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Abstract: Many regions of the world have traditional dwellings, which not only represent the main
form of residential architecture, but also carry the local vernacular culture, display the region’s
unique architectural style, materials and technology, and have important historical and cultural
value. Due to environmental factors, traditional dwellings often suffer from architectural damage
that threatens the stability of their structure and affects their esthetics value, resulting in a significant
number of abandoned and demolished houses. In order to scientifically and effectively solve the
damage problems of traditional dwellings, based on the theory of architectural pathology, the
following diagnostic method for damage manifestation and the characteristics of traditional houses
is proposed: “Architectural Pathology Appraisal-Pathological Environment Analysis-Mechanical
Properties Testings”. The traditional dwellings in the ancient city of Guangfu were used as a case
study for the practical application of the methodology for analyzing the main types and causes of
the damage of the dwellings by examining the damage information of the dwellings, collecting the
environmental data of the damaged walls, and testing the mechanical properties of the damaged
walls. The results show that the main damage type in the ancient city dwellings of Guangfu is
dampness damage, with corrosion deterioration, wall alkali flooding, and the moisture infiltration
phenomenon as the manifested symptoms, and the damage is mainly concentrated in the lower part
of the wall. In addition, the humidity and moisture content in the lower part of the wall is higher
than that in the upper part of the wall, and the compressive strength of the damaged part of the
wall is lower than that of the undamaged part. The humid environment of the old town contributed
significantly to the destruction of the dwellings, and water intrusion led to a reduction in the strength
of the dwellings’ bricks. Through the diagnostic method of building pathology, the causes of Guangfu
dwellings’ damage are identified, and scientific and targeted damage intervention suggestions are
made. This is expected to provide guidance for the treatment and prevention of building pathology
in the ancient city of Guangfu and serve as a reference for the diagnosis and treatment of pathology
in traditional dwellings in other areas.

Keywords: building pathologies; traditional dwellings; diagnosis; brick walls

1. Introduction

Vernacular architecture is prevalent globally, yet economic and social progress have
prompted population migration from rural to urban areas, leading to the extensive aban-
donment or renovation of rural houses. This has created a dilemma whereby vernacular
architecture faces numerous contradictions between its long-term use and conservation
and development efforts [1,2]. Vernacular architecture is not only the embodiment of local
traditional ways of life, but also carries deep history and culture. To preserve vernacular
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architecture, it is essential to restore missing or defective components. Due to factors
such as natural and anthropogenic influences, damage and decay are prevalent in local
architecture [3-5]. There is no point in restoring and converting a few buildings into a
complex. Addressing their deterioration fundamentally requires thorough building exami-
nations to assess their value and issues, along with a comprehensive evaluation of local
conditions to formulate precise repair recommendations [6]. Brick-masonry dwellings are
the most common form of vernacular architecture in Northern China [7], suffering from
inadequate research methodologies and diagnostic approaches for their damage. Thus, de-
veloping scientific diagnostic methods is of great research importance for effectively treating
building pathology.

The city of Handan, located at the junction of four provinces in China’s Hebei Province,
has a history spanning over 3000 years. According to the Handan City Government, there
are 18 villages in the city with more than 4000 traditional dwellings [8]. Among them,
the ancient city of Guangfu in Yongnian County is a famous historical and cultural city in
China and the best-preserved of the 11 prefectural cities in Zhili during the Qing Dynasty.
At the same time, most residential buildings in the city adopt the brick construction form,
preserving the architectural characteristics of traditional residential buildings in North-
ern China [9]. Therefore, Guangfu dwellings can be viewed as typical representatives
of traditional dwellings in the northern region of China. In 2011, the Yongnian District
government of Handan City, China, conducted a survey on the ancient city of Guangfu,
documenting 173 historical and traditional dwellings. However, field research reveals that
many traditional houses have been abandoned or even demolished and rebuilt due to archi-
tectural defects. There are now only 63 relatively well-preserved and inhabited traditional
dwellings left, and those that remain generally have architectural deficiencies [10]. Building
pathologies not only harm the ancient city’s historical appearance but also compromise the
mechanical properties of building structures and the health of the living environment. How-
ever, preserving traditional homes is more difficult than preserving listed buildings [11].
Although some people ultimately continue to live in these dwellings, they can only be
roughly repaired using contemporary materials and methods due to a lack of scientific
guidance. This type of restoration, rather than addressing the building’s underlying prob-
lems, results in material and structural incompatibility [12]. Hidden threats to building
safety persist, and they exacerbate damage to the appearance of traditional dwellings.
Failing to implement maintenance measures and lacking conservation knowledge can lead
to severe building pathologies [13], causing the number of traditional dwellings to continue
to decline. Therefore, developing science-based, practical solutions to combat building
damage is of utmost urgency.

Since the 1950s, scholars in China have been actively studying traditional dwellings [14].
Amid rural revitalization and cultural heritage preservation efforts, traditional dwelling
conservation and renewal have yielded substantial outcomes. However, these have primar-
ily focused on interior renewal and style studies, with insufficient research on traditional
dwelling pathology [15-18]. Building pathology is in particular caused by poor construc-
tion technology, human use, changing environmental conditions at the building’s location,
and other factors that lead to varying degrees of building damage. Studies on building
damage aim not only to repair damaged buildings but also to prevent their occurrence
and enhance durability and sustainability. With regard to the investigation of building
pathologies, Groak, an expert in the field, first pointed out the importance of preventing
building pathologies during planning and construction [19]. With the preservation of
historic buildings and urban renewal projects, scientists have gradually placed emphasis
on studying building pathologies. When discussing assessment and inspection strategies
for older urban buildings, experts underscored the importance of addressing building
blight [20]. By examining cracks in building thermal insulation, researchers demonstrate
the importance of understanding the causes of building pathologies for effective damage
recovery [21]. Experts specializing in specific building diseases employ sub-wall ventilation
technology to tackle moisture transfer issues in historic buildings, underscoring the value
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of targeted interventions [22]. Furthermore, experts researching damaged buildings have
found issues related to moisture, mold, and other pathologies within the structures [23].
Chinese researchers have determined that architectural damage correlates with climatic
conditions, building materials, shapes, and other factors during the study of cultural artifact
and building preservation [24]. To classify and study building pathologies in various types
of heritage buildings, scientists have developed tailored assessment systems and treatment
methods [25-27]. Work on field research and testing of the building environment [28,29],
and building laboratories or using software to simulate the process of building damage
development have been used to further analyze the causes of building damage [30-32]. In
order to increase the efficiency and accuracy of diagnosing building damage, some scientists
have tried to incorporate machine learning algorithms and laser scanning technology into
their research in recent years [33,34]. Scholars have achieved extensive results in the study
of architectural pathologies, especially the non-destructive testing methods of architectural
pathologies and the actual measurement methods of historical architectural environments,
which provide the basis for this paper.

Given the complexity of architectural pathologies, a thorough understanding of the
condition of residential buildings and an analysis of the underlying causes of the damage
are critical to making decisions about remediation efforts [35]. This study aims to propose
and implement a methodology for diagnosing the pathological manifestations of traditional
dwellings to assist in identifying conservation solutions. The work encompasses damage
investigation, non-destructive testing of mechanical properties, and environmental data
analysis. By combining pathological examination with environmental detection, this paper
investigates traditional dwellings in Guangfu Ancient City, detects their damage status,
and collects pathology environment data. It also proposes appropriate interventions based
on specific damage causes, offering guidance for the study of pathologies in traditional
housing in other regions.

2. Methods
2.1. Research Framework

The aim of this study is to assess the methods of examining and diagnosing pathologi-
cal manifestations of traditional dwellings. The following figure shows the contents and
steps of this study (Figure 1):

e  Collection of basic information: Collect relevant literature and organize information
on the number, distribution, types, and construction materials of traditional dwellings.

e  Pathological examination of traditional dwellings: The study must use non-destructive
tests, which are inspection methods that do not affect or manipulate the physical-
mechanical properties of the building, in the context of preserving traditional dwellings.
Visual inspection [36], infrared thermography [37], ultrasonic propagation velocity [38],
acoustic emission [39], and resistivity [40] are the most commonly used non-destructive
testing techniques used to examine historic buildings. Given the large and widespread
inventory of traditional Chinese dwellings and the low economic level of the people
who primarily use them, low-cost inspection methods that can be used on a large scale
should be selected. The research used visual inspections to map damage information
and assess the damage status in traditional dwellings [41]. Information includes the
type of wall damage, the location of the wall damage, and the extent of damage to
the wall.

e Environmental data testing of traditional dwellings: Among the numerous factors
that lead to building damage, the influence of the natural environment cannot be over-
looked. The study of the effects of the natural environment on damage has become a
central issue in the preservation of cultural heritage [42]. In this study, we collected typ-
ical annual meteorological data of the region and analyzed the meteorological data to
make a preliminary conjecture about the relationship between the architectural pathol-
ogy of residential buildings and the climatic environment. A sample of residential
buildings was then selected for testing building microenvironmental data. The tests
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measure relative humidity, temperature, wind speed, thermal radiation on the surface
of the building walls, and the water content inside the bricks. These parameters are
used to draw preliminary conclusions about the pathological environmental properties
of the houses, which are then confirmed by macroclimatic environmental data.

e  Mechanical performance testing of traditional dwellings and recommendations for
intervention: A selection of specific testing tools for testing the mechanical properties
of damaged residential buildings and analyzing the causes and severity of residential
building damage by combining the results of pathological inspections and pathological
environmental tests is carried out. This also produces recommendations for the
appropriate damage management measures and interventions based on the pathology.
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Figure 1. Workflow of holistic approach.

2.2. Current Condition of the Case

The ancient city of Guangfu is located in the southern part of the North China Plain
and is surrounded by the Yongnian Depression, a water-rich area. It is located in Yongnian
District, Handan City, Hebei Province, China. The ancient city was originally a dryland
earth city that was rebuilt as a brick city in the Ming Dynasty [43]. The old town preserves
a large number of traditional dwellings. The traditional houses have the characteristic
features of courtyard buildings in Northern China, including south-facing courtyards with
clearly defined axes. The existing traditional houses in the city are mainly brick houses, with
red and blue bricks being the main building materials [44,45]. The main structures within
Guangfu Ancient City are single-story brick-masonry buildings. The construction of these
buildings can be divided into three parts from bottom to top as follows: the foundation,
the walls, and the roof. The predominant types of foundations for residential buildings in
the ancient city are rammed earth and brick masonry foundations. The common material
used for wall construction within the city is blue brick, with the standard dimensions of
240 x 120 x 55 mm. The roof is typically composed of three layers as follows: the first
layer consists of wooden planks or thatch, the second layer is a layer of yellow mud mixed
with reed stalks laid over the wooden planks, and the final layer is composed of tiles. In the
ancient city of Guangfu, there are primarily two types of architectural structures, namely
brick-concrete structures and brick-wood structures. The brick-concrete structures are
predominantly utilized in ordinary residential buildings, whereas brick-wood structures
are more common in public buildings and the residences of the nobility. The brick-concrete
structures bear load through masonry constructed from bricks or stones, while the brick-
wood structures carry loads through a combination of wooden columns and brick walls.
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Buildings with brick-concrete structures generally have a longer service life compared to
those with brick-wood structures, which are more challenging to maintain. Consequently,
a greater number of traditional residences with brick-concrete structures are preserved
within the city. The investigation found that the damage to traditional houses in the old
town is mainly manifested in the walls. Based on the observation and documentation
of the brick wall damage phenomena, the following primary building damage problems
of the brick wall were identified (Figure 2): moisture infiltration, plastering bulge and
rupture, cracks, corrosion and deterioration, wall alkali flooding, plant parasitism, and
mold formation.

Figure 2. Status of Guangfu Ancient City and damage images of residential dwellings: (a) Moisture
infiltration; (b) Plastering bulge and rupture; (c) Cracks; (d) Corrosion and deterioration; (e) Wall
alkali flooding; (f) Plant parasitism.

To elucidate the pathology of residential structures, a pre-evaluation of the common
damage problems is conducted. For instance, the genesis of cracks in residential brick
masonry walls is typically attributed to material properties and environmental factors [46].
Temperature-induced thermal expansion and contraction can initiate the formation of
masonry cracks. Additionally, drying shrinkage of brick masonry materials, particularly
following the evaporation of water from cement mortar, can precipitate cracking. Environ-
mental factors, such as fluctuations in the water table, uneven foundation settlement, and
the influence of corrosive agents, can also induce wall cracks. Cracks can be categorized
as structural or non-structural; structural cracks potentially compromise the safety and
stability of the building, whereas non-structural cracks primarily impact esthetics and
durability [47]. The cracks observed in the old city houses examined in this study are
predominantly non-structural. Brick wall efflorescence is primarily associated with brick
quality and environmental factors. A humid environment expedites the dissolution and
migration of soluble salts, precipitating alkalization [48]. Soluble inorganic salts from
groundwater or surface water can infiltrate the brick wall with moisture, leading to alka-
lization. Variations in environmental water content or temperature fluctuations induce the
crystallization and dissolution of salts, resulting in a loose masonry structure, which is also
a major cause of alkalization [49]. Therefore, this study aims to clarify the environmental
analysis of the pathological conditions affecting the dwellings.
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2.3. Descriptors Used

This study includes numerous parameters. The relevant parameters of the study
are defined and explained to make the research content clearer (Table 1). These three
“descriptors”, essential for the study of the damage, include the following basic parameters:
location, type, and degree of wall damage caused by damage [50].

Table 1. Codification and relation of the descriptors used in the research.

Descriptor Code Concept Description
Wil Upper part of the wall
. W2 Central part of the
Descriptor 1: wall
Construction units W3 Lower part of the wall
W4 Wall footing
W5 Gable wall
Corrosion Chipping on the Wall su.rfa.ce,
P1 deterioration damage to the bricks, missing
eterioratio bricks, and chalking.
White crystals precipitate inside
. . the wall and adhere to the
P2 Wall alkali flooding outside surface of the wall
material.
Water damage to walls, color
Descriptor 2: P3 Moisture infiltration changes to the material, severe
Pathology type wetting.
P4 Plastering bulge and Cracks and bulges in the outer
rupture layer of the wall.
P5 Cracks Structural .cra.cks in walls with
misalignment.
P6 Mold formation Parasitic fungi cling to the wall
surfaces.
Plants grow up the wall and
p7 Plant parasitism cause damage to the wall
surface.
Light damage
Descriptor 3: Moderate damage
Damage grades Severe damage
Destruction

Descriptor 1 is the name of the different parts of the residential wall. Different parts
of the wall have different damage states, and to ensure the accuracy and specificity of the
study, different parts of the brick walls of the dwellings were defined based on traditional
architectural features and divided into five different units (Figure 3). Descriptor 2 refers to
the manifestation symptoms of the damage in the dwellings of the ancient city. The seven
types of manifestation symptoms of architectural pathology were explained accordingly.
Descriptor 3 refers to the extent of the damage. In March 2011, the local government
conducted a status quo study on the historical houses in Guangfu Ancient City. The
study assessed the current state of building preservation and classified buildings into the
following four main categories: better preserved, in need of minor repairs, in need of major
repairs, and beyond repair [51]. This study follows the damage classifications of residential
buildings according to the classification in the government research report and defines the
degree of damage as light damage, moderate damage, severe damage, and destruction.
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Wi

W2

W3

w4

Figure 3. Schematic diagram of the codes for each part of the building wall.

2.4. Field Measurement and Investigation
2.4.1. Methods of Pathological Examination of Traditional Dwellings

In the context of preserving traditional dwellings, this study uses an investigative
approach to architectural pathology questions [52]. Exploring the damage information of
traditional houses through visual inspection and measurement and mapping the damage
and damage information. The damage and damage information map is a graphical tool
used for recording the detailed damage and damage status of a building or structure, which
typically contains information on the following aspects: the types of damage on living
walls, such as cracks and erosion, differentiated according to different symbols or colors
on the map (Table 2); the parts of the living wall damage, clearly identifying the specific
locations of the damage on the wall, e.g., around the window frames of the wall and in the
middle part of the wall; and the extent of the damage to the residential wall. The degree of
wall damage is assessed using quantitative indicators such as crack length and damage
area, as well as qualitative descriptions such as mild and moderate.

Table 2. Differentiation of surface pathology in residential wall.

Pathology Identification Pathology Identification
P1 P5 I
P2 ] P6 I
P3 p7
P4 I

The procedure for image acquisition to capture the current situation of the wall
facade of residential buildings is as follows: First, we survey and map the facade of
traditional residential buildings to obtain the basic image of the wall frame. Second, we
measure and record the contour and location of the damage and take photos to facilitate
the positioning of the damage map during the drawing process [53,54]. Using software, we
draw pictures of the wall facade of traditional residential buildings (Figure 4). Finally, the
image information and associated data are systematically numbered and recorded for each
housing unit to facilitate the subsequent quantitative analysis of damage information in
traditional dwellings.

2.4.2. Environmental Data Testing Methods for Traditional Dwellings
(1) Climate environment data collection

The environmental climatic data used in this study are TMY (Typical Meteorological
Year) data in the Chinese Standard Weather Data (CSWD) format. The data source is the

Special Meteorological Dataset for Analysis of the Thermal Environment of Buildings in
China, which was developed and published by the Meteorological Data Office of the China
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Meteorological Information Center and the Department of Architectural Technology and
Science of Tsinghua University [55]. Handan’s meteorological data were analyzed using
Climate Consultant software and then analyzed and discussed.

(2) Microenvironmental detection methods

From the dwellings where damage symptoms are clearly manifested, three sample
groups, each consisting of two sample homes from the same neighborhood, were selected
to collect microclimate environmental data. Three groups of building samples or a total of
six residential buildings made of brick and concrete were selected for the experiment. The
sample groups were, as the figure shows, dispersed as widely as possible, with groups a
and b, c and d, and e and f located in different locations within the ancient city and facing
different directions. The samples were mainly selected from traditional dwellings of blue
brick masonry. The test sites are chosen from the neighborhoods of Yingchun Street, Vulcan
Temple Street, and Fuhou Street in the ancient city (Figure 5). The residential data testing
will take place between 11 and 15 March 2024. Examination of microclimate data includes
examination of relative humidity, wind speed, temperature, and radiation values.

(2)

P3

N P4

P4 P35 P3 Plastering layer

AVA

disease rate 0

W2 Pl
disease rate 31%

W3 P1P2
disease rate 100%

W4  PIP2
disease rate 100%

Figure 4. The damage and damage information map. (a) Infographic of damage types; (b) Infographic
on the percentage of damaged area.

The data collection process is essentially divided into two phases; the first involves
measuring the physical environmental data of the building at different heights and direc-
tions, and the second involves collecting physical environmental data from the damaged
areas of the building.The following instruments were selected for microclimate testing.
Temperature and humidity are measured with CEM DT-172 temperature and humidity
loggers manufactured by Huashengchang Technology Co. Wind speed is detected by Testo
425 anemometer made by German company Testo. Thermal radiation was detected by
JTRO09 Radiant Thermometer manufactured by Beijing Century Jiantong Technology Co.
The moisture content of the bricks was detected by Testo 606-2 Material Moisture Meter
made by German company Testo. The test points for microclimate testing were numbered



Buildings 2024, 14, 3563

9 of 28

Light damage

Moderate damage  Heavy damage  Extreme damage Detection Objects

for each sample during the data testing procedure [56]. The facades of the residential
buildings were numbered as ESWN for each of the four directions, and the measurement
points were selected for each facade based on the requirements of the actual measurement.
For each wall, three lines are constructed at different heights at a distance of 2500, 1200,
and 200 mm from the floor, respectively, with an even distribution of detection points along
each line (Figure 6). When collecting microclimate data, it is necessary to wait until the
instrument data have stabilized before reading. Each measuring point must be measured
three times, with the average serving as a record of the measurement results. This ensures
that errors due to experimental chance are avoided and the data are reliable and accurate.

| [ ©

Figure 5. Microenvironmental detection of the current situation of residential houses and their
location in the old city. (a,b) Architectural Status of Selected Residences on Yingchun Street; (c,d) Ar-
chitectural Status of Selected Residences on Vulcan Temple Street; (e,f) Architectural Status of Selected
Residences on Fuhou Street.

Positioning line 2.5m o %"' i 3
: —= i
: s
Positioning line 1.2m .- 36
Positioning line 0.2m 2 4 6

Figure 6. Collection point for microclimate tests.

2.4.3. Mechanical Properties Testing of Residential Brick Walls
(1) Material properties of bricks

Before the invention of concrete, residential buildings were essentially wall structures
made of brick materials, which were primarily artificial bricks. Artificial bricks are solid
bricks made by firing clay as a raw material [57]. Artificial bricks come in two main
varieties, red bricks and blue bricks. Red bricks are created during the firing process when
the iron in the clay completely oxidizes, producing iron trioxide red. During the firing
process, blue bricks are created when the clay is partially cooled with water. Blue bricks
and red bricks have the same raw materials and firing process, only the cooling method
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after firing is different; red bricks are naturally cooled, and blue bricks are water-cooled. As
for the properties of bricks, blue bricks are fired for a longer period of time and have higher
resistance to high temperatures and humidity, while red bricks are fired for a shorter period
of time and have a higher compressive strength. However, in terms of the manufacturing
process, they are all insufficiently fired bricks (Figure 7). Both have the characteristics of
a loose structure, high porosity, and high water absorption. In particular, the expansion
stress after water absorption increases the looseness of the brick’s microstructure, making
it brittle and easy to disintegrate, favoring the development of damage [58].

(2) Mechanical rebound experiments on brick walls

frequency (pore volume)

7.84 1.96 0.49 0.12
microporous diameter / pm

Figure 7. Microporous size distribution of brick products under two temperature conditions: under-
firing and normal baking “Adapted with permission from Ref. [59]. 2012, Qingfan Li” [59].

The traditional dwellings in Guangfu Ancient City are brick houses because the brick
wall is mainly used to bear pressure. Therefore, the focus of the quality inspection of
the wall bricks of the dwellings is on testing their compressive strength, and the index
of their strength is directly related to the safety and durability of the structure of the
traditional dwellings [60]. The current method for determining the strength of masonry
blocks is usually on-site sampling [61]. This provides clear and reliable test results, but it
is labor- and time-intensive and can jeopardize the integrity of the masonry itself. This is
not suitable for the traditional dwellings in this study, as the appearance of the dwellings
needs to be preserved, and the technology can be widely available. Therefore, it is of great
importance to study non-destructive testing methods applicable to the strength testing of
traditional dwellings. Due to lightweight equipment, easy handling and efficient operation,
minimal site requirements, and straightforward data processing, the rebound method is
perfect for testing the strength of traditional residential building blocks [62]. In this study,
the strength of bricks was determined using the rebound method on residential brick
masonry. To indirectly determine the compressive strength of conventional residential
bricks, the method relies primarily on the brick rebound value of surface hardness, which
is measured using the brick rebound measuring device. Related mechanical parameters
such as tensile strength, elastic modulus, and the compressive strength of brick masonry
are also calculated, using the correlation of the direct compressive strength of the brick to
establish a relationship equation. The parameters of the brick resilience meter are shown in
the following table (Table 3).

The tested brick walls were divided into two types of zones, intact and damaged zones.
Each type of brick serves as a detection unit and, based on the type of damage present in the
brick wall to be tested, the damage zone selects an appropriate number of detection units.
In each test unit, 4 measurement areas are randomly selected, the area of each measurement
area is no less than 2 square meters, and 20 randomly selected bricks with outward stripes
are used as the 20 measurement positions used for rebound testing. The distance between



Buildings 2024, 14, 3563

11 of 28

the selected brick and the edge of the brick wall must be more than 250 mm, and the
distance between each measuring area cannot be less than 250 mm. Five impact points
are evenly arranged on the measuring surface of each stone. When choosing the impact
point, we avoided unevenness in the brick surface. The distance between two adjacent
impact points should not be less than 20 mm, and the distance between the impact point
and the edge of the brick should not be less than 20 mm, and each impact point can only
rebound once. The rebound meter must be horizontal during the test and its axis must be
perpendicular to the surface of the brick. The rebound value of a single side position is
taken as the average of the rebound values of 5 impact points [63]. There are four villages
within the old city: North Village, East Village, South Village, and West Village [47]. The
buildings in the South and East Villages have been more extensively restored and preserved
due to their high commercial and tourist value. In contrast, the structures in the North
and West Villages are comparatively older. Architectural conditions vary among the four
villages. Consequently, two brick-masonry dwellings from each village were selected
for rebound testing (Figure 8). The resilience test was carried out for each dwelling unit,
evaluating the resilience values of bricks within the same wall in various locations.

Table 3. Main indicators of the brick rebound tester.

Main Indicators Parameter Range
Types of rebounders HT75-A Brick rebounders
Kinetic energy of an impact 0.735]
Stretching length of sprung tension springs 75 £ 0.3 mm
Friction on the pointer slider 05+01N
Working length of sprung tension springs 61.5 = 0.3 mm
Spherical radius of the end of the striking rod 25 £ 1mm
f=2x10"2R? - 0.45R +1.25

Brick compressive strength conversion formula f: Compressive strength of bricks

R: Brick resilience value

Figure 8. Distribution of samples for brick wall rebound testing in the Guangfu Ancient City.

3. Case Study
3.1. Pathological Examination of Residential Brick Walls

Using the number of samples of damaged residential buildings as a quantitative
criterion for architectural damage, the information on residential damage in Guangfu
Ancient City was summarized and analyzed to draw the following preliminary conclusions
(Figure 9):
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(a)

The proportion of traditional dwellings with

[ 22.46% light damage

[ 55.61% Moderate damage
Bm 18.18% heavy damage
Bl 3.75% extreme damage

e  The percentage of traditional dwellings with different degrees of damage is as follows
(Figure 9a): through the summarization and analysis of the degree of damage to
traditional dwellings in the ancient city, it was found that traditional residences in
the ancient city generally exhibit varying degrees of damage, with more than half
exhibiting moderate damage.

e  The number of different building pathology types for brick walls is as follows (Figure 9b):
upon summarizing and analyzing the quantities of various architectural pathology
types in traditional dwellings of the ancient city, it was determined that the primary
pathologies affecting the ancient city are P1 and P3.

e  The number of building pathology types in different parts of the brick wall are as
follows (Figure 9c): through the summarization and analysis of the quantities of
various architectural pathology types in different sections of brick walls in traditional
dwellings of the ancient city, it has been determined that the primary pathological types
affecting the ancient city are W2, W3, and W4. It can be observed that the architectural
pathology phenomena in traditional residences are predominantly concentrated in the
middle and lower sections of the walls.
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Figure 9. Damage analysis diagram: (a) The percentage of traditional dwellings with different degrees
of damage; (b) The number of different building pathology types for brick walls; (c) The number of
building pathology types in different parts of the brick wall.

In summary, the damage situation in traditional dwellings in the ancient city is serious,
and the number of homes with moderate or higher damage accounts for a relatively large
number of homes. There are three types of pathologies that are more pronounced within
the walls of ancient city dwellings. Concurrently, the damage information of residential
building walls indicates that multiple damage combinations occur on the walls of the same
traditional dwelling. For instance, several types of architectural pathologies are observed
to co-occur frequently. The types of architectural pathologies that frequently appear also
vary across different parts of the building walls. Therefore, there is a certain relationship
between the types of architectural pathologies, the wall positions, and among different
pathologies themselves. Based on the compilation of residential damage information, this
study analyzed the combinations of pathologies in traditional dwellings, the correlations
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between different pathologies, and the correlations between different parts of the residential
walls and various pathologies (Figure 10).

e Pathological combinations of traditional dwellings (Figure 10a): Through the detec-
tion and analysis of brick wall damage in 50 dwellings, a total of 23 combinations of
housing damage were identified: Among them, there are three groups of individual
pathological combinations; there are eight groups with two pathological combinations;
three pathological combinations with ten groups; and four pathological combina-
tions with two groups. Therefore, the residential pathological combinations in the
ancient city mainly consist of two and three pathological combinations, and the main
pathological combinations are P1P2 and P1P3.

e Pathological correlation of traditional dwellings: As depicted in Figure 10b, the
heatmap presents the correlation coefficients between various architectural pathology
types. The intensity of the colors indicates the strength of the correlations, with hues
closer to red signifying stronger correlations. Through the analysis of the heatmap, we
identified several significant clusters of correlations. For instance, positive correlations
were observed among the pathologies within the combinations P1P2, P1P3, P3P6, and
P4P5. Additionally, some pathological combinations showed weak or non-significant
correlations, such as the non-significant correlation between P6P7, suggesting that the
occurrence of these combinations may be incidental. Furthermore, we noted some
unexpected correlations, such as the negative correlations between P1P7 and P3P5,
which may indicate the need to consider the interplay of these pathological causes in
future strategies for addressing architectural damage.

e  Correlations between pathological parts and pathological types of traditional dwellings
(Figure 10c): The heatmap utilizes color intensity to denote the strength of correla-
tions, with hues closer to red signifying stronger associations. Our analysis of the
heatmaps revealed several notable clusters of significant correlations. Notably, the
darkly colored regions between P1 and W2, W3, and W4 suggest a robust positive
correlation, indicating a pronounced relationship. Conversely, the correlation between
certain pathologies and wall parts was weak or insignificant, such as the negligible
link between P3 and W2, W3, and W5. This may suggest that the occurrence of P3
in these wall parts is somewhat incidental or less predictable. The heatmap reveals
that W1 is predominantly affected by pathology P3, while the other four sections, W2,
W3, W4, and W5, are primarily affected by P1. Additionally, P1 is observed across all
wall parts.

In summary, P1P2P3 architectural pathology was found to occur frequently as a com-
bination of pathologies. These architectural pathologies are mainly symptoms of moisture
damage to the brickwork. Natural “defects” occur in the physical and chemical properties
of building materials. Brick, one of the oldest building materials, has many internal voids
because it is made primarily of fired clay and sand. Through the cavities, moisture is
stored inside the building and, together with salts, causes damage to the masonry. Wall
dampness-related pathologies, including mold growth and moisture retention, significantly
impair indoor air quality and pose health risks to occupants [64]. These conditions can
emit mold spores and volatile organic compounds (VOCs) into the indoor environment,
thereby degrading air quality. Mold metabolites, such as mycotoxins, can trigger respira-
tory irritation and allergic responses, with chronic exposure potentially leading to severe
health issues such as bronchitis, tonsillitis, rhinitis, and asthma. Individuals with weakened
immune systems are at an increased risk of experiencing headaches, fever, and skin or
mucous membrane inflammation. Additionally, humid environments facilitate the growth
of bacteria and viruses, contributing to respiratory and dermatological health problems [65].
Consequently, dampness-induced wall pathologies exert a profound influence on both
indoor air quality and human health, underscoring the need for scientific research and
effective preventative measures.
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Figure 10. (a) Percentage of the number of different pathology combinations of traditional houses in
the old city; (b) Correlation between the different types of pathologies present in traditional dwellings;
(c) Heat map of the distribution of different building pathology types in different parts of the wall.

3.2. Analysis of Residential Environment Data
3.2.1. Climatic Environment of Traditional Dwellings

The frequency and severity of extreme weather events has increased dramatically
worldwide in recent years, and more extreme weather events are predicted to occur in
the future [66]. It is important to study the climatic conditions of traditional dwellings
in Guangfu Ancient City because historical structures are particularly susceptible to this
unfavorable climate, which leads to the development of architectural pathologies. The
findings from the a of the potential impact of macroclimatic environmental factors on
masonry wall damage using the Handan climate data (Figure 11) are as follows:

e  When the air is saturated with water vapor, the air temperature is equal to the dew
point temperature. The difference between dew point and air temperature can there-
fore indicate how far the water vapor in the air is derived from saturation. From
studying Handan’s dry bulb and dew point temperatures, buildings that are prone to
condensation during the summer months of July and August create a humid environ-
ment for the walls.

e  When analyzing the wind speeds in Handan, it was found that the maximum wind
speeds mainly occur in February, March, and November, and the excessive wind
speeds can damage the surface of living walls and cause the phenomenon of
wind erosion.
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e  When analyzing the relative humidity in Handan, it was found that it was signifi-
cantly above 50%, with the highest relative humidity occurring in July and August
in the summer when it was almost 80%. This finding is consistent with the conden-
sation phenomenon discussed in the previous article and can easily occur during
these months.

e  When analyzing the rainfall in Handan, it was found that July and August are the
wettest months in Handan, while rainfall is very uneven throughout the year.
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Figure 11. Climate and environmental analysis chart: (a) Temperature; (b) Wind speed; (c) Relative
Humidity; (d) Precipitation. (The red dotted box shows data for months with significant changes in
the climate environment).

In summary, the summer months of July and August are found to be the wettest times
of the year in the ancient city of Guangfu. This is also the time when the temperature is
closest to the dew point temperature, making buildings vulnerable to condensation. The
relative humidity analysis charts also showed that the humidity was higher during this
phase, which led to the pathologies. In addition, spring and autumn winds prevailed,
exposing the brick walls of the residential buildings to the unfavorable environment
of a wet-dry—wet cycle. This resulted in pathologies of varying degrees in the brick
residential buildings.

3.2.2. Microenvironmental Analysis of Building Brick Walls

Environmental factors have different effects on building pathology, and buildings
and their environments interact and influence each other. The most important climatic
elements that make up a building’s microclimate are temperature, humidity, wind direction
and speed, and solar radiation. These elements also have a significant impact on the
overall structure of the building and the comfort of its residents [67,68]. The microclimate
data of residential walls were objectively collected in this study, and the test data could
accurately reflect the microclimate information on the surface of the brick wall and the
degree of environmental influences on it. This allows the investigation of the extent to
which microclimate information negatively impacts various brick building components
and serves as a basis for further research (Table 4).



Buildings 2024, 14, 3563

16 of 28

Table 4. Study of the residential situation.

Code Position Construction Pathology Damaged Damage

Sections Grades
Brick and wood
a Yingchun Street structure P1P2 W2, W3, wa ¢
b Brick and wood P1P2 W3, W4 c
structure
Brick and wood
C Vulcg? Tefmple structure P4P5 W4, W5 b
ree .
d Brick and wood P1P3 W5 c
structure
e Backstreet of the Brick and wood P1P2 W5 b
government Bri slzruc;ure d
£ office ricxand woo P1P2P3 W5 c
structure

For example, in the case of residential house sample d, the four exposed wall facades
of the house are used as measurement points, and each one is selected based on the need for
monitoring the surrounding microclimate. Measuring points 1, 3, and 5 are located along
the horizontal detection line in the upper part of the wall, 2500 mm above the floor. 12, 34,
56 are distributed along the horizontal detection line in the middle of the wall, 1200 mm
above the floor; 2, 4, 6 are distributed along the lower part of the wall, 200 mm above the
floor (Figure 12).

Figure 12. Schematic diagram of microclimate testing points in traditional dwelling d.

As part of the microclimate test, the following variables were measured at each
measuring point on the wall surface (Table 5): temperature, humidity, wind speed, solar
radiation, and the amount of moisture inside the bricks.

Table 5. Acquisition of microenvironmental data on the north and south walls of sample d.

Detection Point N-1 N-12 N-2 N-3 N-34 N-4
Temperature (°C) 22 22.1 20.6 20.3 20.2 19.3
Relative humidity (%) 35.6 39.6 40.2 36.4 40.1 40.4
Solar radiation (w\m) 86 142 116 89 130 93
Detection Point N-5 N-56 N-6 S-1 S-12 S-2
Temperature (°C) 20 19.8 19 18.1 18 18.2
Relative humidity (%) 36.4 375 35.2 32.8 33 334
Solar radiation (w\m) 134 67 32 43 33 29
Detection Point S-3 S-34 S-4 S-5 S-56 S-6
Temperature (°C) 18.3 17.9 18.1 20 19 19.2
Relative humidity (%) 33.2 344 333 32.7 335 33.8

Solar radiation (w\m) 46 33 29 49 38 31
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The primary physical properties of microenvironmental indicators are temperature,
humidity, wind speed, and UV radiation on building surfaces. The damage was mainly
caused by the humid environment, according to the research on the pathologies of the
walls of ancient houses in Guangfu. This study focused on testing environmental factors,
including temperature, wind speed and radiation, as well as the humidity of the wall
surface and the moisture content of the bricks. The microenvironments of the walls and
different areas of the walls in each orientation of the building vary, influenced by the
courtyard-like layout and orientation of the buildings. In this study, the environmental
data of differently oriented parts of the sample walls were examined and the following
preliminary conclusions were drawn by synthesizing the microenvironmental data of the
six samples and analyzing them against the damage data:

e  Results from the analysis of the average humidity of the walls in each direction of
the sample show that the north and west walls have relatively high humidity, while
the south and east walls have relatively low humidity. The north and east walls also
experience relatively high temperatures, while the south and east walls experience
high temperatures (Figure 13a—c). This suggests that temperature and humidity
are correlated; at higher temperatures, water evaporation is easier, and at lower
temperatures, humidity increases. Meanwhile, changes in wind speed and radiation
intensity have an impact on air humidity, as statistical results from environmental
parameter measurements show. The data show that these variables are the highest
on the south side of the wall, followed by the east side, and with the lowest values
found on the north and west sides of the wall. The data suggest that an increase in
wind speed and radiation intensity causes moisture to be more easily removed from
the brick material, thereby reducing the humidity within the brick wall.

e  There are differences in the microenvironmental parameters in different parts of the
wall, and they objectively reflect the physical conditions at the time of damage to
the masonry by building pathologies. Therefore, the microenvironmental data from
different parts of the brick wall were compared and analyzed with the damage data
(Figure 13d-f). The damage and brick moisture comparison of the three sample
groups showed that the percentage of damaged wall increased with brick moisture
content. According to the measured results, the W4 base area of the wall had a higher
probability of damage and a higher moisture content in the brick material.

In summary, in the statistics of the data for all orientations and parts of the brick
walls of the residential building, the highest humidity was found on the west side and the
highest humidity was found in the base area of the W4 wall. Due to the spatial layout of
the ancient urban court residence, the internal wind environment is relatively stable and
therefore is more affected by light radiation. It is first concluded that due to the shading
of wall foundations and other parts of the wall, these areas are exposed to high humidity,
low wind speed, and low intensity of light irradiation, and are in a state of sustained water
infiltration and accumulation, making it difficult for water to pass through and reduce the
ability of moisture to evaporate evaporation, thus leading to the high and concentrated
incidence of the damage.

3.3. Compressive Strength of Residential Brick Walls

Due to the different construction times of the dwellings in the old town, the bricks
used were affected by the environment at different periods of time, resulting in different
types and severities of damage. As a result, the study was carried out to compare the
compressive strengths of different test units in the same dwelling and to analyze the
compressive strength results of each dwelling separately. In this study, a total of eight
dwellings were tested using the rebound method, with three test units per dwelling, for
a total of twenty-four test units. This include eight intact units (640 detection points), six
damage units of P1 (480 detection points), one damage unit of P2 (80 detection points),
three damage units of P3 (240 detection points), one damage unit of P4 (80 detection points),
one damage unit of P5 (80 detection points), two damage units of P6 (160 detection points),
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and two damage units of P7 (160 detection points). Average rebound and compressive
strength values were calculated for each residential test unit.
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Figure 13. (a—c) The mean values of humidity, wind speed, temperature, and radiation on the exterior
wall surfaces facing various orientations within the same residential structure. (d—f) The proportion
of damage occurrences in various parts of walls and the moisture content of internal materials in
different residential buildings.

The findings from the statistics presented in Table 6 are as follows: Within the same
dwelling, the compressive strength of the bricks in the damage detection unit was much
lower than that of the intact and undamaged detection unit. After combining the eight
dwellings for analysis, the bricks of the intact units had an average compressive strength of
13.4 MPa, with the bricks from dwelling no. 2 in the East Village having the highest value
at 24.9 MPa and those from dwelling no. 1 in the South Village having the lowest value at
6.1 MPa. The mean value of the compressive strength of the bricks of the damaged units
was 5.6 MPa, with the largest compressive strength of the bricks of the P2 unit of the North
Village dwelling no. 2 being 11.9 MPa and the smallest of the bricks being 1.6 MPa in the P2
of dwelling no. 2 in the West Village. The ‘General Code for Masonry Structures’ (GB 55007-
2021) stipulates the minimum strength grades for masonry materials [69]. In this study,
the urgency of building pathologies is determined by comparing the compressive strength
of residential brick materials with the specifications set forth in the code. Meanwhile,
the average compressive strength of the housing unit in West Village 2 was the lowest,
indicating that the damage posed a major risk to structural safety and there was an urgent
need for treatment for the damage.

In summary, the bricks in traditional houses with damaged areas have lower compres-
sive strength than the bricks in the normal, undamaged areas. The compressive strength of
bricks is directly related to the structural safety of traditional homes. Therefore, the degree
of damage to the structure can be judged by the compressive strength of bricks or brick
walls, which determines the method of damage treatment and the degree of urgency for
damage treatment.
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Table 6. Brick inspection data record sheet.
Detection of Sensor Unit Average Brick Brick Compressive
Dwellings Resilience Value Strength/MPa
h Vil Intact 371 12.1
Nort Vll age P1 249 24
No. P3 29.4 5.3
h Vil Intact 418 17.4
Nor;\I V12 age P5 36.9 11.9
o P6 28.2 45
B 1 Intact 34.3 9.3
asl’c\I Vi 1age P1 26.9 3.6
o P3 27.9 43
. Intact 47 .4 249
East Vlléage P1 35.7 10.7
No. 7 254 2.7
. Intact 30.4 6.1
South Vlilage P1 2.7 35
No. P7 276 41
. Intact 35.8 10.8
South Vlélage P1 287 48
No. P6 347 9.7
. Intact 42.1 17.8
West Village P1 325 7.8
No. P4 33.9 9
. Intact 33.4 85
West Vilage P3 258 3
0 P2 232 1.6

4. Results and Discussion
4.1. Environmental Influences on the Pathology of Traditional Dwellings

Brick wall dampness damage is influenced by a multitude of factors, leading to

variations in the extent of damage manifestation across different environmental samples.
In this study, microenvironmental data were collected from six residential buildings within
the ancient city. Among them, dwellings a and b were designated as Group 1; dwellings c
and d as Group 2; and dwellings e and f as Group 3 (Figure 5). To identify the predominant
influencing factors for each sample, we integrated and correlated damage information and
environmental data from three groups of residential samples. We then conducted a principal
component analysis (PCA) to reduce the dimensionality and compare several variables,
utilizing the initial principal components as independent variables in our regression model
analysis (Figure 14a). The findings are as follows:

Figure 14a presents the PCA score plot, illustrating the projection of three groups of
residential samples (as shown in Figure 5) onto a new coordinate system defined by
the first two principal components. These two principal components account for a
combined 62.8% of the total variance in the data, with PC1 explaining 36.8% and PC2
explaining 26.0%. Each point on the score plot represents an individual sample, with
its position determined by its scores on PC1 and PC2. The distribution of the sample
points reveals their relative positioning along these two principal components, thereby
reflecting the similarities and differences among the samples. It is observable from the
plot that the samples can be broadly categorized into three distinct clusters, indicating
a clear grouping tendency within the data based on the selected principal components.
Consequently, there are certain differences between the three sample groups.

Through principal component analysis (PCA), it has been observed that there are
certain distinctions between sample groups. Consequently, an analysis of the principal
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component data for humidity and temperature across the three groups of samples
has been conducted. The vertical axis of the chart represents relative humidity and
wall surface temperature, while the horizontal axis indicates the distance of the wall
measurement points from the ground level. Analysis of the temperature and humidity
fluctuations depicted in Figure 14b,c reveals a consistent trend across all three sample
sets; there is a gradual reduction in wall surface moisture content and a concomitant
increase in temperature with increasing height above the ground. This observation
suggests that, in addition to climatic and microenvironmental humidity, geographical
environmental humidity factors also play a role in the pathology of brick walls in
residential structures. For instance, soil moisture can infiltrate the wall through
capillary action and then rise along the wall’s roots.
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Figure 14. (a) Principal component analysis of sample damage environments (In the figure, the letters
a,b, ..., frepresent the residences a, b, .. ., f); (b) Relationship between sample moisture and distance
from the ground; (c) Relationship between sample temperature and distance from the ground.

In summary, a variety of factors, including climate, architectural microenvironment,
and geographical location, have an impact on residential brick walls. Furthermore, the
extent to which these factors influence a given sample varies, suggesting the need for a
targeted approach when studying architectural damage [70,71].

4.2. Environmental Effects on the Mechanical Properties of Brick Walls

The primary cause of the damage affecting traditional dwellings in the ancient city
of Guangfu is known to be the erosion of the dwellings by water in the surrounding
environment, based on an analysis of the pathological environment. In order to schematize
the real behavior of the brick in the environmental conditions, quantifying the variability
of the performances of building materials in the presence of moisture is essential [72,73].
In this study, the moisture content of brick materials was also tested using a Testo 606-2
material moisture meter during rebound testing of brick walls in traditional dwellings. A
correlation analysis was also carried out between the average resilience values and the
moisture content of the brick walls. Testing the data for normality revealed that the rebound
values followed a normal distribution, but the moisture content did not. Therefore, the
choice was made to use Spearman correlation analysis [74].

From the correlation analysis, it can be seen that the correlation coefficient between the
rebound value and the moisture content is —0.8017, and the two are negatively correlated
with p < 0.001, which means that the correlation is statistically significant (Figure 15).
Therefore, it is important to analyze the influence of the environment on the mechanical
properties of bricks.
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Figure 15. Correlation analysis between resilience values and moisture content of brick walls.

Due to the fact that traditional dwellings are exposed to complex environmental factors
over a long period of time, the test results may be subject to some errors. At the same time,
the raw material clay used to make bricks varies depending on the local soil composition,
resulting in the different properties of the finished bricks. Therefore, in this study, ten
traditional residential bricks were selected from the area, including five blue bricks and five
red bricks, which were divided into two groups. Each brick was dried and then soaked in a
basin so that the bricks had different water content states as follows: dry state, 2% water
content, 4% water content, 6% water content, 8% water content, 12% water content and fully
saturated. Concurrently, during this process, the moisture content was recorded at hourly
intervals to track its variation over time. Brick samples were immediately subjected to a
rebound test for each moisture content achieved. After completing the tests, the average of
the rebound values at different moisture contents was calculated for each group of brick
samples. The influence of moisture content on the elasticity value of brick samples was
analyzed by comparing the experimental results of two groups of samples. The test results
are listed below (Figure 16a).

From Figure 164, it can be seen that although the average brick rebound value varies
between the two groups of bricks, the values tend to decrease as the moisture content of the
bricks increases. At a moisture content from 2% to 6%, the rebound value decreases more
significantly, with the maximum decrease being around 3.9. Figure 16b illustrates that the
moisture content of the brick material shows an increasing trend during the initial 12 h.
Between 12 and 24 h, the moisture content gradually stabilizes, fluctuating within a narrow
range. At 21 h, the brick material reaches its peak moisture content. The resilience value of
bricks is based on their surface hardness, which is directly impacted by the moisture content
of the bricks [75]. Tests have shown that as water erosion of the brick material increases,
the mechanical properties of the brick gradually deteriorate. Studies conducted by Lei Z.
have reported that moisture infiltration can lead to significant structural damage within a
range of specific time periods. Lei Z. conducted an experimental study of moisture in brick
masonry in a confined laboratory. The experiment was conducted by placing brick masonry
in a pool of water and observing the time of occurrence and distribution of the phenomenon
of flooding on the surface of the bricks. During the experiment, the room temperature and
humidity were actively regulated by equipment to maintain a stable temperature, humidity,
and airflow field. At 168 h, a small number of white crystals began to precipitate on the
surface of the brick wall. At 360 h, the alkalized area of the brick wall reached half of
the overall area. At 720 h, the brick wall reached the maximum area of alkali [76]. Wall
flooding occurs when soluble salts in the water crystallize and precipitate onto the surface
of the wall due to evaporation of water inside the wall. When the humidity is high, it
dissolves back into the water and returns to the interior of the material. In this process of
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repeated dissolution and crystallization, the expansion force of salt crystallization continues
to expand the original pores, causing damage to the brick masonry structure [77]. Therefore,
wet conditions can adversely affect the mechanical properties of traditional residential
brick walls, compromising structural integrity and potentially leading to building damage.
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Figure 16. (a) Distribution of mean rebound values for each moisture content condition; (b) Variation
in brick moisture content with time.

4.3. Recommendations for Intervention

The residents of the old city used crude and simple methods to treat the walls of the
buildings, such as mixing two types of bricks to fill the missing parts of the walls and
applying a layer of veneer directly on the surface of the damaged walls (Figure 17a). The
lack of scientific pathological inspection protocols and damage treatment guidance has
led residents to take gross measures that not only worsen the damage to the building’s
historic facade, but also exacerbate the building’s ongoing moisture problem [78]. Thus,
targeted and scientifically sound strategies need to be developed to address the building’s
pathologies and extend its service life. On this basis, the following interventions are
recommended for the identified construction defects:

(1) Development of an inspection plan

Traditional dwellings should be inspected regularly to maintain their good condition.
In addition, scientific pathological investigation methods should be used to deduce causes
of damage in traditional residential buildings and identify defects. In this way, data can be
obtained to determine preventative measures to preserve these traditional dwellings.

(2) Treatment of building pathologies

Remediation of pathologies should be carried out in such a way that the original
appearance of the building is preserved. Suggestions should include targeted repair
measures based on the main pathological symptoms of dwellings. If there are signs of wall
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alkali flooding and corrosion damage to the wall, it is first recommended to clean the wall
surface with TiO; in order to further assess the extent of the wall damage. Fonseca et al.
used a 1% aqueous solution of distilled anatase water to clean facades [79]. The bricks were
then categorized and processed according to the mechanical properties of the wall so that
the less damaged bricks could be repaired and reused [80]. As for the severely corroded
bricks, the bricks were chiseled away and rebuilt according to the type, size, and style of the
original bricks. The masonry was removed and replaced at the same time, with a maximum
of 60 cm being replaced at once. If there are cracks in the wall, bonding techniques should
first be used to restore the entire wall, by applying cement mortar mixed with 107 glue
as an adhesive. The width of the crack dictates the consistency of the mortar. Technical
reinforcement measures would then be taken. Since the traditional houses in the old town
are single-story brick buildings, brick reinforcement hoops can be used to reinforce the
walls [81].

(3) Prevention of building pathologies

In the course of studying building pathologies, it was discovered that some of the
traditional local houses have a horizontal waterproof layer in the walls, usually made of
materials such as reeds or wooden boards (Figure 17b). Based on the original technology,
certain measures can be taken to stop the development of building pathologies. For wall
surfaces, silicone coatings can be sprayed evenly onto the brick surface to achieve water and
weather resistance. Currently, the following two materials are the best ones for achieving
that: sodium methylsilanolate and sodium methylsilicate 3%. aqueous solution [82]. In
addition, chemical injections into the wall can be used to address rising humidity levels
inside the wall [83].

[ e e e e e e e e e e e e e e e e e e e e e e e e T e e e e e e e

i (a) Measures taken by residents themselves (b) Moisture protection techniques
to deel with building diseases

Figure 17. Solutions and preventive measures for existing local construction defects.

5. Conclusions

Traditional brick dwellings are representative vernacular buildings in Northern China,
and architectural damage have led to the destruction of their appearance and structure,
which has a negative impact on the long-term use and protection of the dwellings. In
order to effectively address the damage of dwellings, this article has discussed the process
of diagnosing building pathology. The study selected brick houses in the ancient city of
Guangfu and examined them using the pathological diagnosis method of “Architectural
Pathology Appraisal-Pathological Environment Analysis-Mechanical Properties Testings”,
proposed in this study. And the symptoms of the ancient city damage, the cause of the
damage, and the severity of the damage were derived. The focus of this work is not to
identify the causes of damage to the traditional dwellings of Guangfu Ancient City, but to
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illustrate the rationality and effectiveness of the proposed damage diagnosis method using
the example of Guangfu Ancient City. The conclusions reached by the methodology are
discussed below as a whole:

e  Architectural Pathology Appraisal: Collecting information on damage in traditional
dwellings by means of visual inspection and mapping of damage. For example, the
damage in Guangfu Ancient City dwellings is concentrated in the lower part of the
wall. The damage mostly occurs in the form of pathological combinations, in which
the main performance symptoms are corrosion deterioration, wall alkali flooding, and
moisture infiltration. By assessing building pathology, the damage types and damaged
parts of dwellings are determined to propose targeted cleaning measures for the lower
part of the wall and replacement methods for the damaged bricks.

e Pathological Environment Analysis: The regional climatic environment and the mi-
croenvironment of the dwellings were collected and tested, respectively, to analyze
the causes of damage in traditional dwellings. For example, the climatic environment
data of Handan show that there is heavy rainfall in summer in July and August, and
this period is prone to condensation phenomena, resulting in the humid environment
in brick walls, thus causing dampness damage. Data from microenvironmental testing
show that the lowest part of dwelling walls has the highest humidity because this part
of the wall is in the shade, where it is difficult for light and wind to reach, and difficult
for moisture to escape. At the same time, the moisture content of the bricks gradually
decreases from bottom to top, and the lower bricks are in a permanently a wet state,
resulting in higher morbidity. Through the analysis of the pathological environment,
it is determined that the damage in residential areas is caused by moisture, so tar-
geted measures should be taken for wall surface and internal moisture protection and
water blocking.

e  Mechanical Properties Testings: A brick rebound tester was used to test the mechanical
properties of the brick walls of the dwellings and determine the extent of the damage to
the dwellings. For example, the results of the rebound test indicate that the mechanical
properties of the damaged parts of the ancient city dwellings are poor. Meanwhile,
results of brick rebound tests show that the degree of water infiltration affects the
mechanical strength of the bricks. By testing the mechanical properties, the severity
of the damage of various dwellings in the ancient city is determined, so as to judge
the order of treatment of the damaged dwellings in the ancient city and the type of
reinforcement measures to be taken.

In conclusion, given the large quantity and wide distribution of brick houses, this
study proposes a low-tech, low-cost pathological diagnostic approach that is universally
applicable. And on the basis of past building damage research and environmental anal-
ysis, mechanical property testing was added. Through the three steps of the diagnostic
method, we analyze the pathologies of dwellings from the surface to the interior to propose
effective scientific management measures. This is expected to provide a reference for the
identification and treatment of traditional dwelling pathologies in other areas.

6. Limitations and Further Research

This article presents a diagnostic approach to traditional dwelling pathology by start-
ing with solving traditional dwelling damage and combining them with architectural
pathology. This approach includes pathological characterization, etiological analysis, and
interventions. The method is also applied and verified using the example of the ancient city
of Guangfu, showing that it is useful and effective. However, there are differences between
the traditional handmade bricks used in the residential buildings of this study and modern
bricks. The walls of traditional residences in ancient cities are generally constructed using
traditional craftsmanship, where clay bricks are hand-molded and fired to produce blue
bricks [62]. In contrast, modern bricks may incorporate modern industrial raw materials,
including quartz sand, white clay, and feldspar. The disparate raw materials and manu-
facturing processes result in different performance characteristics between the two. When
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calculating compressive strength, this study utilized the strength measurement curve for
common modern bricks, which may diverge from the actual compressive strength values.
At the same time, the study limited the analysis of the overall performance of the dwellings
by focusing only on the bricks of the dwellings after sampling and testing while ignoring
the mechanical properties of the mortar. In addition, there is some difficulty in applying the
experimental method to simulate the actual environmental conditions and the actual time
of occurrence of building damage, and the specific effects of the geographical environment
on the residential area are not fully taken into account. For example, the nature of the soil
and the water table can influence the level of penetration of wet conditions.

Therefore, subsequent research should involve conducting actual compressive strength
tests on local brick materials to verify the accuracy of the rebound method measurements.
Additionally, data testing and statistical analysis should be employed to determine the
rebound strength curve that aligns with the local brick materials. Moreover, it should
investigate and study the soil properties, water table, etc., of the area. Additionally, a
multi-parameter, long-time simulation is used to analyze the entire traditional residen-
tial house with the aid of simulation software. In our forthcoming research, we will
conduct a detailed study on the temporal evolution of various types of structural “patholo-
gies. We aim to address this issue through the development of models that simulate the
moisture force coupling and the migration of moisture and heat within masonry struc-
tures, which is crucial for understanding the behavior of brick masonry under different
environmental conditions.
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