiling is insulated with hard mineral wool and covered with two layers of roofing felt.

   
(a) (b) (c) 

Figure 2. View of the beams: (a) at the skylight location; (b) near the column support; (c) connection
to the column.
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A steel-framed technological platform was suspended to the beams above the stage
(Figure 3), providing additional load to the existing structure. The main structural elements
are steel hangers, to which beams made of 180 mm high rolled I-beams are attached.
C100 joists (Figure 3a) are supported on the beams, with steel deck gratings made of flat
bars. Lighting bridges, winches and other equipment necessary for the theatre’s stage are
mounted on the technical platform.

   
(a) (b) (c) 

Figure 3. View of the technological platform: (a) winches: (b) the platform grid: (c) elements attached
to the lower reinforcement of the beams.

Due to the planned change, i.e., increased loads resulting from the necessity to use
new technology, as well as new acoustic requirements, a variant analysis of how to adapt
the structure to current regulations became necessary. Whole equipment comprising the so-
called stage technology was designed to be suspended from the reinforced concrete roof. A
similar solution was applied in the theatre building to that time. An important design aspect
is also the current fire protection standards, which are more stringent than years ago. The
main load-bearing elements, especially the beams, are vulnerable to damage during a fire.
Elements weakened by damage to the cover layer and corrosion of the reinforcing bars are
less able to withstand the temperature of a fire, which can consequently lead to the disaster
of the whole structure [36]. Analysis of the real state of the structure, additionally taking
into account the thermal effects on the state of damaged structural elements, recommends
that specialised calculation models are used [37–39]. The effectiveness of the obtained
computational results is determined by the quality of the diagnostic data entered into the
calculation programs.

3. Test Procedures for Reinforced Concrete Beams

To determine the actual strength parameters, as well as the progress of the degradation
processes of the structural elements, the series of in situ tests were carried out. Non-
destructive (Figure 4) and visual methods of concrete and steel testing were used, and local
excavations were made. Due to lack of knowledge regarding the condition of the structure
at current stage of the study, it was decided not to take specimens for destructive testing
of concrete and steel. The results of non-destructive testing are subjected to a higher risk
of error in comparison to the results obtained by destructive methods. However, in many
cases, they are the only source of data allowing a preliminary assessment of the technical
condition of structure.
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(a) (b) (c) 

Figure 4. Non-destructive testing: (a) Pulse-Echo method; (b) ultrasonic testing using longitudinal
wave transducers: (c) concrete moisture testing.

Visual examination revealed that repair work to the beams consisting of reprofiling
was conducted in the past (Figure 5a). The reprofiling had been carried out incorrectly, as
the concrete cover of the reinforcing bars was found to be missing on significant areas of
beam surface. In addition, the repair mortar easily peeled off after a light impact. This
means that the protective layer did not achieve proper adhesion with the structural concrete.
Numerous irregular cracks, with an opening width that did not exceed 0.5 mm, were found
on the vertical surfaces of beams (Figure 5b,c).

   
(a) (b) (c) 

Figure 5. Visual tests: (a) view of reprofiled surfaces; (b,c) surface cracks.

After removing the roughcast and outer layer of concrete, it was possible to determine
that the cracks in the area of the opencast were superficial. No excessive cracks were found
in the span zone or in the support zone as a result of exceeding the bending moment
limits or the shear force. Potential scratches in these zones were covered up by the applied
cement mortar repair treatments. No excessive scratches were found on the reprofiled lower
surfaces of beams. The roof surface was airtight, and no signs of streaking were observed.
The test of moisture in the structural materials, carried out using a digital moisture meter
(Figure 4c), gave the results ranging from 45 to 60% RH.

To estimate the compressive strength and homogeneity of the concrete of several
structural elements, a sclerometric method was used. On both sides of all beams, 5 surfaces
each were prepared with power tools to read the number of rebounds. On this basis, the
strength of concrete corresponding to contemporary C16/20 class was estimated, noting
that the concrete is strongly heterogeneous. Nowadays, concrete of this class is not applied
for the main structural elements, but only for secondary elements or base layers. A dull
sound was found locally, which is characteristic of delaminated elements with voids and
discontinuities inside the concrete section. The varying rebound number can also indicate
carbonisation of the concrete, which leads to hardening of its surface layer. The process of
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carbonisation is associated with the loss of passivation of reinforcing steel, which can result
in the loss of adhesion of the reinforcement and its corrosion.

In order to confirm the results of the sclerometric tests, the ultrasonic tests were carried
out. Two-sided access to the component using longitudinal wave transducers was used
(Figure 4a). Six measurements were taken on each beam—2 readings in each of the support
and the span zones. Regardless of the location of the transducers, it was not possible to
carry out a measurement due to the high interference and wave dispersion, confirming the
strong degradation of the reinforced concrete elements. Locally, a surface wave velocity
of about 2200 m/s was measured, which, according to [40], qualifies the concrete as weak.
Next, measurements were conducted using transverse waves with a Pulse-Echo transducer
(Figure 4b). Readings were taken for both sides of the beams where measurements were
made with longitudinal wave transducers. The ultrasonic wave velocity was extremely low
and averaged 1100 m/s, where the typical value for concrete is 2000–2200 m/s. In some
places, the measures were impossible. The results confirmed the hypothesis of discontinuity
of the medium due to internal defects in the concrete structure. Plots of longitudinal wave
propagation (measured with single-sided access) and transverse wave propagation (using
the Pulse-Echo head) are presented in Figure 6.

 
(a) (b) 

Figure 6. Wave propagation diagram: (a) longitudinal wave; (b) transverse wave.

Electromagnetic scanning of the beams was carried out to determine the quality of
the reinforcement work (Figure 7). The measurements made it possible to assess the
distribution of the reinforcement, which was then implemented in the static calculations.
Insufficient cover thicknesses were locally found. Initial corrosion processes of the steel
reinforcement were inventoried at these locations. The too-low cover thickness or local
cover losses have a negative effect on the structure’s resistance to fire temperatures.

  
(a) (b) 

Figure 7. Results of electromagnetic scans: (a) linear scan; (b) multilinear scan.

The diameter and distribution of the reinforcement were determined on the examina-
tion of excavations, which were carried out on the beam surface and the analysis of areas
without concrete cover (Figure 8). The number of excavations was limited due to concerns
about the poor technical condition of beams.
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(a) (b) (c) 

Figure 8. Excavations on beam’s surface: (a) at the point where the main reinforcement bars are
connected to the winch; (b) at the point of insufficient cover in the beam span; (c) at the point of
insufficient cover in the bevel.

The research allowed it to be established that the bottom reinforcement of the beam
was made up of 5 Ø32 mm diameter bars of non-ribbed steel. The transverse reinforcement
was made of four-cut stirrups of Ø12 mm bars of non-ribbed steel. In order to simplify the
implementation of the scan results into the numerical model, the distances between the
stirrups were averaged due to the very uneven spacing of the stirrups. At the supports, the
average spacing of the stirrups was assumed to be every 5 cm, further on every 12 cm and
in the middle of the span every 20 cm. The box ceiling ribs were reinforced with 2 Ø12 bars
at the bottom. The stirrups were made as double-cut Ø8 mm bars and were spaced at 15 cm
and 20 cm intervals. Based on archival data from buildings constructed at the same time
and constructed in the same area as the building under investigation, the yield strength of
the reinforcement bars was assumed to be 230 MPa. Details of the beam reinforcement are
shown in Figure 1c–e.

4. Computational Verification of Stress State

The calculations were performed in ANSYS [41], assuming the stress–strain relation-
ships of concrete and steel according to EC2 [42] Section 3.1.7 and Section 3.2.4. The FEM
mesh was assumed to be rectangular in shape, where the maximum side dimension does
not exceed 250 mm. The grid size results from the most favourable calculation time with a
satisfactory level of result accuracy. Beams and columns were modelled with SOLID186
elements, i.e., solid elements defined by 20 nodes with three degrees of freedom per node.
The element is characterised by ductility, high deflection and large deformation capacity.
Reinforcing bars were modelled as reinforcement of the solid elements using REINF264.

On the basis of sclerometric tests, the strength of the concrete was estimated to be
equivalent to contemporary class C16/20 (fck = 16 MPa, fcd = 11.43 MPa), and the yield
strength of the reinforcing steel was assumed to be fyk = 230 MPa (fyd = 200 MPa). The
number and spacing of bars were assumed on the basis of the inventory, the excavations
and the results of the electromagnetic tests. Static calculations for the design values of the
strength parameters of concrete and steel were carried out according to [42]. The effective
width of the box section floor, representing the top shelf of the beam, was also taken into
collaboration. The calculation of the effective width of the beff was carried out according
to [42].

The calculations were carried out for two static schemes, i.e., a frame scheme with
the beams rigidly connected to the columns and an articulated scheme with the simply
supported beams. The plasticisation of the nodes can lead to articulation and hence a
change in the static scheme from a frame to a simply supported beam. In view of the lack of
reliable data in terms of the formation of frame joints, the uncertain quality of the concrete
and steel, and the expected service life over the next few decades, it is reasonable to carry
out calculations for both variants.
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The beams were loaded with dead loads of the roof (g = 5.6 kN/m2), as well as
climatic loads, i.e., wind (w = 0.35 kN/m2) and snow (s = 1.28 kN/m2), and service
loads (q = 2.0 kN/m2). Loads were assumed in accordance with standards [43–45], while
calculation combinations were formulated in accordance with [12]. The results of the
calculation are shown in Figure 9. The programme automatically takes into account the
dead weight of the beam, which is approximately 14.38 kN/m and represents about 40% of
the total dead loads.

 

Figure 9. Static calculation results.

On the basis of the calculations, it was indicated that the ultimate limit state and
serviceability limit state would not be exceeded for the beams rigidly connected to the
columns. In the case of the simply supported beam scheme, the stresses of 202.6 MPa in the
reinforcing steel exceed the normal values of 200 MPa and the ultimate limit state is not
fulfilled by only 1%. It is worth noting that in both static schemes the serviceability limit
state due to deflection is fulfilled.

Especially dangerous for the operation of the beams will be a change in the static
scheme with plasticisation of the joints connecting the columns with the beam. This situ-
ation will result in a redistribution of forces in the beam and an increase in the bending
moment in the span zone. In this situation, the bending capacity of the beam will be
exceeded, which poses a safety risk to the structure and the users of the building. This
phenomenon may occur, for example, in the case of locally lower strength parameters
of materials used to construct the beams compared to the assumed design material fea-
tures. These lower material parameters may by caused by poorly compacted concrete mix
resulting in concrete heterogeneity, delamination and cracking.

However, it should be noted that the static-strength analysis was carried out without
taking into account reductions in the load-bearing capacity of the beams caused by internal
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defects such as possible poor compaction of the concrete mix, delaminations, concrete
cracking and ageing. As a result, there is a real risk of a higher strain on the elements due to
the very poor quality of the concrete and the reinforcement work. The calculations carried
out for the two static schemes showed that in the case of plasticisation of the joints, the
ultimate limit state would be exceeded, even without taking into account internal defects.
Therefore, in the case under analysis, consideration of the decrease in bearing capacity
caused by such degradation would be negligible.

5. Analysis of Opportunities for Strengthening

With regard to the risk of exceeding the ultimate limit state and serviceability limit
state as a result of new designed loads, it is necessary to select an economically and
constructionally optimal design solution. The problem of strengthening reinforced concrete
beams has been analysed many times in available monographs and scientific articles [46–49].
Based on published solutions and their own research experience, the authors have made
a variant assessment of the possibility of reinforcing the existing structure in terms of its
continued safe use.

5.1. Concretising the Existing Structure

One option for increasing the load-bearing capacity is to concretise the structural ele-
ment [50], i.e., to increase its dimensions, above all, the useful depth of reinforced concrete
section. This method simultaneously rebuilds the lost cover layer. During the selection
of the sprayed mix, the factors of environmental aggression and the expected strength
parameters have to be considered. In addition to the parameters of sprayed concrete, the
quality of the strengthening is also affected by the parameters of shotcrete and the type
of machinery used [51]. These factors generate a problem in determining the parameters
of the applied concrete. The literature [52,53] presents the results of experimental studies
related to the determination of Young’s modulus and shear capacity. Thus, this method is
relatively simple in terms of execution, but the reinforcement parameters are very difficult
to determine precisely. In the case of the analysed beams, for which multiple reprofiling
had previously been used, concretising the element would have been troublesome due to
the variable adhesion of the individual concrete layers, i.e., the original and after reprofiling.
The reinforced concrete must also have an adequate compressive strength, which is very
low in the case of the beams analysed. The application of such a method requires the
removal of the carbonatised concrete layer up to the surface of the material with correct
elastic and strength characteristics. On the basis of preliminary destructive tests, it was
determined that it would be necessary to remove the concrete to a depth of several cen-
timetres around the entire circumference of the existing beams. The problem of connecting
the reinforcing layer to the existing uneven-surfaced structure could be solved by using
additional anchors made of ribbed steel bars, set to a depth of several dozens of centimetres,
through high-strength mortar.

The authors also considered the option of surrounding the cleaned surfaces of beams
with 3 mm diameter bar nets, fixed with bars embedded permanently in the original
structure. A few centimetres’ layer of sprayed concrete could be effectively placed on
such prepared surfaces. The similar solution was described in [54], where the supporting
structure of industrial tanks was reinforced.

5.2. Demolition of the Roof Structure

The possible option is to remove the slab of box section roof while leaving the beams.
In this case the beams relief will be provided but, at the same time, the beams will lose
their plate bracing. The partial reduction in load bearing capacity can be expected as the
top shelf of the T-section of beam will be removed. Between the beams, lightweight steel
trusses can be constructed on which the new roof, made of structural steel plate and a
purlin system of cold-formed steel sections, would be supported. The steel trusses would
be supported on steel replacements articulated on the existing columns. This way, it would
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be possible to relieve the load off the existing beams and to transfer all the loads to the new
structure. The beams, carrying only their own weight in this option, could be used to carry
process loads, e.g., from light installations.

The most time-consuming and expensive solution is to remove the entire reinforced
concrete ceiling with beams and build a new roof in lightweight steel construction with
trapezoidal sheet metal cladding. However, acoustic considerations are a contraindication
to the implementation of a steel-framed roof. Due to the low weight of such a structure
and the specific characteristics of the steel elements, additional screens will be required
to dampen vibrations caused by acoustic waves. In case of a decision to demolish the
beams, the most favourable solution in terms of lead time would be to use prefabricated
prestressed beams. Once the existing elements had been cut out, the columns would need
to be profiled to accommodate the new reinforced concrete girders.

It should be noted that the number of box ceiling tests are also required for both the
above solutions. Aging processes and the influence of the external environment (the roof
is most exposed to water and temperature changes) may have reduced its load-bearing
capacity, just as in the case of beams. Determining the degradation state of the roof should
precede design work for demolition. It is important to prevent structural failure also in the
last stage of the structure’s life, i.e., its dismantling. Improperly planned demolition work
can lead to a structural disaster and risk the lives of workers.

5.3. Other Strengthening Concepts

Another strengthening option would be to place steel trusses at mid-span of the beams,
without removing the box section roof. The trusses would be supported on the columns
by steel or reinforced concrete replacements. In this way, the beams would be relieved of
half the applied loads. The risk is the change in the static scheme of the floor slab resulting
from the addition of more supports. The execution problem is the need to weld a steel
structure of low stiffness to a reinforced concrete section in order to get the existing floor to
cooperate with the new truss.

Strengthening by means of reinforcement with composite tapes is often used to
strengthen reinforced concrete beams [47,55]. Such strengthened structural elements are
characterised by various types of damage, which are widely described in [49]. Predictive
models for typical damage are also known [56]. The creep of the concrete and the type
of adhesion are important in terms of the reliability of such a strengthening [57]. Various
configurations of strengthening reinforced concrete beams with composites were exper-
imentally tested in [58]. The commonly used methods of increasing the load capacity
can be divided into passive and active ones. The passive method consists of passively
reinforcing the tension zone of the component with tapes. The composite tape is active
only when the deformation of the structure has increased. In the case of beams considered,
this method would be ineffective, as the dominant load is the dead weight of the roof and
beams. The active method relies on the external pre-stressing of the structure by means
of laminations using tension devices attached to the members to be strengthened. The
undoubted advantage of this method is that the structure does not need to be unloaded
but the problem is the making of the anchor block fixings. Due to uncertain quality and
strong heterogeneity of the concrete, there is a risk that the attachment of the blocks to the
reinforced concrete beams will not be carried out correctly. In addition, due to the close
spacing of the reinforcing bars, it is impossible to fix the anchor bars without damaging
the reinforcement. For both methods, restrictive fire regulations are also a contraindication
to their application. The elements would have to be secured in accordance with current
standards, which would entail additional costs as well as additional incremental loads.

Nowadays, with the development of construction chemistry products, many modern,
specialised mortars are used for dry or wet spray application. The papers [59,60] present
the results of experimental studies of strengthening using repair mortars. The mixtures
are characterised by the possibility of application in any exposure class of structural
elements. Properly selected mixtures can be used even in the most aggressive chloride ion
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environment, i.e., in coastal engineering [61]. The considered beams had previously been
reprofiled, but the repair work was carried out incorrectly. The placement of another spray
layer is considered to be a technically incorrect solution, which will not fulfil the expected
strengthening effect due to the lack of cooperation with the original reinforced concrete
core and will not provide the required load-bearing capacity for the newly designed loads.

6. Discussion

Historic structures in operation should be strengthened in such a way that changes
occurring during the design life, taking into account environmental influences and the
expected level of maintenance, do not reduce the performance of the structure below the
intended level. The design life of the theater’s continued use, according to [12], is 100 years.
However, the poor quality of concrete and reinforcement work, as well as numerous defects
in the structure of the concrete and inadequate reprofiling, indicate the unquantifiable risk
of using the beams for further service [8].

The observed cracks on the lateral surfaces of the beams are mainly caused by concrete
shrinkage. The size of the crack is significantly influenced by the large thickness of the
reinforcement lagging, as well as the insufficient amount and spacing of the horizontal
shrinkage reinforcement. Cracks of this type do not threaten the safety of the structure but
affect the homogeneity of concrete.

The properties of steel bars produced in the early 20th century may now differ signifi-
cantly from their original properties, as they have been subject to an ageing process. As
steel ages, its tensile strength, yield point and hardness change. The loss of steel’s ductile
properties can result in unsignalised damage or failure of the beams as a result of exceeding
the yield strength. It should be taken into account that in the analysed beams, the ageing
process of the steel will continue to progress. Heterogeneity and progressive carbonation
of concrete can negatively affect the properties in terms of protection of reinforcing bars
against corrosion. Progressive corrosion, on the other hand, is associated with the loss of
bar cross-sections, which corresponds to a reduction in load-bearing capacity.

The listed defects may cause a local reduction in the strength parameters of the
materials resulting in the risk of exceeding the ultimate limit state. The formation of
articulations in the connection zones between columns and beams will cause an increase
in the bending moment in the beam spans, resulting in a risk of failure or structural
catastrophe.

7. Conclusions

The research on the historic ceiling and the discussion of reinforcement options allowed
for the formulation of the following conclusions:

• in the case of historic unit objects, limited access to structural elements and the inability
to conduct full destructive testing force the use of a combination of non-destructive
testing methods, without significant interference with the historic building;

• a properly selected combination of non-destructive testing methods allowed for a
comprehensive assessment of the technical condition of the facility, necessary to
develop variants of its strengthening;

• in the case that we are faced with the dilemma of how to preserve a monument in
accordance with the conservation doctrine and at the same time secure it in such a
way that it meets the requirements of the safe stay of people, it is necessary to analyse
the options for repairing the object;

• in the case of historic buildings, the amount of questionable information and assump-
tions is so large that both the survey and numerical calculations only estimate the
results. Therefore, the experience of a construction appraiser who makes proper design
decisions is necessary. According to the principle of “Practice Makes Perfect,” the
greater the experience of the appraiser, the greater the certainty regarding the obtained
results of research and numerical analysis. This affects the effectiveness in making
decisions on the continued exploitation of the building.
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1. Drobiec, Ł.; Grzyb, K.; Zając, J. Analysis of Reasons for the Structural Collapse of Historic Buildings. Sustainability. Sustainability
2021, 13, 10058. [CrossRef]

2. Berkowski, P.; Kosior-Kazberuk, M. Material and Structural Destruction of Concrete Elements in the Industrial Environment.
Procedia Eng. 2017, 172, 96–103. [CrossRef]
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The Use of NDT Diagnostic Methods and Calculations in
Assessing the Masonry Tower Crowned with the Steel Dome
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Abstract: Non-destructive testing (NDT) methods are a diagnostic tool for evaluating the risk of
failure or the need for repair and renovation. In analyzing constructions of high historical value,
destructive diagnostic methods should be avoided. This study is a comprehensive NDT investigation
of the masonry tower topped with a steel dome, a remnant of the overhead telecommunications
network from the end of the 19th century. Visual inspection and research made it possible to assess
the degree of damage to the structure. Stress–strain state analysis showed the sufficient load-bearing
capacity of the steel dome. In addition, calculations have shown that the masonry tower is subjected
to significant horizontal forces causing structure cracks.

Keywords: non-destructive technique; visual inspection; ultrasonic testing; hardness testing; historic
structures; cultural heritage; steel dome

1. Introduction

One of the most significant challenges for sustainable development and cultural
heritage protection is keeping historical buildings in the best possible condition [1–3].
Well-preserved cultural heritage is essential, not only from a historical point of view, but
because it also decides the city’s attractiveness and influences the life and safety of its
habitants [4,5]. As a result, repair and renovation works are part of the life cycle of historic
buildings to avoid deterioration, ageing processes, and eventual collapse [6,7]. The efficient
maintenance of cultural heritage requires experience, broad knowledge, and a sense of
aesthetics [8].

Non-destructive testing (NDT) methods are often used as a diagnostic tool for struc-
tures to inform about the risk of failure and the necessity of repair and renovation [9–11].
Their popularity in the examination of historic structures derives from the fact that NDT
methods detect defects and evaluate the conditions of the materials without a necessity to
destroy the studied element [12]. Additionally, NDT can be carried out not only during
the exploitation of the object, but also during the construction stages to inform about its
compliance with assumed requirements and properties [13].

This article presents the case study of the diagnosis and assessment of the historic post
office building in Chorzów, Poland, which is around 130 years old. The methodology of the
investigation process is divided into several stages, which is shown in Figure 1. The first
step, while estimating the conditions and problems of the structure, is always connected
with the visual assessment, which leads to the selection of the research methods. Later,
the experimental investigation is provided to collect all the necessary information about
the used materials and damage degree of the structure. The authors chose to use NDT
methods because the studied building is a part of cultural heritage. Namely, hardness
testing to check the grade of the structural steel was used because of its popularity and
ease of implementation. Ultrasonic testing and microscopic methods were applied to the
evolution of corrosion rate and thickness loss.
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Figure 1. Stages of analysis of the technical condition of the structure.

1.1. Visual Testing

Visual testing is the oldest known NDT method and should be carried out as the
first of all the NDT methods planned for diagnostics and testing [14,15]. It allows access
to the following: the condition of the external surface of the element (surface method);
the presence of any discontinuities (cracks, pores, voids, undercutting, sticking); shape
defects; deformations; dimensional deviations; incorrect assembly; and operational dam-
ages (corrosion, fatigue erosion, leakage) [16,17]. To determine the element’s dimensions
or observed discontinuity, measuring devices such as calipers, depth gauges, and weld
gauges are usually used [14]. Additionally, inspection mirrors, borescopes, endoscopes,
periscopes, videoscopes, or drones may be required while diagnosing hard-to-reach places.
Moreover, to observe the microstructure of the element microspores are used and when
detailed analysis is needed, scanning electron microspores (SEM) are used [18–20]. It is
also worth mentioning that the visual testing method is usually applied with some other
NDT method.

1.2. Hardness Testing

Hardness testing distinguishes static and dynamic methods [21]. Within the former,
the most popular ones are Brinell, Rockwell, and Vickers [21–24]. In all of them, the material
hardness depends on force loading the indenter and permanent deformation caused by the
action of this force. On the other hand, in the dynamic method, the hardness is measured
based on the impact effect of the indenter on the researched surface. This method is
relatively fast and easy to perform and, as a result, only minor damage to the specimen
occurs, namely minor marks which are left on the tested surface [25]. In Shore’s dynamic
method, a steel weight ended with a hard indenter freely falling from a certain height, and
the height of reflection from the tested material is measured [16]. It is noteworthy that some
dynamic methods require a minimum mass and wall thickness of the tested object [26].
In [27], Useinov et al. studied the differences in hardness results at micro and nanometer
scales. On the other hand, Huber and Heerens [28] highlighted the influence of a general
residual stress state on indentation and hardness testing. Finally, the effect of steel heat
treatment on hardness results was observed in [29].
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1.3. Ultrasonic Testing

Ultrasonic testing (UT) is a volumetric method that yields the detection of disconti-
nuities inside the tested object, its size, and its location [14,18]. Thanks to this tool, it is
possible to receive information about the state of its interior and microstructure [22]. A
bundle of ultrasonic waves is introduced into the element [14]. Then, due to the reflection
from material discontinuities, it gives indications on the screen of the ultrasonic device.
Afterward, the location and size of the detected discontinuities can be assessed based on the
obtained information. It must be mentioned that the UT method applies to materials with
good acoustic characteristics, allowing the ultrasonic wave to propagate [30]. These are
materials with an isotropic and fine-grained structure. The most dangerous internal defects
in materials and welds (cracks, tears, sticking, loss of penetration) can be detected using
the UT method [16]. Moreover, it is possible to measure the material’s thickness when it is
accessible from only one side [16]. This is conducted by analyzing the time the wave travels
through the studied element [31,32]. Additionally, modern thickness gauges yield accurate
measurements without the need to remove the paint coating [33]. The ultrasonic leak
testing also belongs to the UT method and gives information about the location and size of
the leak. It is predominantly used to examine structures with high requirements regarding
tightness, such as ships and tanks. In this method, the ultrasonic waves are emitted inside
the object and if any discontinuity exists, the waves leave through them, recorded by the
receiver outside the structure [34,35]. Nowadays, advanced UT techniques, such as UT
phased array and UT TOFD, are more widely used. The former is based on introducing a
bundle of ultrasonic waves excited in different configurations with phase shifts into the
element, followed by their reception, while preserving the previous phase shifts [14]. This
method is often used for elements with complex shapes and weld joints, as well as to
monitor corrosion processes and create corrosion maps [36]. On the other hand, in the
UT TOFD method, a bundle of ultrasonic waves is introduced to excite diffraction waves
on the existing material discontinuities. Then, it is received and different flight times are
measured [14]. It main application is found in examining the presence of cracks and their
size in welded joints [37]. Furthermore, it is characterized by high detectability, a limited
number of false readings, accurate geometry measurements of discontinuity, and a short
execution time [38]. In the literature, Lin et al. proposed to use advanced UT techniques to
evaluate the steel-bridge weld joints [39]. Additionally, due to its high testing speed, high
efficiency, and immediately obtained results after the test, UT is one of the most commonly
used NDT methods in the evaluation of steel structures, during both manufacturing and
exploitation [40,41]. However, as every method of UT has its limitations and for increased
roughness of the external surface of the object, the testing possibilities decrease.

A summary of the selected NDT method’s advantages and limitations, together with
application indications, is shown in Table 1 [42,43].

The next stage in assessing the historic structure’s technical condition after a non-
destructive diagnosis is connected to calculations and numerical analyses. There are three
situations in which the exploited building may be verified. Namely, the analysis of an
undamaged, damaged, or strengthened structure can be conducted (Figure 1). It must
be mentioned that the steel structure has to resist forces from self-weight, live load, dead
load, wind load, snow load, and accidental load. Besides this, changes in the structure’s
temperature resulting from summer heating and winter cooling generate significant mate-
rial stresses [44]. As a result, they must be considered while analyzing the element. Lien
et al. [45] studied the non-linear behavior of steel structures subjected to heating and cooling
stages. They confirmed that the elevated temperatures greatly influence the deformations
of the steel frame, including deflections and displacements. Moreover, the temperature of
the steel structure varies from the surrounding air temperature and can be non-uniformly
distributed within the element [46,47]. Another important issue concerns the temperature at
which the object was constructed because this phenomenon directly influences the thermal
stresses induced in the material during exploitation [48]. Regarding the material properties,
it should be considered that steel tensile and yield strength decreases with increasing
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temperatures [49,50]. However, it must be highlighted that both high and low temperatures
have a negative influence on steel structures. Namely, when cooling down, steel becomes
more brittle and losses its ductility [51,52], which is dangerous for the structure and may
lead to failure. In conclusion, the problem of extreme temperatures has to be appropriately
considered and addressed while analyzing steel structures.

Table 1. Advantages and limitations of selected non-destructive testing methods.

NDT Methods Advantages Limitations

Visual testing

• Portable
• Inexpensive
• Commonly known
• Easy to implement
• Minimum preparation time
• Little or no special equipment

• Only large flaws possible to detect
• Misinterpretations when disruptive optical

effects or poor visuality

Hardness testing

• Portable
• Commonly known
• Easy to implement
• Can be adapted to various types of materials

• Requirements for surface preparation
• Possible deformations due to cutting and

grinding
• Influenced by various factors

Ultrasonic testing

• Portable
• Low costs
• Rapid results
• High sensitivity and detectability
• Flaw detection deep in the element
• Some capacity to access the location, size, nature, and

shape of the discontinuity
• Applicable also for elements with complicated shape

• Long detection time
• Need for coupling agent
• Difficult to study small, thin, and complex

elements
• Good acoustic characteristics of tested

material required
• For relatively smooth surfaces, limitations

when roughness increases

Finally, a proper assessment of the technical condition of the structure leads to a
statement about the further possibility of the functioning of the structure (Figure 1). The
hazard of failure, or even collapse, should be eliminated not only for the safety of people,
but also for surrounding buildings. Additionally, when it comes to the historic structure,
the cultural heritage value should be taken into account. Therefore, the comprehensive
assessment of the structure should be a combination of tests, measurements, engineering
calculations, numerical analysis, and finally, guidelines for repair works. All of these stages
were applied in assessing the technical conditions of a steel dome built on top of a brick
tower of a post office in Chorzów, Poland.

The contribution of the presented case study research relies on showing the practical
implementation of the theoretical background. The paper indicates the successive steps
of diagnosis and evaluation of the historical building that should be taken. The analysis
reveals the importance of a holistic approach during structural analysis. The article presents
how experimental and numerical analysis yields the consideration of phenomena that
were neglected in the past. Namely, the temperature influence was not considered while
designing the steel dome built on top of the brick tower. The research significance of the
work also appears in presenting specific renovation solutions for the structure. Nowadays,
more and more structures designed for a 50- or 100-year service life require an assessment
of the technical conditions. The article suggests the research methodology and presents a
comprehensive case study.

2. Case Study

2.1. Historical Background

The building was erected in 1891–1892 in the neo-gothic style, according to the design
of J. Schubert. The building was expanded in 1911 according to the design of F. Nhagen (a
wing called the parcel department was added). The post office was entered into the register
of monuments on 30 October 1984. Since its construction, the building has been one of the
city’s landmarks.
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2.2. Architectural Values and Building Structure

The building is a two-story building, topped with a hipped roof with dormers. The
building was erected on an irregular plan. The brick tower was built on an octagonal
plan, ending with the subject steel dome with a spire. The element crowning the tower is
a remnant of the overhead telecommunications system from the end of the 19th century.
Apart from the architectural role, the steel elements of the dome also played the role
of a complex antenna system in itself, which was unique at the time of its construction.
The facade is made of red clinker bricks, decorated with glazed green and brown bricks.
Figure 2a shows the entrance to the post office. The binding of masonry elements with
colored masonry elements, which are decorated around the window openings, is shown in
Figure 2b.

  
(a) (b) 

Figure 2. Architectonic details. (a) The facade of the building with a visible main entrance; (b) deco-
rations in the form of colored bricks around the window opening.

The brick part of the tower is topped with a flat wooden roof. A steel hatch in the flat
roof leads to the interior of the openwork structure of the dome. The construction of the
cupola consists of different rod elements. The main load-bearing elements include eight
steel ribs (Figure 3). The rib cross-section consists of two arches, stiffened at the ends with
flat bars. The maximum width of the cross-section is 38 cm (Figure 4a), and the thickness
of the rib is, on average, 15 mm. In the place where the ribs are constrained, U-shaped
stiffening sheets are inbuilt. In the lower part of the dome, the ribs are connected by a deco-
rated steel balustrade (Figure 4b). Above each intercostal segment, nine L45 × 45 angles
were made. The top of the dome consists of steel pipes and flat bars that support the bell,
crowning the helmet as a whole.
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Figure 3. Side and top view of the dome: 1—brick tower; 2—ribs; 3—angles; 4—helmet; 5—spire;
6—decorative railing.

  

(a) (b) 

Figure 4. Steel dome structure. (a) View of the balustrade surrounding the dome; (b) the 38 cm width
of one of the dome’s eight supporting ribs.
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3. The Technical Condition and Diagnostic Methods

3.1. Macroscopically Observed Abnormalities

During on-site inspections carried out at the facility, certain damages may occur,
including the corrosion of dome structure elements, incorrect connections of the dome
structure elements, local constrictions of load-bearing elements, corrosion of steel built
around the flat wooden roof, cracks on the tower’s masonry structure, and overgrowing
vegetation on the tower body (on the facade).

Paint chips were visible on the dome’s structural elements, partly due to the corrosive
processes under the paint coating (Figure 5a). The unprotected steel parts of the helmet were
exposed to unfavorable weather conditions, including rainwater or moisture condensing
on the steel surface. The apparent lack of proper structure protection with paint coatings
led to the intensification of corrosion processes and a reduction in the effective cross-section
of the element involved in the transfer of loads.

  
(a) (b) 

  
(c) (d) 

Figure 5. Technical problems negatively impact the structure’s technical condition. (a) Corrosion of
the L45 × 45 angle, and visible bursting of the painted surface with corrosion products; (b) support
for the L45 × 45 angle section at the connection with the rib; (c) corrosion of steel profile around the
flat wooden roof; (d) cracks in the masonry structure below the flat wooden roof, and vertical and
horizontal damages; *the arrows indicate cracks.

The structure inspection showed that the dome elements’ connections were mainly
designed to be bolted (or riveted). In the present state, all connection points are covered
with paint, and locally in some places, it is visible that the elements were welded together
at the point of connections with the use of connectors (bolts/rivets). This was supposed to
“strengthen” or “preserve” the connection, but such a solution cannot be considered correct
(Figure 5b). Moreover, undesirable constrictions of the dome’s structural elements were
locally visible, which reduces the load-bearing capacity of the bars in these places.

The roof, which separates the part of the brick tower from the steel, openwork helmet
of the dome, is a wooden-beam structure. The technical condition of the flat roof can be
considered reasonable; however, the dampness in the place where the rest of the beam is
located is disturbing. A steel element runs around the flat roof. It was found that this highly
corroded profile may suggest the accumulation of moisture in this place. This element is
probably the lower circumferential brace of the dome. Figure 5c shows the high degree of
corrosion of this element.
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Below the flat wooden roof, numerous cracks in the masonry structure are visible from
the inside of the tower. The damages are visible to the naked eye from the internal steel
staircase. The cracks are vertical and horizontal (Figure 5d) and run along the circumference
of the tower body. In the corners of the openings, diagonal cracks with a smaller width are
visible—these are places of stress concentration resulting from lower stiffness. The damages
are located below the flat wooden roof up to the upper edge of the window openings (a few
meters worth of crack strips). The crack opening is at least 2.0 mm.

The abnormalities also include vegetation on the facade of the tower body, which can
lead to the biological corrosion of the masonry structure or significant wall dampness in
these places.

3.2. Non-Invasive Structure Diagnostics and Calculations

Various non-destructive diagnostic methods were used to determine the damage to
the structure and establish the causes of abnormalities. Microscopic imaging enabled
the assessment of the degree of corrosion of the steel elements. The analyzed areas were
photographed with 50-times zoom. Such an enlargement made it possible to locate micro-
damage and cracks in the steel.

The actual thickness of the elements was verified using the ultrasonic method. The
tests were carried out using the SONO M460 device by Metrison, Poland. The device is
an ultrasonic thickness gauge designed to perform very precise, fast, and non-destructive
measurements in the range of 0.65 mm to 600 mm. The device works with many heads
that measure the thickness of the walls of pipes, tanks, and structural elements, both in the
range of small thicknesses and those whose temperature can reach up to 300 ◦C, as well as
corroded objects and those covered with a protective layer.

The device allows for the smooth adjustment of the ultrasonic wave speed according
to the tested materials in a range from 1000 to 9999 m/s. It is also possible to use ready-
programmed wave-speed settings for 22 types of materials, including the basic ones, such
as steel, non-magnetic steel, aluminum, brass, copper, iron, cast iron, gold, silver, zinc,
tin, nickel, titanium, epoxy resin, plexiglass, P.V.C., and ceramics. To obtain an even
more accurate measurement result, the SONO M460 (Metrison, Poland) needs calibration
performed by the user on samples of the measured materials. The thickness gauge used in
the tests was equipped with a MEE5 5MHz ultrasonic head, which enables measurement
in the range 2.5–100 mm.

The hardness tests were used to determine the actual steel grade of the cupola structure.
Sauter HMM (Balingen, Germany), a type D device, was used. A rebound sensor was
driven against the surface of the tested element with spring force. Depending on object
hardness, the kinetic energy of the module is absorbed, and the speed reduction is measured
and converted to the hardness values (Figure 6).

Figure 6. The principle of measuring the hardness of the element: 1, tested element; 2, movable
mandrel; 3, housing of the device; 4, interior spring; VI, velocity in impact phase; VII, velocity in the
rebound phase.

The voltages were proportional to the velocities and were processed and displayed
as the hardness value ‘L’ (Leeb value). The surface of the tested steel should be flat with a
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metallic luster, and with no oxide skin or other dirt. In practice, obtaining such a surface is
not easy, especially if there are corrosion losses in the steel (Figure 7). It should be added
that the test sample should also be hard and stiff; otherwise, it may cause erroneous results.

  

(a) (b) 

Figure 7. Cleaning the steel structure of paint coatings for hardness testing. (a) Tested area 1 of the
main rib; (b) tested area 2 of the main rib.

Additionally, static calculations were performed on the spatial model to verify the
stress state in the dome structure. The structural steel grade S235 was assumed. The
structure was subjected to self-weight, wind, and climatic temperature loads. The value
of the initial temperature T0 in Poland was assumed as 8 ◦C. The maximum heating
temperature predicted in the calculations was 36 ◦C, and the cooling temperature was 32 ◦C.
The calculations were also corrected, taking into account the height of the building, located
at a height of 264 m above sea level. The analysis was made following the recommendations
of the Eurocode. The cross-sections of the main load-bearing elements and the structure’s
geometry were prepared based on an inventory made during on-site inspections (Figure 8).
The loads were applied using load-panel-surface elements that transfer loads to structural
elements. Calculations make it possible to assess the stress–strain state of a structure, thus
determining the scope of the strengthening of structural elements.

 

Color element: Profile: 

 balustrade, part I 

 steel angles 

 balustrade, part II 

 steel C-profile 

 main ribs 

Figure 8. View of the spatial computational model.
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4. Results

4.1. Results of Non-Destructive Testing

The hardness tests of structural steel in four selected places were analyzed. The result
of the test was single rebound values (Leeb hardness number). The measurement results
are presented in Figure 9.

Each measurement point was tested with eight approaches. The apparatus required at
least five correct rebound results to determine the tensile strength and yield point correctly.
If the measurement result was unreliable (gray color in Figure 9), it was not included in
the estimation of mechanical parameters. The maximum standard deviation for the six
rebounds was obtained at the second measuring point and amounted to 8.64. The yield
point was obtained in two test points (first and second). The grade of the built-up steel was
S235, although the results that were obtained suggest that the steel’s yield strength was
higher and lower. Analyzing steels with alloys different from those currently used required
expert assessment, particularly when applying the currently applicable standards, including
assigning steels to current strength categories. Microscopic imaging made it possible to
estimate the size of and damage to the structure of the steel structure. Thanks to this, it was
possible to exclude cracks in the steel itself, and the cracks were mainly related to the paint
coating. Moreover, remnants of another paint were discovered as shown in Figure 10.

 

Statistics: 

-number of measurements: n = 5, 

-mean value of the measurement: Lmv = 352 HLD, 

-standard deviation: sL = 6.20. 

Strength parameters of the material: 

-steel according to PN-EN 10210-1: S235, 

-tensile strength fu(Rm) = 360 MPa, 

-yield point fy(ReH) = 235 MPa. 

(a) 

 

Statistics: 

-number of measurements: n = 6, 

-mean value of the measurement: Lmv = 357 HLD, 

-standard deviation: sL = 8.64. 

Strength parameters of the material: 

-steel according to PN-EN 10210-1: S235, 

- ensile strength fu(Rm) = 360 MPa, 

-yield point fy(ReH) = 235 MPa. 

(b) 

Figure 9. Cont.
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( )

 

Statistics: 

-number of measurements: n = 7, 

-mean value of the measurement: Lmv = 345 HLD, 

-standard deviation: sL = 6.74. 

Strength parameters of the material: 

-steel outside the grade, 

-tensile strength fu(Rm) = 319 MPa, 

-yield point fy(ReH) = 207 MPa. 

(c) 

 

Statistics: 

-number of measurements: n = 7, 

-mean value of the measurement: Lmv = 389 HLD, 

-standard deviation: sL = 6.96. 

Strength parameters of the material: 

-steel according to PN-EN 10210-1: S275, 

-tensile strength fu(Rm) = 430 MPa, 

-yield point fy(ReH) = 275 MPa. 

(d) 

Figure 9. Test results for the steel structure of the dome. (a) Measuring point 1; (b) measuring point
2; (c) measuring point 3; (d) measuring point 4; gray color, unreliable rebound result omitted in the
estimation of mechanical parameters.

  
(a)  (b)  

  
(c)  (d) 

1000 μm 

1000 μm 

Figure 10. Microscopic imaging results. (a) Measured the size of the corrosion product 2134 μm; (b)
thickness of the corrosion pitting 366 μm and 471 μm; (c) damage to paint coating, 1806 × 1837 μm
size; (d) cracks in the paint coating, maximum size 1066 μm.
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Based on ultrasonic tests, the size of corrosion damage was estimated. In some cases,
the cross-section loss reached up to 11% (Table 2).

Table 2. Results of ultrasonic tests-measurement of the actual thickness of steel angles.

Tested Steel Angle Element 1 Element 2 Element 3

Measured thickness
range 5.98–6.00 mm 4.75–5.38 mm 5.65–5.67 mm

Average thickness 5.99 mm 5.31 mm 5.66 mm
Corrosive loss 1% 11% 6%

4.2. Results of Calculations

The stress method was adopted, comparing the maximum stresses with the assumed
structural steel yield strength. The magnitudes of stresses in the main load-bearing element
ribs are shown in Figure 11 and Table 3. Stresses for the other steel elements are shown in
Figure 12.
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Figure 11. Stresses for main ribs of cupola. (a) minimum values; (b) maximum values.
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Figure 12. Stresses for the other steel elements. (a) minimum values; (b) maximum values.
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Table 3. A summary of the tensile and compressive stresses of the main ribs of the dome.

Maximum Stress, σd,max Minimum Stress, σd,min Stress-Strain State, |σd|/fyd

53.92 N/mm2 - 0.23
- −71.18 N/mm2 0.30

It can be assumed that the design stresses in the ultimate limit state (ULS) along the
length of the bars did not exceed the steel yield stress (local exceedances exist at the point of
connection of the elements with the steel ribs). Stress concentration occurs in the connection
between particular elements. The structural arrangement of the dome insures the main ribs
against buckling. The structure is not susceptible to a global or local loss of stability. The
structure’s temperature changes, resulting from heating the elements in summer or cooling
them down in winter, generating significant forces in the dome-support area. Reaction
value forces in the supporting area are shown in Figure 13.

 

Rxyz, kN 
 +16.63 
 16.31 

 

Rxyz, kN 
 +24.94 
 24.47 

 

(a) (b) 

Figure 13. Reactions in the supporting area. (a) characteristic values (b) design values.

5. Discussion and Conclusions

The study demonstrates the usefulness of non-destructive methods in assessing a
structure of unique historical value. The preliminary stage for the evaluation of the scope
of the research was an on-site inspection. Then, structural steel hardness tests were carried
out to assign the steel grade. The calculations made it possible to verify the load-bearing
capacity of the elements.

During the local inspections, numerous cracks in the masonry tower were found. The
morphology of the cracks indicated the initiation of tensile stresses on the inside of the
tower. The vertical circumferential cracks suggested that forces were transmitted where the
steel dome is attached. Nevertheless, damage to the masonry led to the degradation of the
monument and lowered the stiffness of the entire tower structure.

These problems can result from the thermal stresses generated in the structural el-
ements of the steel dome during intense heating or cooling. The external factors are
determined by season. High stresses were, in the original form, to be taken by the cir-
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cumferential steel ring connected with the main ribs of the dome. However, the existing
perimeter profile in the flat roof level is highly corroded and locally cracked. Its structural
function is not fulfilled. The perimeter beam’s crack should be considered a direct cause of
visible cracks in the masonry structure.

Therefore, making a new ring that supports and absorbs the horizontal forces is
necessary before starting repairs to the masonry structure. The tower’s masonry structure
should be preserved to limit the propagation of cracks or new damage. The conducted
analysis shows how important a holistic approach to structural diagnosis is. During the
research, it may turn out that the observed abnormalities result from many different factors.
Identifying the causes of damage to historic structures is a challenging and not obvious
task. Non-destructive diagnostic methods fit in with the approach that is a compromise
between preserving the complete historical form in every aspect and the need to verify the
structure.

The repair of the building will consist of recreating the steel-ring top beam below
the dome, which prevents the transfer of horizontal forces to the masonry structure. An
additional reinforcement in the bed joints of the masonry tower structure would ensure the
crack opening’s limitation.
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Abstract: This paper discusses changes in the microstructure and water absorption of thin-coat
mineral-based plasters after prolonged exposure to the external environment and infected with
biological corrosion. The results of laboratory and field tests for external thermal insulation composite
system Styrofoam-based plasters are presented. The test samples were taken after 6 years of exposure
to the external environment. The microstructure parameters such as porosity distribution and water
absorption of the plasters were evaluated. The pore size ranges that were sensitive to frost corrosion
and capillary flow were separated in the porosity distribution. Based on the porosity and absorption
changes, it was found that biological corrosion interferes with the microstructure of the thin-coat
mineral-based plasters on the expanded polystyrene substrate.

Keywords: biocorrosion; ETICS system; facade surface

1. Introduction

Beneficial long-term properties combined with excellent protection against blowing
rain and high thermal insulation quality are the reasons why ETICSs (external thermal
insulation composite systems) [1–3] have become so popular in Central Europe. The
multilayer exterior coating is evaluated as a less vulnerable solution in comparison with
traditional plaster coatings [4–6]. However, earlier ETICS applications revealed particularly
poor resistance to mechanical damage and biological infestation of plasters [7]. Changes
to the exterior wall’s finished surface due to microbial growth are generally accepted
as ‘patina’ as long as they are uniformly distributed, while local contamination or algae
concentrations are often evaluated as a ‘visually adverse’ [8] (Figure 1). However, the
primary cause of plaster biocorrosion is microorganism presence.

 
Figure 1. Changes in the exterior wall’s finished surface (author’s archives).
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Bacteria and fungi are involved in the degradation of any natural material. It has been
found that from 20 to 30% of all damage is caused by microorganisms [5,9]. The process
of biological deterioration of materials is referred to as biodeterioration, biocorrosion, or
biological corrosion and is closely related to the organism metabolism [9]. Non-organic ma-
terials are exposed to corrosion with acidic metabolites produced by microorganisms (e.g.,
oxalic acid, gluconic acid, and citric acid) that form ion compositions with, e.g., lime and
magnesium ions, taken from the material, which contributes to structure weakening [9,10].
Microorganisms are deposited onto surfaces to form clusters, surrounded by a protective
layer of mucus, which are called biofilms or biological films (Figure 2a,b). Different biofilm
areas are differentiated with density, organic matter availability, and oxygen content. Con-
sequently, organisms in the film are characterized with different metabolic activity or even
no activity at all [7].

  
(a) (b) 

Figure 2. The surface of the (a) northern mineral-based dashed plaster—200× magnification photo
taken with KEYENCE digital microscope (VHX-7000); (b) northern mineral-based filled plaster—
200× magnification photo taken with KEYENCE digital microscope (VHX-7000).

Such behavior minimizes the diffusion of unfavorable substances from the outside (e.g.,
biocides) and enhances colony survival [10]. The biofilm affects changes in the appearance
and structure of the engineering material [9]. It causes changes in porosity, is associated
with vapor diffusion inside the material, absorbs contaminants, and leads to a change in
the aerobic conditions into anaerobic conditions in the occupied area [7]. Acids, produced
as a by-product of respiration and photosynthesis of biofilm-forming organisms, are often
the cause of exterior wall finish deterioration [9]. This form of biodegradation is presented
by bacteria, e.g., sulfur bacteria, that oxidize sulfur-containing nutrients to sulfuric acid
and decompose scale or nitrifying bacteria with the production of corrosive nitric acid [10].
In case of building structures, the term biodeterioration can often be found, which means a
general loss in the quality of building materials as a consequence of biological factors [10].

The study by Dylla et al. [11] on infected plaster surfaces of the ETICS system on
selected structures in Bydgoszcz (Poland) found no bacteria and cyanobacteria that are
often a component of aerophytic populations. However, three taxa of algae from the Chloro-
phyceae were successfully determined. By far, the dominant species was Apatococcus
vulgaris Brand emend, Geitler—a cosmopolitan, aerophytic taxon with broad ecological
valence. Filamentous green algae thrived in the wettest areas: Chlorohormidium flaccidum
(Kütz.) Fott var. falaccidum Braun and the typically aquatic Ulothrix oscillarina (Kütz.)
that is quite resistant to desiccation.

Changes in porosity and pore structure take place along with abiotic factors. According
to a study conducted by Bochen, Gil, and Szwabowski, the average pore size decreases
over time, but the open porosity volume increases [12]. In turn, water absorption and
total porosity play key roles in microorganism growth on the surface of building materials,
both of which are directly responsible for water and nutrient retention on and inside the
samples [13].

Neville [14] and other researchers [8] believe that material structure tightness is essen-
tial for water and gas penetration. These parameters significantly affect strength, density,
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sorptivity, capillary suction, absorbability, permeability, and freeze–thaw durability. There-
fore, they are used in methods for predicting the durability of building materials [12].
Water absorption and retention in materials are controlled by total porosity and pore
size distribution (Tran at al. [15]). The effect of porosity and its structure on the physical
properties of building materials was confirmed by Neville [14], Fagerlund [8], and other
researchers [16–22], who conducted studies on concrete, mortar, cement paste, ceramic
stone, gravel, and other materials. It is well known that a smaller pore volume has a good
effect on the properties of cementitious materials since the tightness of material structure
is of fundamental importance in terms of the penetration effected by water and gases.
These parameters substantially influence the strength, density, sorptivity, capillary suction,
absorption, permeability, and frost resistance, which are applied in the durability prediction
methods of building materials [12,17,19,20,22]. The hardening process, which can take more
than a year, can also increase the number of micropores and mesopores of less than 100 nm
in size and reduce the number of capillary pores, which improves the material tightness.
This promotes less penetration of moisture, and SO2 and NOx aggressive gases [23] into the
microstructure of plasters and thus improves the material durability. For this reason, the
types and size of pores are quite important, especially open pores that allow for penetration
of liquids and gases. According to Neville [14], a large number of pores less than 5 nm in
size hinders water penetration. In pore sizes of 5–100 nm, water can flow due to diffusion.
In pore sizes larger than 100 nm, water can flow due to capillary adsorption. In addition, at
low temperatures in pores of 100–1000 nm in size, freezing water causes the largest damage
in material [8]. With the expansion of areas containing capillary water, a more intense
capillary flow occurs [24]. According to [25], capillary absorption and transport of water
are only possible in pores in the range from 100 nm to 100,000 nm in size, which are also
called capillary pores.

The aim of this study is to evaluate the changes in the microstructure of mineral
thin-coat plasters after long-term exposure to environmental conditions and to determine
the effect of biofilm on the degradation of these plasters.

2. Test Material

Test materials were mineral-based dashed plasters of the ETICS system. The study
was performed on three sample groups:

• Initial laboratory samples (designated as group A);
• Initial laboratory samples after freeze–thaw cycles (designated as group B);
• Samples taken from the test bed subjected to a natural ageing process (designated as

group C).

Samples for laboratory tests (Figure 3) were prepared according to ETICS system
specification on a 2 cm thick Styrofoam insulation layer with dimensions of 75 × 300 mm
that ensure the required surface area of 225 cm2. The study was performed on a group of
2 × 6 samples conditioned for 28 days in laboratory conditions.

  
(a) (b) 

Figure 3. Plaster samples for laboratory tests: (a) sample conditioning method; (b) shape and sample
texture (filled plaster).
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The samples to be tested after freeze–thaw cycles were dried to a constant weight
at +40 ± 2 ◦C. They were then soaked in water according to the procedure described in
Section 3.1. The samples were placed in a climate chamber that was programmed with the
following cycles:

• Heating up to 60 ◦C at 80% humidity within 1 h and maintaining constant temperature
and humidity for 3 h;

• Reducing temperature to –20 ◦C within 1 h and maintaining it for 3 h.

After three complete cycles (24 h), the samples were weighed, and the humidity level
of the samples was supplemented by soaking them in water according to the procedure
described in Section 3.1 and weighed again. All 81 aging cycles were conducted this way.
The number of cycles was derived from an analysis of temperature transitions through
0 ◦C during the period of test stand operation.

The test site was located on the campus of the University of Technology in Bydgoszcz,
Poland. The site consists of four walls made of aerated concrete, 24 cm thick, peripherally
insulated with 15 cm thick EPS70 Styrofoam. The surfaces of the plaster coatings were
oriented on the test bench with respect to all directions in order to determine the influence
of this factor as a determinant of the aesthetics of the plaster coatings. The protective
function in ETICS systems is mainly performed by structural plaster. They should be
characterized by the following properties: low absorbency, diffusivity, resistance to dirt,
resistance to biological infestation, and UV resistance [14,15]. Therefore, four different
layers of plaster were laid on each surface of the study area, separated by expansion joint
profiles: acrylic, mineral, silicate, and silicone. The plasters were outdoor exposed for
6 years (2016–2022).

The test sample was obtained with the quartering method. To conduct the tests,
samples of 10 cm × 10 cm were taken from the site, from the north and south elevations.
Sampling began by cutting the plaster surface with an angle grinder and then using a knife
to cut out the fragments along with the thermal insulation layer (Figure 4).

  
(a) (b) 

Figure 4. Sampling at the field site: (a) cutting the plaster surface; (b) samples that were cut out.

After sampling, a fragment of Styrofoam was cut off, leaving a 2 cm thick layer. The
type C samples prepared this way were dried to a constant weight at +40 ± 2 ◦C.

The order of testing was based on the standard size of samples taken for testing, which
were fragmented at a later stage. In the first stage, the following tests were performed:
water absorption and freeze–thaw cycles for group B samples.

Within each group of samples, material was collected for microstructure determination.
To ensure the proper representation of the results, material was taken from each of the
6 samples and then combined. The test sample was obtained with the quartering method.

3. Test Methods

3.1. Water Absorption Test

The water absorption for plasters was determined according to EN ISO 15148 [26].
Three samples were prepared for each plaster type, each with an area >100 cm2. The lateral
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surface of each sample was protected with silicone. The samples were then dried to a
constant weight and placed in a water-filled vessel equipped with:

• A system to maintain a constant water level with an accuracy of ±2 mm;
• A load to hold the sample in a particular position;
• Spacers to hold the sample at least 5 mm from the bottom (Figure 5).

 

 
(a) (b) 

Figure 5. Test stand for tests of plaster water absorption: (a) schematic diagram; (b) view.

The first mass measurement was made after 5 min: the sample was taken out of the
water, dried with a damp sponge, and then weighed with an accuracy of ±0.1% of its mass
(Figure 6). The procedure of immersion, removal, drying, and weighing was repeated after
20 min, 1 h, 2 h, 4 h, 8 h, 12 h, and 24 h. For samples taken from the field site, the test was
performed in two variants: with biofilm and after cleaning the plaster surface with biocide.
The infected surface was pre-treated to remove bloom before the application of the biocide.
The samples were evenly sprayed with biocide and left for 12 h. The contamination was
then removed mechanically using high-pressure water. The preparation was applied twice
with a 12 h interval.

  
(a) (b) 

Figure 6. Test site for natural aging test: (a) 2016; (b) 2022.

The water absorption coefficient was determined based on the following formulas:

Aw =
Δm′

t f − Δm′
0√

t f
(1)

where:

Δm′
t f —a value of Δm read from the timeline t f , in kg/m2;

Δm′
0—a value of Δm read from the timeline t f for t f = 0, in kg/m2;

t f —test time, in seconds.

Ww =
Δm′

t f − Δm′
0√

t f
(2)

where
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Δm′
t f —a value of Δm read from the timeline t f , in kg/m2;

Δm′
0—a value of Δm read from the timeline t f for t f = 0, in kg/m2;

t f —test time, in hours.

3.2. Microstructure Test Using Mercury Intrusion Porosimetry (MIP)

The microstructure test was performed using a 9500 series AutoPore IV mercury
intrusion porosimeter equipped with two ports: low and high pressures with a maximum
value of 33,000 psi (228 MPa), which allows for measurements in the range of meso- and
macropores. A penetrometer designed for granular and dusty material was used during
test phase. Before conducting tests, the penetrometer was calibrated to determine the
volume, compressibility, and thermal effect of the penetrometer used. An equilibrium time
of 30 s was determined based on control measurements. As a result of the MIP test, the
following parameters of the structure in question were determined: total pore volume, its
skeletal density in mercury, and the distribution of the pore volume as a function of the
pore diameter as an integral and differential relation.

The share of pore volume was calculated based on the following formulae:

• Pores responsible for freeze–thaw durability:

Uf rost =
∑ 1000 nm

i=100 nm IVf rost

TIV
· P (3)

• Pores responsible for capillary transport:

Ucap =
∑ 100,000 nm

i=100 nm IVcap

TIV
· P (4)

where

IVfrost—pore volume in the diameter range from 100 to 1000 nm;
IVcap—pore volume in the diameter range from 100 to 100,000 nm;
TIV—total mercury intrusion;
P—total porosity.

4. Test Results

4.1. Water Absorption

Symptoms of biological corrosion occurred after two years, with varying degrees of
severity depending on the orientation relative to the world directions (Figure 6).

The absorption results of tested samples are presented Table 1.

Table 1. Water absorption coefficient of mineral-based plaster.

Sample Type Orientation
Water Absorption Coefficient

Aw (kg/(m2×s0.5)) Ww (kg/(m2×h0.5))

Initial (A) - 0.0023 0.1372
After freeze–thaw cycles (B) - 0.0011 0.0656
Taken from the field site (C)

with biofilm
S 0.0007 0.0433
N 0.0008 0.0466

Taken from the field site (C)
after biocide cleaning

S 0.0016 0.0969
N 0.0036 0.2177

The water absorption coefficient Aw decreased twofold after the freezing cycles (type B
samples) compared with the output samples (type A samples)—the value of Aw coefficient
decreased from 0.0023 kg/(m2×s0.5) to 0.0011 kg/(m2×s0.5).
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The field site samples where the biofilm layer is located show a lower water absorption
coefficient than the initial samples Aw = 0.0023 kg/(m2×s0.5), with negligible differences
between S and N orientation.

After sample cleaning and removing the biofilm as a result, the Aw index for the
northern samples in S orientation is 0.0016 kg/(m2×s0.5) and that in the N orientation is
0.0036 kg/(m2×s0.5).

After biofilm removal, the southern orientation showed an increase in the Aw coefficient
from 0.0007 kg/(m2×s0.5) to 0.0016 kg/(m2×s0.5)). In the northern orientation, however, the
Aw coefficient increases from 0.0008 kg/(m2×s0.5) to 0.0036 kg/(m2×s0.5) (Table 1).

Large dynamic of water absorption in samples with biofilm removed can be observed
in the N orientation from the beginning of the study (Figure 7); these changes are three
times greater than the changes in the sample before cleaning. This relationship is not
observed in the S orientation.

Figure 7. Graphs of Δmt/F as a function of the time element t0.5 related to mineral-based
plaster samples.

4.2. Microstructure

The microstructure results are shown in Figures 8 and 9 and in Tables 2 and 3.

Figure 8. Differential curves of pore distribution for mineral-based plaster.
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(a) (b) 

Figure 9. Integral curves of pore distribution for mineral-based plaster: (a) full measuring range;
(b) pore range related to freeze–thaw durability (from 100 nm to 1000 nm).

Table 2. Porosity test results.

Sample Type
General

Porosity (%)

U Cap (%)
(100 nm to

100,000 nm)

U Frost (%)
(100 nm to
1000 nm)

Dominant
Diameters

(nm)

Initial (A) 34.2 30.0 4.4 3000
After freeze–thaw

cycles (B) 26.8 21.2 8.2 1000

Taken from the field
site (C), S orientation 29.5 24.8 9.0 1000

Taken from the field
site (C), N orientation 29.2 22.8 7.7 1000

3000

Table 3. Mercury intrusion for defined pore ranges related to capillary transport and frost corrosion.

Sample Type

Mercury Intrusion for a Given
Range of Pores, mL/g

Volume Changes, mL/g

IVcap IVfrost IVcap IVfrost

100 nm ÷
100,000 nm

100 nm ÷
1000 nm

100 nm ÷
100,000 nm

100 nm ÷
1000 nm

Initial (A) 0.192562 0.02791 – –
After freeze–thaw cycles (B) 0.121733 0.046944 36.8 −68.2
Taken from the field site (C),

S orientation 0.152485 0.054965 20.8 −96.9

Taken from the field site (C),
N orientation 0.137783 0.046643 28.4 −67.1

Total porosity for the initial plaster samples was 34.2%. As the samples were subjected
to specific freezing cycles, the porosity decreased to 26.8%. Field site samples show lower
porosity than the initial samples. The porosity for the northern orientation is 29.2%, and
the porosity for the southern orientation is 29.5%.

The volume share of pores related to capillary transport (from 100 nm to 100,000 nm)
for the initial samples was 30.0%. As a result of freeze–thaw cycles in laboratory conditions,
the value decreased to 21.2%. The utilization of plasters under environmental conditions
resulted in a decrease in the value of the initial pore share for the S orientation to 24.8%
and for the N orientation to 22.8%.

The pore share related to freeze–thaw durability (100 nm to 1000 nm) for the initial
samples was 4.4%. After the freeze–thaw cycles in the laboratory, it increased to 8.8%. In
case of the field site in the S orientation, it is 9.0% and in N orientation, it is 7.7%. Based
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on the analysis of the integral curves in the porosity range of 100–1000 nm (Figure 10), it
was found that the pore volume in the dimension range of 300–1000 nm increased when
compared with the initial sample.

  
(a1) (a2) 

  
(b1) (b2) 

Figure 10. Photographs of the plaster surface with biofilm and after cleaning for the N and S orientation:
(a1) N-oriented sample with biofilm; (b1) N-oriented sample after cleaning; (a2) S-oriented sample with
biofilm; and (b2) S-oriented sample after cleaning.

When analyzing the mercury intrusion in mL/g for the specific pore ranges (Table 3),
it can be concluded that the direct volume changes are very large. For the pore range
related to capillary transport (from 100 nm to 100,000 nm), the largest changes were observed
for laboratory freeze–thaw cycles—volume reduction of 36.8%—and the smallest for the
south-oriented field site station—volume reduction of 20.8%. For the pore range related to
freeze–thaw durability, similar results were obtained for freeze–thaw cycles and for the field
site station in the N orientation—volume increases of more than 65%. Samples taken from the
S-oriented field site station show almost twofold increase in mercury intrusion.

5. Discussion

Comparing the northern and southern orientations, it can be seen that the north-oriented
plaster features higher water absorption than the south-oriented plaster. This relationship is
visible in both non-cleaned samples as well as in samples with biofilm removed.

On the other hand, when comparing field site samples with biofilm and samples
subjected to freeze–thaw cycles, it can be observed that field site samples cut from the
station have lower Aw coefficient than samples subjected to freeze–thaw cycles. On the
other hand, after cleaning them, the Aw coefficient increases to 0.0016 kg/(m2×s0.5) in
the case of the southern sample and to 0.0036 kg/(m2×s0.5) in the case of the northern
sample, and at the same time, it is higher than the Aw coefficient for the samples tested in
the climate chamber, where Aw = 0.00116 kg/(m2×s0.5).

Based on microscopic images, it was determined that the removal of biofilm from the
N-oriented plaster compromises the plaster surface and texture (Figure 10).

The initial samples are featured by the lowest share of pores related to the freeze–thaw
durability; these pores constitute 12.9% of total porosity. On the other hand, the initial
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samples show the highest share of pores related to capillary transport—87.7% of the total
porosity. The dominant diameter of 3000 nm, determined from the differential pore size
distribution, is within the range of capillary pores but outside the range of pores related to
their freeze–thaw durability.

For the samples subjected to freeze–thaw cycles, the pore share in relation to total porosity
for freeze–thaw durability is 30.6%, and the pore share for capillary transport is 79.1%. As
a result of freeze–thaw cycles, the dominant diameter of 3000 nm disappeared, but a new
dominant diameter of 1000 nm appeared in the pore region related to capillary transport.

Compared with the samples subjected to freeze–thaw cycles, the plaster samples
taken from the field site station feature a higher pore share related to capillary transport:
for the N orientation, by 78.1% and, for the S orientation, by 84.4%. On the other hand,
the pores related to freeze–thaw durability for the field site represent 26.4% of the total
porosity for the N orientation and 30.5% for the S orientation. The porosity distribution of
south-oriented plaster is similar to the plaster subjected to freeze–thaw cycles. In case of
the northern orientation, a bimodal porosity distribution takes place, where the dominant
diameter of 3000 nm persists and, in addition, a second dominant diameter of 1000 nm is
formed in the pore range related to capillary transport.

6. Conclusions

This paper presents the results of the study of thin-layer mineral-based plasters with
a microorganism biofilm that colonizes exterior wall finishes. For comparison purposes,
initial samples, samples subjected to laboratory freeze–thaw cycles, and samples from a
south-oriented and north-oriented field test station were tested. On the field site station,
the biofilm visible to the unaided eye appeared already after 2 years and developed for
further 4 years. The number of freeze–thaw cycles in the laboratory test corresponded to
the recorded number of passes through 0 ◦C over a 6-year period.

As a result of the study, changes in the absorption and the porosity structure of the
thin-coat mineral-based plasters taken from the field site as well as in the samples subjected
to freeze–thaw cycles were found.

The test for water absorption changes showed a correlation with mercury intrusion
and porosity changes in the capillary range in the case of cyclic freeze–thaw and a southern
orientation of the field site station. For the northern orientation of the field site station,
no such correlation was found—after biofilm removal with biocides, there are very high
dynamics of water absorption during the test period (24 h) and, consequently, a very high
coefficient of water absorption at similar porosity. This is probably the result of intensive
biofilm growth and removal treatment procedures that disturb the surface and texture of
the thin-coat mineral-based plaster.

The literature details the porosity range related to the freeze–thaw durability of plasters
from 100 nm to 1000 nm. During the course of the study, it was found that both cyclic
freeze–thaw and the utilization of plaster in a natural environment introduced changes in a
narrower range of diameters, that is from 300 to 1000 nm. A common dominant diameter
of 1000 nm also appeared in this range. Therefore, it is suggested that the porosity range
responsible for the freeze–thaw durability of thin-coat mineral-based plasters should be
narrowed from 300 nm to 1000 nm.

Further studies are expected in order to analyze the change in composition of the
plasters due to freeze–thaw cycles and further development of biofilm on the plasters.
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Abstract: This paper takes into consideration the performance of traditional bricks as part of a
building exterior wall finish. Exterior wall materials change their properties when exposed to
external environment. This process is extended over time and its intensity is closely related to
microstructure, moisture and freeze–thaw cycles. Two methods of freeze–thaw durability tests were
used in this study: standard and defined by the authors. The authors’ method incorporated the actual
conditions of masonry unit function in exterior wall finish, i.e., cyclical effects of precipitation water,
changes in temperature and air humidity. The laboratory test study included 50 freeze–thaw cycles.
Three characteristic ranges of pore dimensions were indicated in the analysis: below 0.1 μm, between
0.1 and 3.0 μm and above 3 μm. Based on the method of freeze–thaw durability testing, the areas
of microstructure changes were determined. The obtained results were related to the absorption of
ceramic building materials. The authors’ method confirms the usage of traditional ceramic building
materials designed for use in protected walls against water penetration in unprotected exterior
wall finish. The critical water saturation method of masonry units (standard) based on extreme
environmental conditions generates significant changes in porosity distribution that do not reflect
real, i.e., moderate, conditions. This method is appropriate for masonry units operating in severe
conditions, i.e., F2. The aim of this study is to suggest a methodology for durability tests of traditional
ceramic masonry units to cyclic freezing and thawing, which are only exposed to F1 (moderate)
conditions during operation. Changes in the microstructure of the ceramic building materials were
used as the primary evaluation criterion. In order to determine the effect of cyclic temperature
changes, the freeze–thaw durability test was performed according to generally accepted standard
procedures and in-house methodology. The purpose of the study is to point out the individual
approach for the analysis of the material–environment system. At the same time, it should inspire
researchers to innovative methods which use external conditions in a laboratory environment.

Keywords: microstructure; freeze–thaw durability; absorption; traditional ceramic building materials

1. Introduction

There is a large number of buildings in Poland, the elevations of which are made of
masonry units that do not meet modern frost requirements. At the time of their erection,
the walls were protected against blowing rain, soil moisture, etc. By their very existence,
the walls made of traditional ceramic building materials testify to their long-term and
stable adaptation to the environment. Although they do not meet modern durability
requirements according to microexposure classes (Table 1), their retention state is good.
This is due to the applied elevation and moisture barrier solutions. These walls are made
of ceramic units that, according to the recommendations of EN 771-1 [1], are intended to be
used in solutions protected against water penetration. The solutions operate in conditions
defined by the standard as moderate—F1—with exposure to moisture and freeze–thaw
cycles. Therefore, they do not have the possibility of full water saturation, combined with
frequent freeze–thaw cycles due to climatic conditions and the lack of adequate protection
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generating F2 severe conditions. Therefore, it is worth asking a question as to whether
plastering is necessary after many years of exposure without the protection required by
Eurocode 6 [2], or whether such situations can be treated as facing walls. This question
is particularly relevant in the context of intensification of degradation processes caused,
among other things, by rapid climate change (intense rain, short-term snow cover periods,
multiple 0 ◦C passes, sun exposure). An important factor here is the flow of water film
down the wall surface in rain, which in the case of intensive precipitation forms a uniform
layer constituting the basic source of moisture.

Table 1. Classification of the microconditions of exposure of completed masonry [2].

Class Micro Condition of the Masonry Examples of Masonry in This Condition

MX 3.1
Exposed to moisture or wetting and freeze/thaw cycling
but not exposed to external sources of significant levels

of sulfates or aggressive chemicals.

Internal masonry exposed to high levels of water
vapor, such as in a laundry. Masonry exterior walls

sheltered by overhanging eaves or coping, not
exposed to severe driving ram or frost. Masonry
below frost zone in well drained non-aggressive

soil. Exposed to freeze/thaw cycling.

MX 3.2
Exposed to severe wetting and freeze/thaw cycling but
not exposed to external sources of significant levels of

sulfates or aggressive chemicals.

Masonry not exposed to frost or aggressive
chemicals. Location: in exterior walls with

cappings or flush eaves; in parapets; in
freestanding walls; in the ground; and under water.

Exposed to freeze/thaw cycling.

MX 4 Exposed to saturated salt air, seawater or deicing salts. Masonry in a coastal area. Masonry adjacent to
roads that are salted during the winter.

MX 5 In an aggressive chemical environment.

Masonry in contact with natural soils or filled
ground or groundwater, where moisture and

significant levels of sulfates are present. Masonry
in contact with highly acidic soils, contaminated
ground or groundwater. Masonry near industrial

areas where aggressive chemicals are airborne.

Important factors that cause the degradation of facing walls are freeze–thaw cycles
of water and crystallization of soluble mineral salts [3–7]. In the case of subject literature,
freeze–thaw durability is analyzed in two aspects [4,8,9]. The first group of tests focuses
on macroscopic effects including weight loss, surface damage and strength parameters.
The second group refers to the microstructure study strictly relating it to the resistance of
ceramic building materials to frost corrosion [3,10–13].

In this case, pore dimensions are mentioned as an important parameter that focuses
on three basic ranges:

- Large pores, larger than 3.0 μm, that feature a favorable effect on the freeze–thaw
durability [8,9,14]. This is due to the fact that large pores are a kind of compensation
chamber for the stresses during ice crystallization [15]. Moreover, the crystallization
pressure is lower in larger pores [16].

- Medium-sized pores of 3.0 to 0.1 μm, which are considered to be critical pores that
determine the freeze–thaw durability of the bricks [14,17].

- Small pores of less than 0.1 μm, where the water freezing point is well below 0 ◦C [18].

The range of critical pores was narrowed by Elert et al. [19] to the scope of 0.2 μm
to 2.0 μm. Culturone et al. [20] also found that pores smaller than 2.0 μm in diameter are
responsible for water absorption and retention increase. Consequently, they determine
the freeze–thaw durability of ceramic building materials. According to Tang et al. [21],
the destructive effect occurs in pores with diameters below 1 μm, which increase in size
under the influence of cyclic freezing and defrosting processes and thus cause a shift in
the porosity structure towards larger pores (1.0 to 5.0 μm). Koroth [3] and Kung [22] had
similar observations. According to [23], the shape and distribution of pores significantly
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affect the durability of masonry units There is no unified approach to the freeze–thaw
durability test in the mentioned studies. At least four testing methods are indicated [14]:

- Critical degree of water saturation of complete masonry units;
- Critical degree of water saturation of crushed masonry units;
- Exposure of masonry units to actual climatic conditions;
- Freezing and thawing with sprinkling irrigation of test panels in accordance with EN

772-22 [24].

The method for determining the freeze–thaw durability depends on the adopted
methodology and the number of freezing and thawing cycles. Frost corrosion results not
only in mechanical property changes, but also in the way the material behaves in contact
with water. These changes directly affect the moisture condition of the products in the
walls.

In most cases, facing walls made of traditional ceramic building materials operate
in an environment defined as F1 (moderate). A review of the current state of knowledge
does not identify an individual approach to the issue. Taking into account the standard
requirements, masonry units made of traditional ceramic building materials do not pass the
freeze–thaw durability test. The authors suggest distinguishing the methods of freeze–thaw
durability testing for elements operated in severe conditions and in moderate conditions.
The aim of this study is to suggest a methodology for the durability tests of traditional
ceramic masonry units to cyclic freezing and thawing, which are only exposed to F1
(moderate) conditions during operation. Changes in the microstructure of the ceramic
building materials were used as the primary evaluation criterion. In order to determine
the effect of cyclic temperature changes, the freeze–thaw durability test was performed
according to generally accepted standard procedures and in-house methodology.

2. Materials

The bricks analyzed as part of the study are dated from the 1980s. At that time
in Poland, masonry units were sourced from local brickyards, which used Hoffmann
ring furnaces fired with pulverized coal. The technology was based on the mechanical
product molding, using a plastic method and their natural drying, followed by burning at
a temperature of +980 ◦C for 216 h. Bricks were made from clay materials which originated
from local deposits.

The tested products belong to the group of masonry units to be used in walls protected
against water penetration [1], with dimensions 250 × 120 × 65 mm (Figure 1). Their quality
parameters are summarized in Table 2.

 
Figure 1. A brick sample used for tests.
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Table 2. Quality parameters of ceramic building materials produced from the local Pliocene clay
deposit.

Quality Parameters Range Average Value

batched water (17.2–41.8)% 29.67%
drying contraction (4.0–13.0)% 9.2%

absorption (temp. 980 ◦C) (7.4–10.3)% 8.8%
compressive strength (temp. 980 ◦C) (16.0–24.0) MPa 19.5 MPa

content of granular marl with more than 0.5 mm fraction (0.00–0.40)% 0.031%
efflorescence of sulfate salts - none or minimal irremovable bloom

The tests were carried out on masonry units manufactured 35 years ago, stored in
laboratory conditions (temp. 20 ± 2 ◦C and air humidity 50 ± 5%) in 6 samples.

The tests were conducted on 3 sample groups:

- Output samples (A);
- Samples after the standard freeze–thaw durability test (B);
- Samples after the freeze–thaw durability test with authors’ method (C).

The order of tests was adapted to the crashed stages of the samples. In order to ensure
the representation of the study results, each masonry unit was divided into 4 sections. One
section was taken from each masonry unit. This resulted in laboratory samples consisting
of 6 parts taken from 6 masonry units (Figure 2). In the first stage, the absorption tests were
carried out with output samples (A) as well as freezing and thawing cycles employed for
the standard method (sample B) and the authors’ method (sample C).

 

Figure 2. Preparation of samples for testing.

The samples were then used to determine the microstructure of each group (A, B
and C). For this purpose, fragments of up to 1 cm3 were taken from the facing surface
of each sample. A laboratory sample was selected with the quartering method from the
obtained material (Figure 2). Quartering consisted of coning the collected and thoroughly
mixed material, then flattening and cross-dividing it into 4 parts. Two diagonal parts
were removed and the remaining two parts were re-mixed and the selection process was
repeated. This procedure was performed 3 times to obtain a laboratory sample volume of
about 5 cm3 that corresponds to the volume of the penetrometer tank.

3. Test Methods

3.1. Absorption Test

The absorption test was carried out with a soaking method of 6 brick samples. The
samples were dried to a fixed weight at +40 ◦C, then weighed to the nearest 0.1%. The
samples were placed in a vessel with supports of non-corrosive material. Then, they were
flooded with water at room temperature up to 1

2 of their height, after 3 h the water was
replenished up to the level of 3

4 of the sample height and after 3 h the water was replenished
again until they were completely submerged (Figure 3).
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Figure 3. Absorption test.

The samples were kept in water until their fixed weight was established. Samples
were taken out individually for weighting purposes (this protects them from drying out).
External surfaces of the samples were wiped with a damp cloth.

Sample absorption nm was calculated from the Formula (1), in %:

nm =
Cm − Cs

Cs
× 100 [%], (1)

where:
Cm—weight of a water-soaked sample, g;
Cs—weight of dried sample, g.

3.2. Freezing and Thawing Cycles

Freezing and thawing cycles were performed with two methods:

- Critical degree of water saturation of masonry units;
- The authors’ method.

In the first case, the samples were placed in a water container and saturated to a fixed
weight. Then, the brick surfaces were dried from excess water and placed in a freeze–
thaw durability test chamber (Figure 4). Fifty freeze–thaw cycles were assumed in the
temperature range of –18 to +18 ◦C.

 

Figure 4. Sample conditioning in the authors’ freeze–thaw durability method.

In the next step, the samples were placed in a climate chamber with the following
operation cycles:

- The transition period of 0.5 h, including temperature adjustment from baseline to
–18 ◦C;

- In total, 3.5 h at –18 ◦C;
- The transition period of 0.5 h, including temperature adjustment from –18 ◦C to +18 ◦C

and humidity at 90%;
- In total, 3.5 h at +18 ◦C.

After each complete cycle, the samples were soaked again in water at +20 ± 2 ◦C
according to the initial absorption procedure as described in EN 772-11 [24]. All 50 cycles
were conducted this way.
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3.3. Microstructure Test Using Mercury Intrusion Porosimetry

The microstructure test was performed using a 9500 series AutoPore IV mercury
intrusion porosimeter equipped with two ports: low and high pressure with a maximum
value of 33,000 psi (228 MPa), which allows measurements in the range of meso- and
macropores. Before the actual test, the calibration and “blank test” of the penetrometer
used in this test were carried out to determine volume, compressibility and thermal effect.
An equilibrium time of 30 s was determined based on control measurements. As a result
of the prepared sample test, the following parameters of the structure in question were
determined: total pore volume, sample volume and its skeletal density, the distribution
of the pore volume as a function of the pore diameter as integral and differential relation.
There were 18 samples.

The share of the pore volume was calculated based on the formula:

Uf rost =
∑

3.0μm
i=0.1μm IVf rost

TIV
·P, (2)

Unondest =
∑i>3.0μm IVnondest

TIV
·P, (3)

Usmall =
∑i<0.1μm IVsmall

TIV
·P, (4)

where:
IVnondest—% share of meso- and macropores larger than 3.0 μm in diameter;
IVfrost—% share of mesopores with diameters in the range of 0.1 to 3.0 μm;
IVsmall—% share of nanopores smaller than 0.1 μm in diameter;
P—total porosity.

4. Test Results and Discussion

The results of the microstructure test indicate that, compared to the initial material, the
samples tested in both with the standard and the authors’ method obtained lower values of
total porosity (Table 3).

Table 3. Tests results.

Test

Freezing and Thawing Cycles According to the Adopted Method

Output Sample
Critical Degree of Water

Saturation of Masonry Units
Authors’ Method

general porosity [%] 33.35 32.68 31.41
absorption [%] 13.84 14.55 14.34

dimension of dominant pores [μm] 1.3, 0.045 4.5 5.0

Lower value of porosity was obtained in the case of the material after treatment with
the authors’ method of freeze–thaw durability tests (–1.94%). In the case of the critical
degree of water saturation of masonry units, the difference was –0.67%. The factor that
essentially differentiates the features of the material covered in this study is the dominant
pore diameter and porosity structure. The initial material exhibits a bimodal arrangement,
typical for ceramic building materials, with dominant pores of 1.3 μm and 0.045 μm in
diameter (Figure 5). In the analyzed cases, there is one dominant diameter, the value of
which is much higher (for the samples after the authors’ freeze–thaw durability test of
5 nm, and after the method of critical degree of water saturation of masonry units of 4.5 μm
(Figure 5), respectively. The obtained dominant diameters above 3 μm are within the range
to be considered safe from the point of view of frost damage. The differential curve plots of
the pore size distribution of the tested brick samples are presented in Figure 6.
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Figure 5. Differential curve of pore size distribution in test samples.

Figure 6. Typical porosity ranges in the tested clay bricks.
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The form of frost damage is closely related to the pore distribution (Figure 6). In the
initial material, the total porosity was 33.35% with a share of 15.95 percentage points from
0.1 to 3.0 μm in diameter. The remaining 10.56 percentage points were occupied with pores
above 3 μm in diameter, and 6.84% with pores below 0.1 μm in diameter. In the samples
that faced the authors’ freeze–thaw durability test, the total porosity was 31.41% with the
pore share in the range of 0.1–3.0 μm, increasing to 18.03 percentage points. The share
of pores with diameters greater than 3.0 μm is maintained at the same level. There was
a significant decrease in the share of pores below 0.1 μm at 2.81 percentage points. For
the method of critical water saturation degree of masonry units, the total porosity was
32.68%, with a similar share of pores in the range of 0.1–3.0 μm (16.20 percentage points).
There was a significant increase in the share of pores above 3.0 μm by 3 percentage points
compared to the initial material. The share of pores below 0.1 μm decreased three times to
2.14 percentage points. In all analyzed cases, frost damage increased the share of porosity
in the range of 0.1 to 3.0 μm. With cyclic freezing and thawing, it was found that pores
below 0.1 μm were also responsible for the porosity structure changes. Frost influence
damages them, resulting in increased pore size.

Porosity changes affect the moisture properties of the tested ceramic building materials.
The absorption of the samples increases in relation to the initial material (Table 3) by about
1% regardless of the method of freezing and thawing cycles used.

5. Conclusions

This paper analyzes the influence of cyclic freezing and thawing on selected properties
of masonry units intended to be used in walls protected against water penetration. Two test
methods were adopted to determine the freeze–thaw durability of these ceramic masonry
units. One of them is the commonly used standard method of the critical degree of water
saturation of masonry units and the other is the proposed authors’ method. The choice of
the freeze–thaw durability test method should depend on the environmental conditions
defined by the classes of microexposure and the intensity of the masonry unit exposure
to moisture and freeze–thaw cycles. The standard test method—critical degree of water
saturation of whole masonry units—is appropriate for severe conditions where it is possible.
The authors’ proposed method is appropriate for moderate conditions where only partial
saturation of the masonry unit with water takes place. Facing walls without a protective
layer of plaster in most cases are only exposed to moderate conditions (F1), for which
the standard method of freeze–thaw durability test is inadequate. The authors suggest
distinguishing the methods of freeze–thaw durability testing for masonry units used as
face walls.

In the case of elements operating in severe conditions, it is suggested to use the
standard method, while for elements operating in moderate conditions the authors’ method
described in the article is recommended.

According to the authors, the adopted solution is similar to the functioning of masonry
units in the exterior surface finish. The obtained results confirm the usage of unprotected
ceramic building materials designed for use in protected walls against water penetration.

Further studies are planned to analyze SEM, the distribution of soluble mineral salts
and changes in the mechanical properties of the superficial ceramic layer. As a result of
environmental influence, the processes of migration and crystallization of soluble mineral
salts are also initiated, resulting in subsequent changes in the microstructure.
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