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RESISTANCE AND DURABILITY ANALYSIS
OF STEEL SUPPORTING STRUCTURE

ON THE BELL TOWER OF ST. TRINITY
CHURCH IN KROSNO

The paper describes the analysis of steel structure, supporting three bells
in the belfry of St. Trinity Church in Krosno. The structure is dated from 1928
and has a form of riveted space truss, with slender members. The total mass
of all bells, coming from the 17th century, is nearly equal to 4200 kilograms,
so the dynamic forces coming from bells swinging are quite large. The paper de-
scribes specific problems associated with assessing the resistance of old steel
structure, treated as a relic. The analysis covered technical condition assessment
of the structure, evaluation of actions and environmental influences, mechanical
parameters prediction of steel and rivets by non-destructive methods and also
static and dynamic analysis of the structure. According to many years of exploita-
tion, the fatigue verifications were also performed using the classification method.
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1. Introduction

Krosno is a town situated in the south of the Podkarpackie Province.
It is famous from many relics, monuments and old buildings. One of them
is the bell tower of St. Trinity church, containing bells dating from the 17th cen-
tury. There are three bells housed in the belfry, called Urban, Maryan and Jan.
The largest one is Urban, with diameter equal to 1535 mm. It has about 2400
kilograms in weight and is commonly considered as one of the largest historical
bells in Poland. The total mass of all three bells is close to 4200 kilograms,
so the dynamic actions produced by swinging have a great effect on the support-
ing structure and on the tower. Steel structure directly supporting the bells
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in the bell chamber is dated from 1928 and has a form of riveted space truss.
Recently, the interior of the belfry became publicly available. According
to the safety reasons, the supporting steel structure was analyzed to assess
its strength and durability.

2. Cultural and historical background

The bell tower of St. Trinity Church in Krosno was built between 1637
and 1651. It was founded by Robert Wojciech Portius (Gilbert Porteous
Lanxeth), citizen of Krosno from 1621, native of Scotland. The main body
of tower has a nearly square section. Its width is about 8,8+9,0 (Fig. 1 and 2).
The main body is made of masonry. The thickness of the walls is 2,2 m
at the wall basement and 1,25 m at the level of the bells’ chamber (+9,54).
The tower crown has a timber structure. The total height of the tower is 38,0 m.
One wall of the tower is connected with the presbytery.

+/28,40
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+/18.79

Fig. 1. North fagade of the bell tower Fig. 2. General diagram of the tower
Rys. 1 Pétnocna fasada wiezy dzwonnicy Rys. 2 Ogolny przekrdj wiezy
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There are three bells in the belfry, Urban, Jan and Maryan, supported
by steel yokes and truss structure, (Fig. 3). They were casted in 1639 by Szcze-
pan Meutel and Jerzy Olivier. Urban is considered as one of the largest histori-
cal bells in Poland. Larger are only The Royal Sigismund Bell in the Sigismund
Tower of the Wawel Cathedral in the Krakéw and Tuba Dei bell hanging
in the tower of Ss. Johns Cathedral in Torun.

Fig. 3. Bells and their yokes: a) Urban, b) Jan, ¢) Maryan

Rys. 3. Dzwony i ich jarzma: a) Urban, b) Jan, c¢) Maryan

3. The technical condition of a steel structure

3.1 Geometric shape of the load-bearing system

The main load-bearing steel structure, directly supporting the bells
in the bell chamber, consists of riveted space truss supported by three steel
beams. Structure is dated from 1928. The original design documentation
and static calculations are missing. So, for identification of their geometrical
arrangement, visual inspection was used with appropriate measuring equipment.
General view of recognized static system is shown in Fig. 4.

Elements of structure are made of hot-rolled UPN sections. Leg members
forming the main components of the structure are battened build-up elements,
connected through packing plates, but with too long distances between packing
plates to check element for buckling as a single integral member. Bracing mem-
bers are made of single or double UPN sections connected only at the beginning
and in the end of element, without intermediate battens. Three steel joist, sup-
porting the whole structure are made of IPN240 sections, and each of them
has span equal to 6,3 m.

During the inspection, all steel shapes were checked to find out their type.
Some of them were old-fashioned and are not in production today, so their sec-
tion properties were read from textbooks from the beginning of last century [4],
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[11]. Thickness measurement of the web and flange enabled to assess rolling
tolerances and size of potential corrosion losses. The influence of the environ-
ment on the structure was determined by assessment of the condition of surface
protection.

The state of the structure as a whole was identified as a good, and there
were no signs of degradation or damage. Also it was checked that the structure
did not show any distortion or excessive vibration of load-bearing system parts
during the dynamic action of the bells.
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Fig. 4. General view of the steel structure: 1- Urban, 2- Jan, 3- Maryan
Rys. 4. Ogolny widok konstrukcji stalowej: 1 - Urban, 2 - Jan, 3 - Maryan

3.2 Mechanical properties of steel and connectors

It was not possible to collect any samples of material to take direct destruc-
tive tests, because the structure is now treated as a relic, so non-destructive
methods were used to determine the crucial properties of a material. The hard-
ness test of steel and connectors (rivets) was applied and relationship given
from literature [6] has enabled to estimate strength parameters:

R,=2,418-HB; R =3224-HB; (1)

where: HB is Brinell hardness.

Although it is considered that the results of hardness measurement for his-
torical steel should be treated with caution, obtained results give insight into
real mechanical parameters of steel.

To provide proper measurements, the portable hardness tester
(type TH170) was used in case of sections. Measurements were done in three



Resistance and durability analysis of steel supporting structure on the bell... ~ 409

areas (flanges of two beams and the gusset plate). There were at least six meas-
urement points in each area. A few rivets were cut-off during the change
of the steel yoke few years ago, so testing of the rivets could be performed
in laboratory, not in situ.

Obtained results are presented in Table 1 and 2, as mean values
from measurements and calculated standard deviation.

Table 1. The mechanical parameters of the steel based on hardness testing

Tabela 1. Mechaniczne parametry stali w oparciu o badania twardosci

R. [N/mm?| R, [N/mm?]
Mean value 305 406
Standard deviation 20 27

Table 2. The mechanical parameters of the rivets based on hardness testing

Tabela 2. Mechaniczne parametry nitow w oparciu o badania twardosci

R, [N/mm’] R,.r [N/mm’]
Mean value 318 423
Standard deviation 8 11

3.3 Connections

The whole structure is riveted, with bolted erection joints. The diameter
of rivets, used to connect main elements, is equal to 21 mm. The bolts
are not marked and they have diameter 16 mm. All exposed connections
were checked on the occurrence of possible cracks. Loosening of bolts and riv-
ets was checked visually by tapping.

4. Assessment of load-bearing structure

It was decided, that structural resistance, serviceability and durability
of structure would be checked using the present valid standards and regulations
(Eurodode 3) [1], [4]. Previous standards and regulations [3], [13] served only
as informative background.

4.1 Actions

A bell is physical pendulum, i.e. rigid body with a mass, free to rotate
about a fixed horizontal axis of rotation [12]. Bell’s movement causes periodic
horizontal H and vertical V forces, shown in Fig. 5. In Eurocode family there
is no standard giving directly design guidance and actions coming from bell’s
motion. The forces arising from ringing have been taken from DIN 4178 [5].
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Fig. 5. Vertical and horizontal forces associated with bell movements; 1 - axis of rotation,
2 — centre of gravity, m — mass of a bell, ¢ — angular displacement

Rys. 5.Pionowe i poziome sily zwigzane z ruchem dzwonu; 1 — 0§ obrotu, 2 — $rodek cigzkosci,
m — masa dzwonu, ¢ — przemieszczenie katowe

The main parameters influencing the forces associated with bell movement
are: bell diameter d,, weight of bell G,, swing angle a, (maximum value of an-
gular displacement ¢), shape factor c, and strike rate N. Such parameters,
for bells housed in considered belfry, are shown in Table 3. All bells are sus-
pended by cranked steel yokes.

Table 3. Bells housed in the belfry and their main parameters

Tabela 3. Pomieszczenie dzwondéw w dzwonnicy i ich glowne parametry

Basic tone Diameter Swing Weight Strike

No.| Name [l > | of the bell, d, angle, a,, | of bell, G, | rate, N

[mm] [°] [kN] [1/min]
1 Urban cisl 1535 64 24 46
2 Jan el 1200 54 12 50
Maryan gisl 950 56 5,8 56

Static values of actions coming from excitations were considered as two
cases of loading, for each bell. First one was the situation of the maximum hori-
zontal force H,m.c and accompanying value of the vertical force V,, second
one was the case of the maximum vertical force V, m. With accompanying value
of the vertical force H,=0. Values of considered actions were calculated using
the expressions [5]:
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Hn,max = Cn : Gn : ﬂ‘max,h(an) (2)
Vn =C Gn : ﬂ‘zug,v (an)+ Gn (3)
Vn,max =Cy Gn : ﬂ‘max,v(an )+ Gn (4)

where: Amaxh, Amaxyv> Angy are coefficients describing the ratio of the dynamic
force amplitude to the weight of the bell, and
¢, 1s shape factor, giving the ratio of s length (distance from center
of gravity to axis of rotation, see Fig. 5) to the effective length of sim-
ple gravity pendulum with the same period of the motion, as consid-
ered bell.

Values of horizontal and vertical forces obtained from equations (2)+(4)
and examined cases of loading are shown in Table 4.

Table 4. Horizontal and vertical forces coming from bells (characteristic values)

Tabela 4. Poziome i pionowe sity wywotane ruchem dzwonow (warto$ci charakterystyczne)

No. Name Case 1 of loading Case 2 of loading
1 Urban V,=26,5 kN; H; =15,1 kN Vi max—=42,5 kN; Hi=0
2 Jan V,=12,4 kN; H, 1s=6,1 kKN Vo max=18,5 kN; H=0
Maryan V3=6,0 kN; H;3 1,,=3,0 kKN V3 .max=9,0 kN; H;=0

Forces coming from ringing were considered as leading, but also thermal
actions were taken into account. Chamber with bells has a large openings, only
partially closed by sound shutters, so the temperature changes of structural ele-
ments are the same as changes of shade air temperature. Initial temperature
when structural element is restrained was considered as T¢=8°C, maximum
shade air temperature was designated as T,,,,=36°C and minimum shade air
temperature T,,;,=-30°C.

4.2 Static analysis

Structural analysis was made using Autodesk Robot Structural Analysis
software. Model was built as a space frame, as shown in Fig. 6. The behaviour
of the connections was considered in analysis as fully rigid or simple.

Buckling analysis was performed to determine the effects of deformed ge-
ometry on the structure. Obtained global mode of instability is shown in Fig. 7,
with elastic critical buckling load factor o= 10,8.
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/

Fig. 6. Frame modeling with the finite ele-  Fig. 7. Mode of global instability of structure

ment approach Rys. 7 Forma globalnej niestatecznosci konstrukcji

Rys. 6 Model ramy w ujeciu MES

Although o= 10,8 > 10, it was decided to perform second order analysis,
with influence of global initial sway imperfections. Initial imperfection (global
sway of structure) was assessed as ¢ =3,6-10" rad. The internal forces
and moments were determined using elastic global analysis. Partial factors
for gravity and imposed loads were taken as specified in [8] (yg=1,35
and yo= 1,50). According to [5], load arrangement of horizontal and vertical
forces coming from bells was considered as a sum of all forces produced
by each bell.

Based on the hardness testing the mechanical parameters of steel were as-
sumed as for steel grade S235. Cross sections resistance and member stability
were checked using the procedures taken from [9]. All criteria were satisfied,
although the utilization degree of elements capacity was rather high.

4.3 Dynamic analysis

Fundamental frequency of steel supporting structures, obtained from FE
model, is equal to f=1,54 Hz. A strike rate of bells lies in the range between
46 and 56 impacts per minute (see Table 3), so the swing rate becomes
n=23+28 swings/min. This results in the swing frequency f= 23/60+28/60 =
=0,38+0,46 Hz. So, the forces associated with bells have frequency over three
times less than fundamental frequency of steel structures.

According to simple design rules [2] resonance with the harmonic compo-
nents of the bell forces - particularly that of the third harmonic - should
be avoided. Such criterion is fulfilled when fundamental structure frequency
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is at least 20% higher than the excitation frequency of the third harmonic.
In considered case:

3-1-1,2=3-(038+0,46)-12 =137+ 1,66 Hz ~ f, =1,54Hz (5)

So above criteria is nearly fulfilled, and it was assumed that resonance did
not occur. More sophisticated dynamic analysis and measurements of existing
structure (supporting steel structure and the tower) are now in progress.

4.4 Fatigue analysis

For fatigue verifications the provisions of EN 1993-1-9 [10] and [7] were
applied.

In the past, up to 2012, only one bell (Maryan) was ringing three times
a day. Only once a week two bells (Maryan and Jan) were launched and three
times a year all three bells were used. Now, from 2012 the system of ringing
is quite similar, but Jan tolls every day, instead of Maryan. To verify failure
caused by fatigue, as a representative value of actions forces coming from
one bell was considered. Effective time of ringing was measured as 3 times
a day x 4 min, so taking into account strike rate (see Table 2) it gives about
300 numbers of cycles per day. So in period 1928-2012 total number of cycles
associated with Maryan swinging is equal to N5=10,3-10°, and number of cycles
associated with Jan ringing (from 2012 up now) is equal N3=0,1-10°.

Nominal stresses were calculated at the site of potential fatigue initiation,
coming from characteristic values of actions. It was find out, that the greatest
impact of fatigue occurs in longitudinal beams made of IPN240. Up to 2012
the beam was not welded, so detail category was assumed as Ac.= 90 (struc-
tural element with holes subject to bending and axial force). In 2012, during
the modernization work, upper part of structure was joined to the beam
by welding, so detail category has changed to Ac.= 80. It was verified that un-
der fatigue loading criterion (5) is fulfilled:

-A
Vi A%ka 1,0 (6)
Ao !y

where ypr and yyy are partial factors and Acg, is equivalent constant amplitude
stress range at 2-10° cycles.

The fatigue analysis also showed the elements, that can be particularly
careful observed during the future inspections.
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5. Conclusions

The building of bell tower is one of the most recognizable landmarks
in the city. Now stands as relic and currently is popular tourist attraction. Re-
cently, the interior of the belfry became publicly available. Now chambers
of belfry are also used as a gallery.

According to the safety reason, the supporting steel structure was analyzed
to assess its strength and durability. The paper presents some specific problems
associated with assessing the resistance of old steel structure, loaded
in non typical way.
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ANALIZA NOSNOSCI I TRWALOSCI STALOWEJ KONSTRUKCJI
WSPORCZEJ NA WIEZY DZWONNICY KOSCIOLA SW. TROJCY
W KROSNIE

Streszczenie

Artykut opisuje analize konstrukcji stalowej, podtrzymujacej trzy dzwony w dzwonnicy
Koéciota Sw. Trojcy w Kroénie. Konstrukcja jest datowana na 1928 rok i ma forme przestrzennej
kratownicy nitowanej o smuktych elementach. Masa calkowita wszystkich dzwonow,
pochodzacych z XVII wieku, rowna si¢ niemal 4200 kilogramow, wigc sily dynamiczne
pochodzace od kotysania si¢ ich sa catkiem duze. W artykule przedstawiono pewne problemy
zwigzane z oszacowaniem nos$nosci starych konstrukcji stalowych, traktowanych jako zabytkowe.
Analiza objeta oszacowanie technicznego stanu konstrukcji, ocena oddzialywan i wpltywow
srodowiskowych, okreslenie mechanicznych parametrow stali elementéw i nitow metodami
nieniszczacymi, a takze analize statyczna i dynamiczng konstrukcji. Ze wzgledu na wieloletnia
eksploatacje konstrukcji, przeprowadzono réowniez weryfikacj¢ zmgczeniowa uzywajac metody
naprezen nominalnych zwanej metoda klasyfikacyjna.

Stowa kluczowe: wieza dzwonnicy, analiza statyczna, analiza dynamiczna, zmegczenie
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