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Abstract  

 

To support the conservation efforts regarding a wooden church in Domachowo, extensive 

research and design work was required to strengthen its weakened structure. A variety of 

data and analyses are necessary to make an accurate assessment, including obtaining a 

computational model, monitoring the behavior of the structure and its response to external 

forces and also performing strength analyses and verifying them with measurement data. For 

accurate geometric evaluation, static and dynamic measurements were required. A 

mathematical model and a flowchart of the necessary tasks were developed, along with the 

selection and installation of measuring devices. For this particular structure, static 

measurements were made using an automatic total station and dynamic measurements using 

tilt sensors. The purpose of the analysis was to correlate the inertia measurements with the 

absolute tachymetric observations related to reference points fixed outside the object in order 

to accurately assess the behavior of the object. Another important issue was to model the 

column element under study in such a way that its horizontal displacements could be 

determined from the measured inclinations. The obtained results indicated the need to 

strengthen the joints of the two main parts of the structure in order to minimize the impact of 

dynamic weather conditions. The paper describes the measurement process, the method of 

calculating displacements and the correlation of both types of data. Selected results 

confirming the conclusions are also presented.  

 

Keywords: Historic wooden structure; Continuous monitoring; Inclination measurements;  

                  Numerical model; Static and dynamic analysis 
 

 

Introduction  

 

Wood is a very popular building material and has been widely used for millennia due to 

its availability, easy processing and low weight, which is especially important in transport. The 

disadvantages of wooden structures include sensitivity to changing weather conditions and low 

resistance to fire, biological pests and biological corrosion. For these reasons, preserved historic 

wooden structures require special care, both in terms of protecting them from degradation and 

destruction, as well as ensuring proper load-bearing capacity and structural stability. 

The literature offers numerous examples of historic buildings with wooden structural 

elements [1-4]. Usually, before undertaking any conservation or repair work, it is necessary to 

conduct a diagnosis of the technical condition of such constructions. Some texts [5-7] describe 
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the diagnostic stages and guidelines for evaluating historic structures, which were developed on 

the basis of practical research.  

A crucial factor in evaluating the condition of a building is determining the mechanical 

parameters of the built-in wood. A. Cavalli et al. [8] reviews the mechanical parameters of 

wood with a focus on factors that affect changes of these properties over time, which especially 

applies to wood in historic buildings. The parameters can be determined using both destructive 

and non-destructive methods, the latter being extremely useful in tests performed directly in 

historic buildings. Semi-destructive methods for testing the mechanical parameters of wood 

have been reviewed by M. Kloiber et al. [9]. Among these methods are those that involve taking 

small samples of wood from the existing structures, those in which a pin is pressed in, a nail is 

driven in or predrilled screw is pulled out and those in which resistance to drilling a hole is 

tested. Methods that do not destroy structural elements, but disturb them to some extent, can be 

used in historic buildings, but non-destructive methods [10], which are not invasive at all, are 

more suitable in this case. Non-destructive methods include organoleptic testing, as well as 

acoustic and radiological methods. F. Arriaga et al. [11] describes the non-destructive acoustic 

method for testing wooden elements, although the tests were conducted in a laboratory on an 

element cut from an existing structure. Paper [12] reviews of acoustic methods for, among other 

things, monitoring and damage detection in wooden elements. While in [13] the effect of 

moisture content on the mechanical parameters of wooden structures is analyzed, where the 

tests were conducted using non-destructive and semi-destructive methods.  

In most cases, the mechanical parameters of the built-in materials are determined only 

once, since their changes are slow. In case of any ambiguity, the evaluation of the technical 

condition of the wooden structure can be repeated periodically. Similarly, measurements of any 

deformation in the structure can also be repeated periodically and even monitored continuously. 

In general, however, the monitoring of historic buildings is limited to periodic inspections and 

measurements of deformations [14]. Nevertheless, advanced methods of measuring deformation 

in wooden structures are now available that also allow continuous recording of readings. Such 

methods are widely used, for example, to monitor bridges [15, 16], although in recent years 

there has been an increase in the application of these methods to measure displacements in 

operating buildings [17]. 

Regarding existing buildings, instead of continuous measurements of deformation, it 

seems more important to accurately represent their structure in a numerical model in order to 

assess the level of stresses. In the case of existing wooden structures, numerical modelling 

techniques can be used to assess both their safety and their resistance to seismic loads [18]. 

Numerical modelling and the finite element method (FEM) facilitate detailed analyses of the 

operation of a structure or its individual parts, as well as the analysis of interactions between 

individual parts made of different materials [19]. 

The development of a new technology, building information modeling (BIM), based on 

the creation of an intelligent, virtual model, has revolutionized the approach to building design 

and management. The model includes a numerical representation of all technical and functional 

properties of the building and its components, including costs and property rights. In the case of 

new buildings, the data can be used throughout their entire lifecycle of the object: from early 

concept development, then during construction, operation and management, until demolition. 

BIM can also be used for reconstruct or extened existing buildings, as well as for documenting 

cultural heritage and managing historic buildings [20-23]. 

This article describes the results of several years of observation of a historic church 

building with a complex wooden structure. The results of numerical analyses of the 

computational model built on the basis of the observation are also presented. The main goals of 

the study were to assess the condition of the existing building, identify its weaknesses and 

control its response to climatic loads. The first part of the paper describes the structure of the 

building, which consists of several units built at different times. In the following section, the 
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methodology of testing and the results of measurements made in an actual structure subjected to 

various atmospheric influences are presented. The next part shows the results of dynamic 

analyses based on vibration measurements during high winds. The subsequent part describes the 

numerical model of the spatial bar structure, based on which static and dynamic analyses were 

performed, including comparative and parametric analyses. The paper ends with a summary and 

final conclusions. 

 

Description of the building 

 

The object of the study is the church of St. Michael the Archangel in Domachowo, 

Poland. Until recently, it was believed to have been built in 1568, but fragments of log walls 

with paintings dating back to the 14th century have recently been discovered inside. The central 

section of the building is a single-nave body with a narrower, elongated chancel ending in a 

three-bay wall (Fig. 1). A chapel adjoins the chancel to the south and a sacristy to the north. A 

side aisle adjoins the south side of the originally built nave. On the west side, there is a 

vestibule and a square tower with a porch on the ground floor and two annexes on both sides.  

 

 
 

Fig. 1. Ground plan of the building with the division into different sections 
 

The chancel and the nave have separate roofs. The considerably lower sacristy is covered 

with a single-pitched roof, while the chapel with a gabled roof. The roof system consists of two 

separate king-post trusses made of oak wood. Their characteristic feature is the central bracing 

frames, which form poles called king posts. 

The church building has a double wall structure. The original log walls were made of 

oak beams with a cross section of about 13x50 cm. Later, the walls were reinforced with an 

internal post and beam structure made of pine wood. 

Many studies mention the subsequent construction stages. According to existing 

historiography, the brick sacristy was added in 1586. A major renovation which included 

adding a new sacristy, rebuilding the tower and reinforcing the walls with an internal timber 

frame, took place in 1775. The numerous reconstructions and extensions were related, among 

other things, to the fires that occurred in the 17th and 18th centuries. The building acquired its 

present form in the 1920s, when a side aisle was added to the south and a wooden frame 

structure to the west. Furthermore, the tower was replaced and a wooden chapel was erected 

next to the chancel. Currently, the main load-bearing system is a post and beam frame 

connected to oak log walls, which are well preserved in the oldest section of the building, the 

chancel and nave. The successive construction stages of the church's construction are evident in 

chancel
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nave

aisle chapel
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its spatial structure, namely in the way the wooden elements are arranged, the way the particular 

parts are connected and the type of material used [20]. 

Since 2017, the church in Domachowo has been subject to conservation work, which 

includes the preservation of the polychrome ceiling in the chancel and the nave, as well as 

wooden furnishings. In 2018, the researchers discovered a gothic rood beam, as well as figural 

and ornamental polychromes on the logs and on elements of the post and beam, dating probably 

from the 16th century. 

In 2019, the wood was sampled for dendrochronological analyses, which revealed that 

the wood for the construction of the church was felled in 1368 and 1369. Accordingly, Jerzy 

Borwiński, a conservator and expert on historic buildings, specifies 1369 as the construction 

date of the church in Domachowo. This would mean that this is the oldest, almost completely 

preserved wooden church in Poland. 

 

Description of the structure 

 

Structural assumptions for different sections of the building 

The wooden structure of the church is a complex spatial system consisting of several 

sections that differ in shape, time of construction and carpentry techniques. The main ridge of 

the roof and the central axis of the building are oriented in a west-east direction (Fig. 2). The 

main entrance and the porch are situated on the west side. This is followed by the choir and the 

nave terminating in the chancel.  

The oldest section is the chancel. It was built on a rectangular plan measuring about 7.0 

x 11.0 meters with two beveled corners on the eastern side (Fig. 1). Originally, the main load-

bearing element of this section was the log walls on which the roof trusses rested. Over time, 

the log beams became deformed, which is probably why the chancel walls on the inside were 

braced with a frame of posts and beams. Above the walls, there is a king post truss, which 

carries the weight of the roofing and supports the boarding of the ceiling and the attic floor. The 

king post truss is approximately 10.0m high, which, with a span of 7.0m results in a roof slope 

angle of about 69 degrees (264%). 

The nave is 9.5m long, counting in the axes of the outermost columns. And its span 

varies from 9.4 to 9.8m, which indicates that the side walls are not parallel to each other (Fig. 

1). As in the chancel, the side walls are of two types of construction: log on the outside and 

post-and-beam on the inside. The chancel adjoins the nave without any partition, whilst the 

difference in the width of the two sections is made up for by two short log side walls.  

 

 
                                                      a)               b) 

Fig. 2. View of the church: a) from the southwest, b) from the northeast  
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Between these walls, in the middle, there is a rood beam with a span of about 7.7m, 

which is supported by an additional post and beam system with angle braces (Fig. 3). A ceiling 

girder, which runs along the nave, rests with one end on the rood beam, in the middle of its 

span. The second support of the girder is a three-span beam located in the plane where the nave 

meets the newer, western section of the building. The three-span beam, in turn, rests on the two 

inner posts and at the ends on the outer walls (Fig. 4). 

The girder, along with the entire ceiling plane, is lowering towards the west by more 

than 20cm. A 10.0m high king post truss rests on the side walls, but due to the longer span of 

the nave in relation to the chancel (Figs. 1 and 5), the inclination angle of the roof slope is 

slightly different, being about 64 degrees (205%). 

 

  
 

Fig. 3. View of the rood beam from the nave side  

 

 
 

 Fig. 4. View of the three-span beam supporting the nave girder from the choir section  

 

In general, the entire body of the nave tilts to the west, the entire wall panels, beams and 

columns, as well as the ceiling in whole are turned. The largest displacements are in the 

chancel, which leans evenly toward the west within a range of about 16 to 21cm. In the 
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transverse direction, the pillars of the north and south walls have been displaced and these walls 

lean towards the interior of the church. The deformation probably occurred due to degradation 

and lowering of the supports on the west side. Since the floor has been levelled and is now 

horizontal, the walls of the nave at the west end are lower by about 20 cm compared to the east 

end.  

 

nave
sacristy

chapel

aisle

 
 

Fig. 5. Cross-section of the nave 

 

The newer section, that is the entrance with the porch and choir, consists of regular 

cuboid structures with even and mutually perpendicular walls. Above the porch is a tower based 

on a square plan with a post-and-beam frame, topped by a hipped roof. In the choir section is a 

mezzanine, the ceiling of which rests on three perimeter walls, while on the nave sides the 

mezzanine ceiling rests on edge beams supported by two columns (Fig. 4). This section is also 

topped by a gable roof, whose ridge is a continuation of the ridge of the nave, but this roof is 

lower, its height is about 8.0m. The span of the queen post truss in this section is about 9.0 m. 

A slightly lower aisle was added to the nave on the southern side. Its floor-to-ceiling 

height is about 4.0 meters and its span is about 3.6 meters. Its single-pitched roof (queen post 

truss) rests on an added outer wall and on posts located at the nave's main columns (Figs. 1 and 

5). Part of the log wall, up to the height of the aisle ceiling, has been disassembled (Fig. 6). The 

posts of the nave and aisle are connected to each other at some points, whereas the aisle roof 

structure is independent (queen post truss). 

Another extension on the south side is the chapel, with a ceiling at the same level as that 

of the aisle. The chapel is topped with a gable roof with a ridge oriented perpendicularly to the 

chancel section. The roof, with a span of about 5.5 meters, has a collar beam truss strengthened 

with a ridge purlin. The body of the chapel from the south is closed with a triple-pitched roof 

topped with a small tower, with a ridge turret (Fig. 2a). 

A sacristy is added to the north side of the chancel, with a ceiling height of about 2.5 

meters and a span that varies from 3.3 to 3.6m. The sacristy roof is mono-pitched, with its ridge 

adjacent to the eaves of the chancel roof. In the wall between the chancel and the sacristy there 

are two doorways, one of which has been closed off. 
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Fig. 6. View of the wall between the nave and the aisle  

 

Spatial rigidity of the structure 

The outer walls of the individual parts running in parallel to the ridge on both sides of 

the building form a series of panels that provide high longitudinal rigidity to the entire structure. 

Although the lateral stiffness is different in each section of the building, it is far smaller than the 

longitudinal stiffness.  

The newest part of the building on the west side is built with relatively short, mutually 

perpendicular walls, which makes its rigidity, both longitudinal and lateral, very high compared 

to older sections, including the nave. Although the choir section has a similar span as the nave, 

it is adjoined by a porch on one side and braced by the perpendicularly added gable wall of the 

aisle. 

The body of the chancel on the eastern side is closed with a three-break wall and is 

further braced by an attached chapel on one side and an adjacent sacristy on the other. The walls 

of the additions surrounding the chancel are low, but the roof trusses and roofing form a rigid 

spatial structure that stiffens this part of the building laterally. 

The lowest lateral rigidity is observed in the nave. The high and long side walls have no 

perpendicular stiffeners. Furthermore, the nave is considerably long and in the central part of 

the nave, all the load acting across the building must be carried by tall posts. On the north side, 

these posts are braced in the wall plane with log elements and plank sheathing, whereas on the 

south side, after the addition of a side aisle, the log wall was partially disassembled (Fig. 6). 

The posts lost their stiffening and the only reinforcement in their lower part is the additional 

pillars created with the new side aisle structure. 

 

Measurements of the actual structure 

 

Methodology 

In order to fully diagnose the technical condition of the existing structure, the authors 

initiated a monitoring project consisting in measuring displacements at selected points. Due to 

the object's high historical value and unknown operating conditions, it was decided to use a 

combination of measurement methods, including static and dynamic measurements, allowing 

precise analysis of its behaviour. The observations were carried out in an integrated manner, i.e. 
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in addition to periodic geodetic measurements (static measurements, at selected time intervals), 

continuous monitoring (dynamic measurements, conducted in real time) was implemented [24].  

The static measurements were carried out using the tachymetric method, at 1-month 

intervals. They included two reference points considered stable (unchanging) and 9 selected test 

points. The tachymetric method was based on measuring distances, directions and vertical 

angles. A Leica TCRP 1201+ one-second tachymeter was used, along with targets in the form 

of reflective foil shields, installed between 6.45 and 6.85 meters above floor level, just below a 

ceiling rising just over 7.0 meters above floor level.  The height of 7.0m was considered a 

representative level for which displacements were calculated. The authors decided to control 

both the vertical and horizontal displacements. Due to possible settlement of the foundations, as 

well as the contraction and expansion of the structure, additional vertical displacement 

measurement points were introduced on the posts, just above the floor (Fig. 7). 

The dynamic measurements were made using POSITAL FRABA ASG15 capacitive 

inclinometers with CANOPEN wired data transmission and a set of BWSENSING WF-WM400 

biaxial wireless precise inclinometers made with MEMS technology. Initially, four 

inclinometers powered by electricity were installed at the facility. The readings were collected 

via a local Wi-Fi server and stored on disk. 

 

 
 

Fig. 7. Location of points for geodetic measurements 

 

After initial tests, a recording frequency was set at every 10 seconds intervals, recording 

the extreme values from a given time interval. Based on the measured inclinations, the 

horizontal displacements of the structure at a height of 7.0 m were calculated using a simple 

relationship, assuming a hinge in the lower support of the column and the lack of flexural 

deformation along the length of the element, i.e.: 

   𝑢 = ℎ ∙ tan(α),    (1) 

where: 𝑢 is the value of horizontal displacement at hight ℎ and α is the inclination angle of the 

post. This provided values for the two components of displacement: ux in the X axis direction 

and uy int the Y axis direction, at the same level as the installed tachymetric targets. 

To obtain a set of representative measurement data, the authors established six 

measurement points and four locations of biaxial inclinometers. To control the accuracy of 

measurements, they determined an additional point for static measurements and inclinometer 

readings. Based on these, they planned to calculate the correlation coefficients between gusts of 

wind and the displacement readings. They also checked the relationship between the results 

obtained from the static measurements and the displacements obtained from the computational 

model, which was based on inclinometer readings (dynamic measurements). 
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Outside, a SENCOR 12500 WiFi weather station including a set of sensors: two 

thermometers, a barometer, a wind gauge and a precipitation meter, was installed about 5 

meters from the building and 5 meters above the church floor level. A thermometer located 

inside the building was also connected to the weather station. Using the Weathercloud service, 

it was possible to remotely view station readings recorded at intervals, every 10 minutes. The 

acquired data were used to compare the weather changes with the results of inclinometer 

measurements [25]. 

Since it was possible to read the measurements from the weather station at 10-minute 

intervals, the same frequency of recording was adopted for all other measurements. In this way, 

for each measured value, a database of 144 readings per day, 1008 readings per week and about 

4400 readings per month was obtained. The resulting large dataset gave a good illustration of 

the structure's response to varying climatic loads. The obtained information was used to validate 

the computational model of the structure as well as to assess its technical condition. 

Measurement results 

Table 1 and 2 summarize the results of measurements that were taken from March 2021 

to January 2022 at ten points: points 1 to 9 and point 3a (under point 3 in Fig. 7). Measurements 

taken on February 27 (survey "0") were treated as reference values. 

 
Table 1.  Results of measurements of static displacement increments at selected points (March - July 2021) 

 

 
 

The red colour in the tables indicates displacement increments exceeding the value of 

2mm. The results shown in the tables have a variation in all components of displacement, 

between successive measurements, ranging from 0.4 to 0.6mm. The exception is the error in the 
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lateral direction of 1.2mm, which may indicate the building's tendency to lean laterally. Overall, 

the detected inclinations do not exceed 1.5mm in the X-axis direction and 3.6mm in the Y-axis 

direction. The measured values are relatively small, inclinations along the length of the building 

may indicate structural separation, while lateral inclination, the largest values of which are in 

the chancel, may be the result of thermal deformation. 

The vertical displacements are within measurement error, hence there is no reason to 

suspect that there were any settlements in the building. 

During continuous monitoring (dynamic measurements), the inclinations of structural 

elements were recorded at selected points. The angular values were used to calculate the 

horizontal displacements at a height of 7m, after taking into account corrections due to the lack 

of plastic deformation of the tested structure. This assumption was made on the basis of zero 

displacement of points measured with a tachymeter under steady-state weather conditions, i.e. 

when there was no wind, the temperature ranged from 5 to 10°C and sunshine was low. 

 
Table 2.  Results of static displacement measurements at selected points (March 2021 – January 2022) 

 

 
 

The diagrams (Figs. 8 and 9) show the values of displacements calculated from the 

recorded inclinations at measurement points No. 6 and No. 9 during strong winds, on February 

17, 2023 (12:00 p.m. – 12:00 a.m.). 
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a)  

b)  

 

Fig. 8. Diagrams of displacements of the structure at point No. 6 on February 17, 2023 during strong winds: 

a) across the building, Y axis direction, b) along the building X axis direction. 

 

a)  

b)  

 

Fig. 9. Diagrams of displacements of the structure at point No. 9 on February 17, 2023 during strong winds: 

a) across the building, Y axis direction, b) along the building X axis direction 
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The diagrams of measured deformations (Figs. 8 and 9) show a significant increase in 

the values of the displacement across the building (Y axis) in the evening, which, however, did 

not exceed the value of 12mm. The displacement oscillations were the result of load variation, 

the wind push was irregular and stronger wind gusts were short-lived, even impulsive. Figure 

10 shows the measurements of the average wind speed, its speed during gusts and the mean 

direction of the measured wind. The measurements come from the weather station situated in 

the neighbourhood of the building. 

 

a)  

b)  
 

Fig. 10.  Wind measurement on February 17, 2023: a) wind speed, b) wind direction. 

 

The wind speed increased in the second part of the day and the gusts became stronger. 

According to the weather station's indications, a westerly wind dominated throughout the day. 

 

Dynamic analysis of the structure 

 

Methodology 

Dynamic tests including acceleration measurements at selected points of the structure 

and modal analyses of selected structural elements were performed using Dewesof measuring 

equipment:  

• An Endevco 100mV/g uniaxial accelerometer (42A16-1032) and a Dytran 100mV/g 

triaxial accelerometer (3263A8T) were used to measure the dynamic response of the 

structure; 

• A 50mV/lbf modal hammer (2302-50) was used to excite vibrations; 

• a SIRIUS 8xACC analyser (DEW_SIRIUS 8xACC) was used for data acquisition. 
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DewesoftX software, version 2021.6 (Copyright © 2000-2023 Dewesoft) was used for 

data processing and analysis of measured values. The SIRIUS analyser had eight analogue 

inputs (+/-10V), a sampling capacity of up to 200kHz per channel and 2x24-bit analog-to-

digital conversion.  

The tests were scheduled for a period of significant loads from high-speed winds 

combined with stronger gusts. Accelerations were measured using a triaxial accelerometer 

mounted on a selected structural element. The recorded signal was subjected to a fast Fourier 

transform (FFT) procedure, based on which the dominant free vibration frequency was 

determined. After filtering, i.e. after cutting off the values associated with the higher vibration 

frequencies, the signal was subjected to the integration procedure twice. In this way, the 

approximate amplitudes of the displacements calculated from the recorded accelerations were 

determined. 

The second type of dynamic measurements was used to carry out a modal analysis. For 

this purpose, a triaxial accelerometer was mounted on the tested structural element at a selected 

point. Next, based on a predetermined scheme, a dynamic pulse was applied at pre-selected 

points along the test element. Using a modal hammer, the force and time of application of the 

dynamic pulse at one point were measured and recorded simultaneously with the acceleration 

measured at another point.  

The modal analysis software made it possible to determine the transmittance of the 

signal, the natural frequency of the tested element and the associated mode of vibration. Since a 

small modal hammer cannot excite the entire structure, the modal analysis focused on a selected 

element of the structure, where vibrations were excited locally. 

 

Measurement of accelerations at a selected point 

The tests were performed on February 17, 2023, during a period when the west wind was 

blowing at speeds of up to 10m/s, with gusts of up to 20m/s (according to the official weather 

station). The accelerations were measured with a triaxial accelerometer mounted on a nave post 

located in the northern wall (Fig. 11). The sensor was mounted at a height of about 6.0m from 

floor level. 

Fig. 11.  The position of the measurement point and directions of measured acceleration:  

along the building (A3-os-Y) and across the building (A3-os-Z) 

 

Ten-second fragments of the signals measured in two perpendicular directions are shown 

in figure 12, where the acceleration values along the building (A3-os-Y) are in red, while the 

accelerations recorded across the building (A3-os-Z) are in blue. 

 

A3-os-Z 

A3-os-Y 

A3-os-Z 
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Fig. 12. Diagram of accelerations along the building (A3-os-Y in red) and across the building (A3-os-Z in blue) 

 

After performing a Fast Fourier Transform (FFT), a graph of the signal in the frequency 

domain was obtained (Fig. 13). Based on the graph obtained, it can be concluded that the 

dominant movement of the structure was at very low frequencies. This type of movement can 

hardly be considered a harmonically time-varying oscillation. Rather, the observed regularity 

was due to a load that operated periodically. The gusts of wind caused the short-lasting pressure 

that was repeated over time. The displacements were quasi-static, caused by the action of a 

short-term variable load. The structure moved during gusts of wind and returned to its 

equilibrium position. 

 

 
Fig. 13.  Fast Fourier Transform (FFT) of the recorded acceleration: along the building (A3-os-Y) - red color,  

across the building (A3-os-Z) - blue color 

 

The recorded acceleration signals were subjected to further transformations. First, a low-

pass filter was used to cut off the acceleration values associated with vibration frequencies that 

were higher than 0.5Hz. The filtered signal was then subjected to the integration procedure 

twice. The displacement amplitudes obtained in this way should be treated as approximate 

values, since the recorded signal cannot be regarded as harmonic oscillations. It is worth noting 

that the calculated amplitudes of displacement in the analyzed time interval did not exceed 6mm 

(Fig. 14). 
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No distinct oscillations with frequencies higher than 0.2Hz were recorded during 

vibration measurements of the wind-loaded structure. Therefore, it can be concluded that the 

structure was not dynamically excited during the measurements. 

 
Fig. 14.  Double-integrated acceleration signal: along the building (3-os-Y) - red color,  

across the building (3-os-Z) - blue color 

 

The loading of an object by forces induced by wind gusts can be used to carry out a so-

called operational modal analysis. In this analysis, the response of a structure induced by 

dynamic forces occurring during its regular operation is measured. However, in this case, the 

response of the structure, i.e. its wind-induced deformation was relatively slow. After the load 

vanished, the structure returned to the equilibrium position and the whole process of loading 

and unloading had the character of creep motion. On the other hand, the graph in figure 12 

shows one complete cycle with a period of about 5 s, which may make dynamic analysis 

reasonable. 

 

Numerical model of the structure  

 

Design assumptions 

The building's main load-bearing structure is a spatial bar system braced by panels 

(diaphragms) in the planes of the walls, in the planes of the floors and ceilings and in the planes 

of the roof slopes. In the wall planes, the stiffening is provided by masonry infill (half-

timbering) and log wall elements reinforced by external plank sheathing. In the floor planes, 

stiffening is provided by ceiling planking and attic floors.  

In the calculation software, the structure of the building was modelled as a bar structure, 

in which the members are straight and their cross-sections are constant along their length 

(prismatic bars). In addition, in the newer section situated on the west side, featuring the porch 

and the choir, the authors assumed that the bar structure is stiffened by masonry walls. With 

relatively short and mutually perpendicular walls, this part showed greater spatial rigidity in 

comparison to the older section with the nave and the chancel (Fig. 15).  

After the modelling of the load, static and dynamic analysis of the structure was 

performed. The extreme nodal displacements, internal forces and stresses in the elements of the 

structure were determined. Moreover, displacements were determined for those nodes of the 

model for which measurements were carried out in the actual structure. The displacement 

values determined at the control points were one of the comparison criteria in the parametric 

analysis and in the sensitivity analysis. 
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Fig. 15.  View of the computational model of the structure (north-west direction) 

 

Spatially stiffening panels 

The authors carried out static and dynamic analyses for several calculation models 

differing in the number and arrangement of stiffening panels. The first model was built with 

bars alone and in each subsequent model stiffening panels were added, both in the floor planes 

and in the wall planes. In each case, the displacements induced by south-east wind were 

determined at the control nodes. The analyses were conducted for the following models: 

• SE-S-0 – initial model: bar structure, 

• SE-S-1 – bar model with ceiling panels (T1 in Fig. 16) in the nave and chancel,  

• SE-S-2 – model SE-S-1 increased with ceiling panels in the aisle (T2 in Fig. 16), in 

the chapel and the sacristy, 

• SE-S-3 – model SE-S-2 with added wall panels in the chancel (T3 in Fig. 16), 

• SE-S-4 – model SE-S-3 plus wall stiffening panels in the chapel (T4 in Fig. 16), 

• SE-S-5 – model SE-S-4 plus two short stiffening side walls at the junction of the 

nave and the chancel (T5 in Fig. 16). 

 

 
 

Fig. 16.  Computational model with marked stiffening panels, view from the southeast direction 
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The results of the calculations are summarized in Table 3 and presented in the graphs in 

figure 17.  

 
Table 3. Displacements at selected nodes in the subsequent models induced by southeast wind 

 

Model 

Horizontal displacements [mm] 

Max.  Node 128 (point No. 6) Node 16 (point No. 8) 

Longitudinal 

X-axis 

Lateral Y-

axis 

Longitudinal 

X-axis 

Lateral  

Y-axis  

Longitudinal 

X-axis 

Lateral  

Y-axis  

SE-S-0 3.1 17.5 1.7 16.5 0.2 12.2 

SE-S-1 1.9 9.2 1.7 6.6 0.5 8.9 

SE-S-2 3.2 8.6 1.6 6.1 0.5 8.4 

SE-S-3 2.9 6.0 1.3 5.1 0.3 2.6 

SE-S-4 2.9 5.6 1.2 4.8 0.2 2.4 

SE-S-5 1.7 3.1 0.4 2.1 0.1 1.6 

 

Displacements induced by the southeast wind were calculated in two directions: along 

the church (along the X axis) and across the building (along the Y axis). Selected values are 

presented, that is, the displacements calculated for node No. 128, which corresponds to the 

actual measurement point No. 6 (Fig. 7) and the values calculated for node No. 16, which 

corresponds to measurement point No. 8 (Fig. 7). The measurements of the actual 

displacements were discussed in an earlier chapter, the locations of measurement points 6 and 8 

are shown in figure 7, while Table 3 and figure 17 show the results of numerical calculations. 

 

  
       a)            b) 

Fig. 17.  Displacements at selected nodes (No. 128 and No. 16) of the analysed structural models:  

a) along the building, b) across the building 

 

Figure 18 shows the deformations in the model in which the T5 panels at the junction of 

the chancel and nave are not included (Fig. 18a, model SE-S-4) and the model in which these 

panels are included (Fig. 18b, model SE-S-5). 

Comparing the magnitudes of the displacements in the two models, one can notice the 

importance of the short stiffening walls between the chancel and the nave, which were labeled 

T5 in figure 16. 

Next, the same models, in which stiffening panels were successively added, were loaded 

with wind blowing from the Northwest. The results of the calculated displacements are 

summarised in Table 4. For this kind of load, the displacements in selected nodes were also 

calculated in two directions: along and across the building. 
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Fig. 18.  Structural deformation caused by southeast wind: a) SE-S-4 model, without T5 panels,  

b) SE-S-5 model, containing T5 panels 

 

 
Table 4. Displacements at selected nodes in the subsequent models induced by northwest wind 

 

Model 

Horizontal displacements di [mm] 

Maximum  Node 128 (point No. 6) Node 16 (point No. 8) 

Longitudinal 

X-axis 

Lateral 

Y-axis  

Longitudinal 

X-axis 

Lateral 

Y-axis  

Longitudinal 

X-axis 

Lateral 

Y-axis  

NW-S-0 7.6 29.6 3.5 26.9 2.8 10.3 

NW-S-1 3.9 13.8 3.2 12.7 2.0 9.4 

NW-S-2 6.3 13.2 3.0 11.7 2.0 8.4 

WN-S-3 6.0 12.7 2.6 10.8 2.2 3.2 

NW-S-4 6.1 12.3 2.4 10.2 2.1 2.9 

NW-S-5 3.5 8.6 0.7 4.5 1.2 1.3 

 



NUMERICAL MODELLING OF COMPLEX HISTORICAL TIMBER STRUCTURE  

 

 

http://www.ijcs.ro 1277 

As expected, the stiffening panels have a major impact on the spatial rigidity of the post-

and-beam structure. However, based on the above analysis, the authors concluded that the 

stiffening panels in the short sections of the walls between the nave and the chancel are the 

most important, as their inclusion in the calculations leads to the greatest reduction in 

displacements. In the actual construction, these short walls are weakened, at the junction of two 

perpendicular walls the logs are not well connected, gaps are visible (Fig. 19). This means that 

the walls are not rigidly connected to each other, the elements can displace independently and 

the mentioned walls do not act as stiffening panels.  Furthermore, the rood beam on the right 

side, is broken at the notch (a narrowed area), which confirms the supposition that in this plane 

the structure is not properly stiffened (Fig. 19). 
 

 
 

Fig. 19.  Fragments of short log walls at the junction between the nave and chancel  
 

Impact of defects and weaknesses in the material 

The next analysis aimed to determine the impact of the weakened elements of the frame 

structure on the stability of the entire system. There are weaknesses in many elements of the 

timber post-and-beam structure, which are the result of numerous modifications, these are 

undercuts, cuts or narrowing of the elements at a longer range. In the post-and-beam wall 

elements there are remnants of old carpentry joints: notches, tenons and dowel holes, which 

considerably reduce the active cross-section area and thus reduce the load-bearing capacity of 

the element itself (Fig. 20). 

Particularly dangerous in the case of flexural elements are defects in the area of the 

outermost fibers of the active section, i.e. in areas of extreme normal stresses. A reduction in the 

cross-sectional area directly affects the load-bearing capacity of the element, but the influence 

of a weakened element on the stability of the entire structure requires a separate analysis. 

Weaknesses in the actual structure occur at various points, their distribution is random 

along the length of the element and in the object space. Thus, their inclusion in the calculation 

model required some simplifications and generalizations. It was assumed that smaller cross-

sectional dimensions occur along the entire length of the selected element. 
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Fig. 20.  Notches and dowel holes weakening the columns in the north wall of the nave  

 

The authors conducted numerical analyses for several computational models of the 

structure, in which weaknesses were assumed in selected groups of elements: 

• SE-S-0-w1n – bar structure with weakened columns of the nave, 

• SE-S-0-w2p – bar structure with weakened columns of the chancel, 

• SE-S-0-w3r – bar structure with weakened roof rafters, 

• SE-S-5-w1n – model with all stiffening panels and weakened nave columns, 

• SE-S-5-w2p – model with all stiffening panels and weakened chancel columns, 

• SE-S-5-w3r – model with all stiffening panels and weakened roof rafters. 

The results of numerical calculations, the values of extreme displacements at nodes and 

the values of extreme stresses in selected elements are summarised in Table 5. For comparison, 

the values of displacements and stresses for the bar model without weaknesses (model SE-S-0) 

and for the model without weaknesses but with all the stiffening panels (model SE-S-5) are also 

given. 
 

Table 5. Displacements and stresses in structural models without and with weakened elements 

 

 
Maximum horizontal displacements  

di [mm] 

Extreme stresses in the posts 

σi [MPa] 

Model 
Longitudinal 

X-axis 

Lateral 

Y-axis 
Nave Chancel 

SE-S-0 3.1 17.5 1.547 3.682 

SE-S-0-w1n 3.8 18.9 1.828 3.740 

SE-S-0-w2p 3.6 22.0 1.848 8.722 

SE-S-0-w3r 5.0 18.3 1.584 3.699 

SE-S-5 1.7 3.1 0.941 0.821 

SE-S-5-w1n 1.9 10.2 1.883 0.848 

SE-S-5-w2p 1.8 3.4 0.921 0.965 

SE-S-5-w3r 1.7 3.4 0.946 0.858 
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The results of the analyses showed that the load-bearing capacity of the columns in the 

chancel walls is very important, as the structure is sensitive to their weakening. In the bar model 

without stiffening panels, the weakening of the chancel columns (model SE-S-0-w2p) results in 

a more than twofold increase in stress values in them. In contrast, in the models with stiffening 

panels and weakening, the posts in the nave have a greater influence on the performance of the 

entire structure. The analyses show that their weakening (model SE-S-5-w1n) causes and over 

threefold increase in displacement and twofold increase in stress. Figure 21 shows the 

distribution of stress in the nave columns (Fig. 21a) and chancel columns (Fig. 21b) for the SE-

S-5-w1n model. 

 

   
a)                                                                     b) 

Fig. 21.  Distribution of wind-induced stresses, in the posts: a) of the nave, b) of the chancel 

 

Modelling the wall/roof connection 

Another important factor that weakens the structure is cavities caused by the biological 

corrosion of wood. The greatest degradation of wooden elements occurred in the supports of the 

frame structure. In some places, the sill plate has completely decayed and no longer serves its 

purpose (Fig. 22). 

The degradation of the sill plates and post supports was the likely cause of the whole 

construction leaning to the west and the reason for the reconstruction of the church in the early 

20th century. The corroded bottom parts of some of the posts were cut off and replaced with 

brick plinths (Fig. 23). In addition, new sill plates were inserted along some of the walls. 

In the calculation model, it was assumed that the columns of the frame structure are 

hinged support. The subsequent analysis concerned the impact of the method of joining the 

walls with the roof. The upper beams in the walls with the posts, angle braces and struts form a 

stiffening panel in the plane of the wall, while the ceiling joists, which reach the plane of the 

wall perpendicularly, together with the rafters form a spatial roof truss. The actual connection 

between the roof and the wall is elastic and is neither fully rigid nor fully hinged. 

The numerical calculations investigated two models for the wall-roof connection, both 

for the nave and the chancel. The SE-Png-5 model assumed that the connection of the posts in 

the nave with the roof is hinged, while the SE-Ppr-5 model assumed that the connection of the 

posts in the chancel with the roof is hinged. The results were then compared with those obtained 

for the model where these connections are rigid (model SE-S-5). Selected results of the 

calculations, i.e. displacements of the structure and stresses in selected elements, are 

summarized in Table 6. 

 

 



Z.M. PAWLAK et al.  

 

 

INT J CONSERV SCI 15, 3, 2024: 1259-1286 1280 

 
 

Fig. 22.  Degraded sill plate in the chancel 

 

 
 

Fig. 23.  A multi-branched column set on a brick plinth  
 

Table 6. Displacements and stresses in structural models for rigid and hinged connections at the wall-roof junction 

 

Model 

Maximum horizontal 

displacements   di [mm] 

Extreme stress in the posts  

σi [MPa] 

Longitudinal 

X-axis 

Lateral 

Y-axis 
Nave Chancel 

SE-S-5 (rigid) 1.7 3.1 0.941 0.821 

SE-Png-5 (nave – hinge) 1.7 3.1 0.937 0.803 

SE-Ppr-5 (chancel – hinge) 1.7 3.1 0.940 0.826 

 

The hinged connection of the wall structure to the roof structure has little impact on the 

global performance of the analysed system. The differences in the results of the obtained 

stresses are negligible and the maximum values of displacements are the same in all analyzed 

models. 

 

Numerical dynamic analysis 

Another area of research was the dynamic analysis of selected numerical models, for 

which the dynamic characteristics of the structure, i.e. natural frequencies and vibration modes, 

were determined. In such a complex and sophisticated structure, the calculated free vibration 

frequencies may refer only to a part of the building, which means that the dominant vibrations 

will occur only in one element, such as a column, or in a separate part, such as a wall. To be 

able to assess whether a given resonant frequency excites the entire structure or only a part of it, 

it is necessary to analyze the vibration mode associated with that frequency. Vibrations at the 

resonant frequency of a fragment of a structure are dangerous only for that fragment, which 

means that the area of possible destruction is limited. For structural safety, the most important 

are those resonant frequencies during which the entire body of the building is excited to vibrate. 

In the structure under study, the only dynamic load that can induce vibration of the entire 

building is the action of wind. The results of the dynamic calculations are summarised in Table 
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7, which presents the fundamental (lowest) resonant frequencies for the selected models, during 

which the entire structure was excited. 

 
Table 7. Fundamental natural frequencies of selected models of the structure 

 

Model SE-S-0  SE-S-1  SE-S-2  SE-S-3 SE-S-4 SE-S-5 

f1 [Hz] 1.883 2.410 2.495 2.925 3.050 4.164 

1 [rad/s] 11.834 15.143 15.674 18.377 19.164 26.165 

 

The first, fundamental vibration frequency for the bar model, which does not include 

stiffening panels (model SE-S-0), is related to the mode in which the entire building body 

moves laterally (Fig. 24). This means that the lateral stiffness in this model is the lowest. 

Moreover, the stiffness of the older part (i.e., the nave and chancel) is significantly lower than 

that of the newer part of the building. 

The displacements shown in Figure 24 are in one direction, all parts of the building are 

in phase with each other. Subsequent vibration modes for this model are also dominated by 

lateral displacements over the entire structure, but for higher frequencies, displacements appear 

in opposite phases (Fig. 25). 

 

 
 

Fig. 24.  Vibration mode related to the fundamental frequency f1 = 1.883 Hz for the SE-S-0 model 

 

In the model with stiffening panels (model SE-S-5), the calculated initial natural 

frequencies concerned the vibrations of only certain parts of the structure. These ware mainly 

lateral vibrations of the stiffening panels alone. Only the seventh calculated resonant frequency 

was related to the mode where the entire structure moved laterally (Fig. 26). 

It is worth noting that in all the models, with and without stiffening panels, the 

frequencies that excite the whole body of the building (Table 7) are much higher than the 
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frequencies recorded during wind gusts in the actual structure (Fig. 13), which were described 

above in the "Measurement of accelerations at a selected point" section. It can be concluded 

that wind gusts are unable to induce dangerous resonant vibrations in the studied building. 

 

     
 

Fig. 25.  Comparison of the first three modes of natural vibrations for the SE-S-0 model  

(f1 = 1.883 Hz, f2 = 3.314 Hz, f3 = 4.205 Hz) 

 

 
 

Fig. 26.  Vibration mode related to the lowest natural frequency (f7 = 4.164 Hz) for the SE-S-5 model,  

which excited the entire building body 
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Conclusions 

 

The object of study was a historic wooden church located in Domachowo, Poland. The 

body of the building consists of several parts that differ in carpentry techniques and time of 

construction. The oldest part is built of log walls that are reinforced on the inside with a wooden 

frame structure. The complex spatial structure and historic character required an individual 

approach to the research programme. Observations have shown that the structure behaves 

elastically, i.e. significant deformation occurs only in strong wind gusts and the system returns 

to equilibrium as soon as the load ceases. For these reasons, it was decided to conduct 

continuous displacement monitoring at selected points to measure and record maximum 

displacements. 

The inclinations of selected columns were measured continuously using inclinometers. 

The displacements at the top of the columns were determined based on the recorded values and 

assuming that the effect of the bending of the columns themselves is small. Simultaneously, the 

authors recorded atmospheric changes in the surroundings of the building, i.e. temperature and 

speed and direction of wind. The operation of the inclinometers was controlled and adjusted by 

means of monthly geodetic measurements. According to the performed measurements, it was 

concluded that there is a full correlation between the displacements of the columns and the wind 

action in the studied object. 

Furthermore, the authors used an accelerometer to measure changes in acceleration 

during strong wind gusts at the top of the selected post. This study showed that the building's 

body is not excited by wind gusts. The main reason for this is the irregular action of gusts and 

the relatively low mass of the building compared to its rigidity. It was proved that the object's 

natural frequencies are higher than the frequency of pulses generated by wind gusts. 

Based on the performed measurements and static and dynamic analyses, the authors 

concluded that the displacements caused by wind are within acceptable values. It was found that 

if the two short walls between the chancel and nave had more rigidity in the actual structure, the 

displacement values would have been much smaller. The actual technical condition of these 

walls is poor and the recorded displacement measurements are close to the results from the 

numerical model, where these stiffening panels were not taken into account in the calculations. 

Strengthening the elements of the walls situated at the connection of the nave and the chancel 

could considerably improve the rigidity of the structure, reducing its deformations and thus 

making it more resistant to dynamic loads. 

The numerical model made it possible to analyze the effect of weaknesses in selected 

structural elements on the spatial work of the entire structure. The analysis demonstrated how 

reducing the cross-section of a wall element affects the extremes of stress and displacement. 

The authors also found that the spatial roof structure forms a rigid body and that the weakest 

elements are the posts in the nave and channel. The modal analyses in the calculation models 

revealed that wind gusts cannot induce resonance of the structure due to the considerable 

difference between the system's natural frequency and the frequencies generated by the wind. 

The paper shows that the proposed author's method of geodetic static measurements 

supplemented by dynamic measurements using inclinometers is a very good tool for studying 

complex structures of historic buildings. Measurements of the structure’s dynamic response 

have proven to be a good tool for complementing geodetic measurements in creating and 

validating a numerical model of a complex spatial structure. They also provide a very good 

analytical tool for evaluating the actual operating conditions of the structure and for developing 

guidelines for practical conservation work. 
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