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A B S T R A C T

The often overlooked rotational stiffness of connections utilizing a single prestressed bolt leads to the common
assumption of treating such connections as pinned or even modeling them as rigid. Nevertheless, considering
the friction between interconnected elements, it is evident that the actual rotational stiffness lies between
these simplified assumptions. This study is dedicated to quantifying this stiffness and addressing the question of
whether simplifying such connections to pinned or rigid is justifiable. Experimental, theoretical, and numerical
analyses were conducted. The results reveal a substantial variability in this phenomenon, which can be
effectively described by a normal distribution. Illustrated through a case study involving built-up battened
columns, it was demonstrated that the maximum normal force in the column, when considering rotational
stiffness of connections, significantly surpasses that obtained for a model assuming pinned connections. This
underscores the necessity of employing a model with nonlinear rotational stiffness for an accurate analysis of
such constructions.
. Introduction

Structures composed of cold-formed steel (CFS) elements, despite
heir wide application and many research conducted in research insti-
utes around the world, are still not fully understood, especially in the
ontext of design. This is due to the wide range of geometric imperfec-
ions and the complicated impact of connections on the analysis results.
ue to the high sensitivity to local failure, it is necessary to pay special
ttention to connections in the CFS structures [1].

In engineering practice, designers often simplify structures to beam
odels with rigid joints. Such joints do not account for the actual axial

tiffness. The article [2] presents analyses showing that, to achieve
onsistency between numerical analyses and experimental results, it
s necessary to introduce semi-rigid joints that account for the flexi-
ility of bolted connections of lipped channel braces. In the case of
hin-walled structural elements, assuming rigid connections may be
njustified even when using welded joints [3]. Similar attention is
equired for rotational stiffness.

In the literature, a wide range of approaches to modeling connectors
an be found, from those reducing the connector to the point-to-point
elationship between the connected parts [4], through those in which
he geometry of the connector is simplified using solid elements [5], to
hose in which the connector is modeled precisely, with an accurately
eproduced thread and nut [6,7]. Modern numerical computational
odels allow for the analysis of joints even up to the point of fail-
re [8]. These analyzes are performed for connections made using

∗ Corresponding author.
E-mail address: pawel.pieczka@pg.edu.pl (P. Pieczka).

both bolts and screws. Zhang et al. [9] presented research on the low
closely-spaced built-up members with self-drilling screw connectors.

Bolted connections, where friction plays a significant role, can be
divided into two categories: connections subjected to normal force [10–
12] and connections subjected to transverse force and bending mo-
ment [13,14]. The Eurocode standard [15] describes the procedure
for determining the slip resistance of friction joints with preloaded
bolts, but this topic still enjoys great popularity among researchers.
This is influenced by the complexity of the issue in terms of cyclic
durability, as well as the multitude of materials and combinations of
bolt arrangements.

Noferesti et al. [16] presented research on ultra-low cycle fatigue
evaluation of bolted flange plate moment connections with different
amounts of pre-tension in bolts. The research demonstrated a signifi-
cant impact of bolt pre-tension on the moment resistance and fatigue
life. Despite the presence of a total of 14 bolts in the joint, the location
of failure in the laboratory connections was at the farthest row of holes
from the column. This indicates that in modeling such a connection,
it is crucial not only to capture the behavior of the entire group of
connectors but also to accurately replicate the influence of individual
connectors.

Öztürk and Pul [17] carried out an experimental and numerical
study on a full scale apex connection of cold-formed steel portal frames.
The rafters made of CFS elements were connected in the middle of
the span with a apex profile. The apex profile was a welded I-section
ttps://doi.org/10.1016/j.engstruct.2024.118935
eceived 14 April 2024; Received in revised form 31 July 2024; Accepted 3 Septem
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with the web extended towards the rafters. The entire connection was
made with 32 M14-1.5 (8.8) bolts: 16 were located on the upper
flange and 16 on the web. The bolts were hand tightened, the hand-
tightening torque has been tested. The tightening torque of 100 N m
has been found to correspond to a prestressing force of 34 kN. In the
numerical model, prestressing force was introduced by shortening the
bolt shank. The shortening displacement change calculated by using
classical stress–strain equations. The contact between the joined ele-
ments with a friction coefficient of 0.3 was defined. Accurate modeling
of the prestressed bolts was one of the reasons for the high convergence
of the test results with the numerical calculations.

Lim et al. [18,19] carried out an experimental, theoretical, and
numerical study to investigate the stiffness and the load capacity of the
bolted moment-connections in a CFS portal framing system. By using a
group of bolts, it was possible to assume that a single bolt transmits
only a shear force, and that the rotational stiffness results from the
cooperation of all connectors and largely depends on their spacing.
One of the important aspects when designing such connections is the
bimoment generated in the CFS element, see also [20]. In this case,
the impact of the rotational stiffness of a single bolt may be negligible,
but in the case of connections made with a small number of bolts (one
or two), the impact may be significant. The rotational stiffness of a
joint has a significant impact on the stress distribution in the joined
elements.

Aghoury et al. [21] presented research on CFS built-up battened
columns. The connection between the batten and the chord was made
using two M6 bolts (8.8). Finite element method (FEM) models with
and without bolt holes were compared. It was found that the model
with holes better reflects the behavior of the tested built-up members.
During numerical calculations the rigid connection was assumed. This
is an example where more accurate modeling of the joint’s rotational
stiffness could have a significant impact on the results of numerical
calculations. This is due to the low rotational stiffness of the joint used
in the study.

Another example of assuming a rigid connection was presented
by Mitsui and Sato in the article [22]. Nine types of CFS built-up
battened columns, in which the batten–chord connection was made
with one prestressed F10T-M12 bolt, were described. The bolts were
hand tightened, the hand-tightening torque was not tested. In the arti-
cle [23] an attempt was made to determine the amplitude of the global
initial bow imperfection so that the results of numerical calculations
for each column correspond to the resistance obtained from strength
tests. Such a dependence turned out to be impossible to determine, the
likely reason was the assumption of rigid connections and differences
in the prestressing force of individual bolts and the resulting different
rotational stiffness of the joints.

The present paper shows experimental tests of the connection made
using a single prestressed bolt and focuses on determining the rota-
tional stiffness of such a joint. Such connections can be successfully
used in structures made of CFS elements such as built-up columns.
The results of the experimental studies were compared with analytical
calculations and numerical analyses. This is an innovative aspect of the
work because it is usually assumed that these types of connections are
pinned or rigid.

2. Analytical approach and experimental work

2.1. Research samples

Experimental tests were carried out on samples representing a full-
scale part of a built-up member (geometry similar to the columns
presented in [22]). The geometry of the samples is shown in Fig. 1.
The chord was made of a 2 mm thick cold-formed channel section.
Each chord sample has six holes for fixing in the test base and ten
holes for testing bolted connections. The channel section is made of
2 
Table 1
Parameters of the roughness profile of the research samples.

𝑅𝑎 (μm) 𝑅𝑞 (μm) 𝑅𝑧 (μm)

Mean SD Mean SD Mean SD

Chord 0.68 0.26 0.93 0.41 5.12 2.40

Batten 1.69 1.12 2.15 1.45 10.19 6.00

S350GD+Z200 steel. A 200 g/m2 zinc coating by the continuous hot-
dip galvanizing process provides a 14 μm thick coating by design. This
coating is widely used because of its long-term corrosion resistance.

The battens were made of flat bars with dimensions of
6×35×200 mm, using S235 steel. After the bolt holes were made,
the battens were hot-dip galvanized. M12 bolts (10.9 - ISO 7412) for
prestressed connections were used for the batten–chord connections.
The built-up members made of the elements described above, due to
the complete separation of the steel cores from environmental factors,
are permanently protected against corrosion.

2.2. Coefficient of friction

Before testing the rotational stiffness of the bolted joint, the co-
efficient of friction between the batten and the chord was tested.
The coefficient of friction depends on the roughness of the contact
surfaces and the material they are made of. In the case of both types
of samples, the outer surface is a zinc coating, but due to differences
in the galvanization method, it is not identical. Using the Mitutoyo
Surftest SJ-210 meter, the roughness of selected samples was tested. For
each sample, measurements were made on four paths parallel to the
direction of force. The basic parameters describing surface roughness
are the arithmetical mean height of the roughness profile (𝑅𝑎), the
root mean square deviation of the roughness profile (𝑅𝑞) and the

aximum height of the roughness profile (𝑅𝑧). The mean values and
tandard deviations (SD) of the parameters of the roughness profile of
he research samples were summarized in Table 1. 57 chord samples
nd 37 batten samples were tested. Not all chord samples tested for
oughness were used in the friction study.

The static coefficient of friction can be calculated as the ratio of the
riction force to the normal force between the tested samples. The con-
ept of determining the coefficient of friction proposed by Amontons
1699) was described, among others, by Wójcik and Frączek [24]. The
esults of 37 friction force tests are shown in Fig. 2. A significant disper-
ion of results may result from the high variability of the thickness and
oughness of the zinc coating. The average value of the coefficient of
riction between the batten and the chord was calculated as the slope of
he line describing the linear regression from all measurement points:
𝑚𝑒𝑎𝑛 = 0.22. This value corresponds to class D according to the EN
090-2 standard, i.e. for untreated surfaces [25]. It is also possible to
alculate the minimum and maximum friction coefficients for the tested
amples: 𝜇𝑚𝑖𝑛 = 0.13, 𝜇𝑚𝑎𝑥 = 0.30.

In the literature, there are examples of deriving relationships be-
ween the surface roughness profile and the friction coefficient for steel
pecimens (see, e.g., [26,27]). Fig. 3 shows the roughness parameters
f a surface depending on a friction coefficient obtained in the exper-
mental tests for all pairs of elements. Based on the charts, a clear
elationship between surface roughness parameters and the friction
oefficient cannot be determined.

Zheng et al. [26] showed that the relationship determined for steel
amples subjected to various surface preparation processes cannot be
pplied to samples coated with an additional layer (in the presented
ase: powder coating or anti-slip coating). This is due to the different
echanisms through which forces are transferred between the attached

urfaces than in the case of uncoated surfaces, and this issue requires
urther investigation.
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Fig. 1. Research samples.
Fig. 2. Coefficient of friction between the research samples.

2.3. Rotational stiffness

The rotational stiffness of a connection made with a single bolt
results from friction between the joined sheets caused by the prestress-
ing force. Fig. 4 shows the diagrams of the friction areas of samples
subjected to a normal force or a bending moment. In the first case, it is
customary to assume that the stiffness of the joint and the resistance to
slip are independent of the size of the contact surface, but only of the
prestressing force (𝐹𝑃 ), the coefficient of friction (𝜇) and the number
of the slip surfaces (𝑛𝑏) [6].

Assuming a uniform stress distribution from the prestressing force,
it is possible to determine the shear stresses 𝜏𝑠𝑙𝑖𝑝 at which rotational
slip occurs:

𝜏𝑠𝑙𝑖𝑝 =
𝜇𝐹𝑝

𝐴
=

𝜇𝐹𝑝

𝜋(𝑟22 − 𝑟21)
(1)

where 𝑟1 and 𝑟2 are the inner and outer radii of the pressure area,
respectively, and 𝐴 is the pressure area on the contact surface (see
Fig. 4(b)).

The moment resistance for one slip surface under pure bending
(without shear force) can be calculated according to Eq. (2):

𝑀𝑠𝑙𝑖𝑝,𝑝𝑢𝑟𝑒 = 𝜏𝑠𝑙𝑖𝑝 𝑊𝜙 (2)

where 𝑊𝜙 represents the slip surface section modulus:

𝑊𝜙 = ∫

𝑟2

𝑟1
2𝜋𝑟2 𝑑𝑟 = 2𝜋

3
(𝑟32 − 𝑟31) (3)

It is also possible to take into account the shear force 𝑉 that occurs
simultaneously with the moment 𝑀 . In this case, it can be assumed
that the rotation occurs after reaching the limit value of the shear
stress induced by both components. The shear stresses can be calculated
according to Eq. (4).

𝜏 = 𝑀 + 𝑉 (4)

𝑊𝜙 𝐴

3 
If the moment is caused by a single concentrated force applied at
a distance 𝑒𝑉 from the axis of rotation, there is a linear relationship
between the moment 𝑀 and the shear force in the joint: 𝑀 = 𝑉 ⋅ 𝑒𝑉 .
Eq. (4) can then be written as:

𝜏 = 𝑀
(

1
𝑊𝜙

+ 1
𝐴𝑒𝑉

)

(5)

By transforming Eq. (5), a formula for the slip moment that takes
the shear force into account can be derived:

𝑀𝑠𝑙𝑖𝑝,𝑉 = 𝜏𝑠𝑙𝑖𝑝

(

1
𝑊𝜙

+ 1
𝐴𝑒𝑉

)−1
= 𝜇 𝐹𝑝

𝑊𝜙 𝑒𝑉
𝑊𝜙 + 𝐴𝑒𝑉

(6)

Rotation of the joint requires slippage in two planes: the contact
surface between the batten and the chord, and any other plane, e.g. the
plane between the nut and the washer or the plane between the bolt
head and the washer. Due to the recommended lubrication or oiling of
the bolt and nut [25], it can be assumed that slippage in the planes
in contact with these elements occurs without friction. However, this
does not affect the contact surface between the connected plates. Con-
sidering the above, the moment described by Eq. (6) can be considered
sufficient for the rotation of the entire joint.

The research was carried out on a stand designed for a simple
bending test of the chord–batten connection, as shown in Fig. 5. The
test setup was designed in such a way that multiple tests could be
conducted on a single branch, in each test a new batten was bolted to
the chord at an unused hole. The M12 bolts were tightened using the
controlled torque method with a torque wrench (Proxxon PR23353).
The nuts were coated with molybdenum disulfide paste. The force was
applied using a hydraulic press (Zwick 500) at a distance of 110 mm
from the rotation axis. The displacement of the machine piston was
force-controlled at a rate of 25 N/s.

Tightening the M12 bolt with a torque of 100 N m permits the
assumption of a prestressing force of 50 kN [28]. Substituting into
Eqs. (3) and (6): 𝑟1 equal to the radius of the hole (7 mm), 𝑟2 equal
to the outer radius of the washer increased by the thickness of the
thinner sheet (14 mm), 𝜇 equal to the mean coefficient of friction
specified in Section 2.2 and the prestressing force described above, the
moment required for slipping is equal to 109 N m. For the minimum
and maximum friction coefficients, the moment can be obtained as 65
and 148 N m, respectively.

A total of 61 tests were performed (after this number it was con-
cluded that conducting further tests did not provide additional conclu-
sions). In each test, the dependence of the bending moment on the angle
of rotation (M–Φ) was measured indirectly. The moment was calculated
on the basis of the force obtained from the testing machine, and the
angle of rotation was calculated on the basis of the displacement of the
end of the batten measured with an inductive displacement sensor.

The M–Φ relationship from a sample study is shown in Fig. 6(a).
For further analysis, the M–Φ curves from the individual tests were
simplified by a piecewise linear approximation created by reading the
moment values for rotations of 0.005, 0.025, and 0.060 radians. All
samples exhibited a decrease in stiffness with progressive rotation of
the joint. In the final phase of the test, the moment increase became
negligibly small. Therefore, beyond a rotation value of 0.060 radians,
no further increase was assumed. The exhaustion of the bending capac-
ity resulted from exceeding the limit shear stresses in the friction zone,

http://mostwiedzy.pl
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Fig. 3. Surface roughness parameters depending on the friction coefficient obtained in the experimental tests: (a) chord; (b) batten.

Fig. 4. Friction area for elements subjected to: (a) normal force; (b) bending moment.

Fig. 5. Test setup.
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Fig. 6. Rotational stiffness results: (a) piecewise linear approximation of an example measurement; (b) presentation of approximated results from all tests.
𝜇
c
t

Table 2
Rotational stiffness — experimental results.

Rotation (rad) Moment (N m)

Mean SD 5% fractile

0.005 80.8 20.3 36.4
0.025 121.0 51.6 36.4
0.060 133.0 58.8 36.5

and further rotation resulted from slippage. No other causes, such as
buckling, were observed.

Fig. 6(b) presents the approximations from all tests as well as the
curve calculated as the average of all tests. Significant discrepancies
were observed between the results of the individual tests. During
the investigation of the causes of these discrepancies, the correlation
between the roughness profile of the batten and chord (described in
Section 2.2) and the rotational stiffness in each test was examined.
However, no such relationship was found. An additional factor that
could influence the rotational stiffness was the thickness of the zinc
coating. Fig. 6(b) also shows a curve describing the normal distribution
for the limit moment of each sample. Based on the normal distribution,
it is possible to calculate the moment value corresponding to the 5%
fractile. Table 2 presents the mean values, standard deviations, and
5% fractile values of the moment for the characteristic points of the
piecewise linear approximation.

For selected samples, tests were conducted with the use of strain
gauge sensors. The strain gauges were placed on both sides of the
batten in a cross-section 40 mm away from the axis of rotation. The
analysis of the sensor data showed a stress distribution consistent with
an analytical, linearly varying distribution due to the bending of the
batten. Due to the lack of stress variability along the axis defined by
the thickness of the batten, it is reasonable to conclude that, for the
assessment of the bending moment, mounting sensors on only one side
is sufficient.

3. Numerical analyses

The test specimen was simulated by means of software ABAQUS
[29]. The FE model of the sample was established based on nominal
dimensions. The model consisted of a section of the chord with a
length of 200 mm, the batten, and the bolt along with the nut and two
washers. The bolt was modeled as non-threaded with a core thickness
shank. All parts were modeled using the C3D8R element (an 8-node
linear brick, reduced integration, hourglass control). The element size
in the contact zone was 0.3–1.0 mm. To reduce computation time,
elements outside the contact zone were larger in size, but did not
5 
exceed 5 mm. At least four elements were used through the thickness
of the plates, see Fig. 7.

The material property values were introduced on the basis of stan-
dard recommendations for the respective steel grades [1,15,30]. The
Young’s modulus 𝐸 and the Poisson’s ratio 𝜈 were taken as 210 GPa and
0.3, respectively, for all elements. The yield strength 𝑓𝑦, the ultimate
strength 𝑓𝑢, and the limit plastic elongation 𝜀𝑢 were defined. For the
S235 steel batten, they were as follows: 𝑓𝑦 = 235 MPa, 𝑓𝑢 = 360 MPa,
𝜀𝑢 = 0.15. For the S350GD+Z200 steel chord, they were: 𝑓𝑦 = 350 MPa,
𝑓𝑢 = 420 MPa, 𝜀𝑢 = 0.15. For the 10.9 class bolt, the strength parameters
were: 𝑓𝑦 = 900 MPa, 𝑓𝑢 = 1000 MPa, and the limit plastic elongation
𝜀𝑢 = 0.02 was set based on articles [31,32] in which it was shown that
this is a safe value for constructions at room temperature.

In the contact zone between the batten and the chord, surface-to-
surface contact was implemented (see Fig. 7) with the main friction
coefficient 𝜇1 in the tangential direction. In the remaining parts of
the model, a general contact with the secondary friction coefficient
𝜇2 was defined, taking into account all contacting elements. Due to
the use of the bolt coated with molybdenum disulfide paste in the
tests, the friction coefficient of 𝜇2 = 0.05 was assumed. For the entire
model, ‘‘hard’’ contact was declared in the normal direction. Three
models with friction coefficients 𝜇1 determined in Section 2.2 were
made. Additionally, the value of 𝜇1 was determined for which the limit
moment from the FEM analysis corresponds to the 5% fractile value
obtained from the experimental tests (𝜇1 = 0.05).

The analysis was divided into 2 steps. In the first step, the bolt
was preloaded using the ‘‘bolt load’’ function. This function models the
tightening of the bolt so that it carries a specified load. A prestressing
force of 50 kN was introduced. The chord was fixed in a cross-section
located 150 mm from the axis of rotation of the joint. Additional
point supports were introduced in each element to prevent instabilities
during the analysis of the unloaded parts.

In the second step, a vertical force was applied to the upper surface
of the batten. This force was distributed over a 6×6 mm area, with
the center of the loaded zone located on the arm 110 mm relative to
the rotation axis. To maintain the preload on the bolt obtained in the
first step, the length of the bolt was fixed. In the second step, only the
boundary conditions placed on the chord were retained.

The model was solved using nonlinear large-displacement elasto-
plastic analysis (static, general). In step 2, the applied force was in-
creased until the solution convergence was lost. The calculation was
interrupted when the limit load was reached.

Fig. 8 shows the results of the FEM analysis for the model (𝜇1 = 0.22;
2 = 0.05). The rotation in the joint occurs through slippage in two
ontact planes: between the batten and the chord, and between the bat-
en and the washer. The chord did not undergo significant deformation
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Fig. 7. FE model of the tested joint.
Fig. 8. FEM analysis results for the model (𝜇1 = 0.22; 𝜇2 = 0.05): (a) Von Mises stress (MPa) after preloading in the cross-section at the axis of rotation of the joint; (b) displacement
(mm) at the moment of computation interruption for step 2.
or buckling during the rotation of the joint. The force–displacement
relationship was converted into the moment–rotation angle of the joint.
The maximum moment was 123.7 N m at the joint rotation angle of
0.014 radians.

The stress contours on both sides of the batten in a cylindrical
coordinate system are presented in Fig. 9. The stresses in the area
around the hole reach the yield point. The moment in the joint is the
integral of the shear stresses on both lateral surfaces of the batten. Due
to the assumed friction coefficients, the values of shear stresses (S23
in the cylindrical coordinate system) on the side of the chord (inner)
are significantly greater than those obtained on the side of the washer
(outer). The distribution of shear stresses is rotationally symmetric,
and the size of the area subjected to stresses due to bolt prestressing
corresponds to that assumed in the analytical model.

The influence of the eccentricity between the axis of the bolt and
the center of the holes in the connected elements was also examined.
This was implemented by creating models with the bolt displaced by
1 mm in 4 directions (X+, X-, Y+, Y-, see Fig. 7). In each case, both
the limit moment and the initial stiffness were similar to the results
obtained for the model without eccentricity.

4. Summary of research and analysis results

Fig. 10 presents a summary of the rotational stiffness for the exam-
ined joint from analytical calculations, FEM analyzes, and the piece-
wise linear approximations from measurements. Assuming the average
friction coefficient obtained from the experiments (𝜇𝑚𝑒𝑎𝑛 = 0.22),
the maximum bending moments in the joint obtained from both the
FEM and analytical models are similar to the mean value from the
experimental tests.

The rotational stiffness close to the 5% fractile value obtained from
the experimental tests is achieved in the FE model by applying a friction
coefficient of 𝜇1 = 𝜇2 = 0.04. This value corresponds to surfaces
subjected to lubrication or oiling.
6 
The results presented in Fig. 10 pertain to the investigated chord–
batten joint and, beyond the rotational stiffness itself, also take into
account the flexibility of the both elements and the load eccentricity.
The batten is subjected to bending about its stronger axis, while the
chord is subjected to bidirectional bending along with compression.
The impact of the flexibility of these elements can be estimated by
conducting additional numerical analyses with a significantly increased
Young’s modulus value assigned to the material of these elements.
Fig. 11 shows a comparison of the initial rotational stiffness for models
with a Young’s modulus of 𝐸 = 210 GPa and with a modulus increased
1000 times, a value sufficiently high that the deformation of the chord
and batten becomes negligibly small (marked on the graph as 𝐸 = ∞).
The analyzes were performed for the two models described in Section 3:
FEM (𝜇1 = 0.22; 𝜇2 = 0.05), FEM (𝜇1 = 0.13; 𝜇2 = 0.05).

The analyses showed that the flexibility of the chord and batten
constitutes a significant portion of the entire system’s flexibility in
the initial phase of rotation. The corrected initial rotational stiffness
is 5.4 and 3.8 times greater than the uncorrected stiffness. However,
after exceeding 0.010 radians of rotation, this influence ceases to be
significant due to the exhaustion of the slip resistance in the contact
zone. Taking into account the above conclusions in the analysis of the
experimental results, it is possible to introduce corrected rotational
stiffness by increasing the initial rotational stiffness (e.g. shifting the
horizontal coordinate of the first characteristic point on the M–Φ graph
from 0.005 rad to 0.002 rad increases the initial stiffness by 2.5 times).

Additionally, it is also possible to transition from rotational stiffness
that includes the influence of shear force to the stiffness of pure
rotation. For this purpose, the relationships contained in Eqs. (2) and
(6) can be used. For the discussed joint, the difference amounts to
10%. However, this would require introducing separate stiffness related
to the shear force into the model and the interaction between these
stiffnesses.
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Fig. 9. Stress (MPa) contours for the batten (model: 𝜇1 = 0.22; 𝜇2 = 0.05) (on the left for the inner side, on the right for the outer side): (a) Von Mises stress; (b) normal stress
S33 - parallel to the bolt axis; (c) shear stress S23 in a cylindrical coordinate system.
Fig. 10. Summary of the rotational stiffness results.
5. Application example

The obtained rotational stiffnesses can be applied, for example,
in models of built-up columns in which the connection between the
chord and the batten is made using a single prestressed bolt. Columns
with such joints were studied by Mitsui and Sato [22]. Finite element
analyzes were performed for example columns: 𝐿3700𝑎400ℎ60 and
𝐿3700𝑎720ℎ60 (the length of the member 𝐿 = 3700 mm, the axial
separation between the battens 𝑎 = 400 mm or 𝑎 = 720 mm, and
7 
the distance between the centroids of the chords ℎ = 60 mm, other
dimensions are assumed as in the article [22], and presented in Fig. 12).

A numerical shell model of the column with rigid connections (en-
tire contact surface connected using the ‘‘tie’’ function [29]) between
battens and chords was described in the article [23]. For comparison
purposes, similar models were created, but the connection was made
using the ‘‘fastener’’ function [29]. Four types of connections were
modeled: Rigid, Pinned, and two Semi-Rigid with nonlinear rotational
stiffness determined in the experiments: mean and 5% fractile (cor-
rected as recommended in Section 4). The remaining components of
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Fig. 11. The impact of the flexibility of the chord and the batten on the initial rotational stiffness.
Fig. 12. Cross-section and views of columns 𝐿3700𝑎400ℎ60 and 𝐿3700𝑎720ℎ60.
5
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he relative motion of the connector were set as rigid. The physical
adius of influence was set to 14 mm (analogously to 𝑟2 in Section 2.3),
mplying that nodes on both the chord and the batten within this radius
rom the joint axis are associated with the fastener. The motion of the
ttachment point is then coupled in a weighted sense to the motion of
he nodes in this region by a distributed coupling constraint.

Geometrically and materially nonlinear static analyses were carried
ut, taking into account an initial global bow imperfection with an
mplitude equal to 𝐿∕500 (7.4 mm). The analysis was carried out as
static general with displacement control, and the normal force in

he column was induced by displacing the upper support towards the
ower support. The results of the analysis are presented in Fig. 13. The
raph also presents the results of the experimental studies described in
he article [22]. In this context, displacement refers to the change in
istance between the upper and lower supports.

The initial stiffness was uniform for all FEM models. The maximum
orces established in the studies for models with semi-rigid connections
ere higher than those obtained for models with pinned connections.

ntroducing the stiffness corresponding to the 5% fractile from the
xperimental tests increased the column’s load-bearing capacity by
 i

8 
.4% and 12.2%. In the case of stiffness corresponding to the mean
alue from the studies, the increases were 17.7% and 29.4%. Greater
ncreases were obtained for the 𝐿3700𝑎400ℎ60 column due to the
maller spacing of the battens, and therefore a greater number of
onnections. Based on this, it can be concluded that this stiffness is not
egligibly small, and proper modeling may lead to greater agreement
etween research results and numerical analysis results. The difference
etween the results of models with rigid and semi-rigid connections is
lso significant. Simplifying the model by introducing rigid connections
eads to a significantly increased load-bearing capacity of the entire
olumns.

Comparing the results of FEM analyses and experiments reveals
iscrepancies in initial stiffnesses, which may result from the flexibility
f the experimental setup. The maximum normal force values from
he tests do not correspond to those obtained from FEM models. This
iscrepancy arises from the fact that, in addition to joint stiffness, a sig-
ificant factor affecting the load-bearing capacity of built-up columns
n FEM calculations is the introduced imperfections. In the article [23],
nalyses of the influence of the amplitude of the bow imperfection
ntroduced in FEM models on the load-bearing capacity results due to
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Fig. 13. The force–displacement relationship for two example built-up columns, from FEM calculations depending on the assumed rotational stiffness of the connections, and from
the experimental tests [22].
axial compression were conducted for 9 types of columns described
in [22]. Assuming rigid joints, the imperfection amplitudes required
to obtain convergence between the test results and the measurements
ranged from 𝐿∕800 to 𝐿∕250.

. Conclusions

The rotational stiffness and the maximum bending moment of the
oint made using one M12 prestressed bolt were tested. Analytical and
umerical models of the joint were developed.

On the basis of the research, it was determined that the statistical
ariability of the discussed stiffness is significant, even though the
amples came from the same batch of materials and the connections
ere made in the same way. It was not possible to determine the

elationship between the surface roughness parameters of the joined
lements and the friction coefficient. Therefore, this phenomenon was
reated as random and described by a normal distribution.

Using the example of a numerical analysis of built-up battened
olumns, it was shown that the maximum normal force in the column
or models with nonlinear, semi-rigid rotational stiffness of connections
determined on the basis of the experimental tests) is significantly
igher than that obtained for a model with pinned connections (up to
0%). The impact of this stiffness increases with the number of joints in
he structure. The initial assumptions that the stiffness of such a joint is
nsufficient to model it as rigid were also confirmed. These conclusions
ighlight the necessity of using a model with semi-rigid connection
tiffness for a proper analysis of such structures.

Further analyses are necessary to determine the value of rota-
ional stiffness suitable for application in numerical models. Possible
pproaches include:

• using a conservative stiffness, previously defined as: Test (5%
fractile),

• applying the mean stiffness (not recommended for structures with
a small number of joints),

• incorporating a random distribution of stiffness in the model
based on a normal distribution.

n addition, further research on the discussed topic is possible, for
xample, concerning joints with larger bolts or the use of additional

riction elements to increase rotational stiffness.

9 
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