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ISSUES OF ALTERNATING LOAD IN DESIGN
OF COLD-FORMED STEEL FRAMES WITH
LAP JOINTS

The paper raises the issues of alternating loads in designing of cold-formed steel
frames with blind bolt lap joints. Based on own research and information found
in the literature pointed out the need to develop the procedures for calculating
such connections, taking into account their actual behaviour, i.e. according
to proper hysteresis loops. Presented also the method of determining of nonlinear
force-displacement (F-6) and moment-rotation (M-¢) characteristics describing
the behaviour of a single-cut connections of cold-formed sections with blind fas-
teners of the type BOM [1], loaded in one direction. The proposed formulas
are based on previously unpublished research results and allow for determination
of mentioned dependencies on the basis of selected physical parameters of such
connections. The curves of the relationships -6 and M-¢ obtained from the pro-
posed formulas were compared in graphs with experimental curves obtained dur-
ing the tests of elements in which connections has been loaded in both one direc-
tion and alternately. As a conclusion, the predicted directions for further research
are presented.

Keywords: cold-formed steel frames, lap joints, blind fasteners, alternating load,
semi-rigid joints, stiffness of joints

1. Introduction

Lap joints with mechanical fasteners in cold-formed steel frames are char-
acterized by a significant degree of flexibility, which was repeatedly ascertained
by the national [2, 3, 4, 5, 6] and foreign [7, 8] studies. For this reason,
in the static calculations of such structures, rigidity of the joints with connec-
tions loaded by axial forces in bars and bending moments on their ends, can be
taken into account, preferably, on the basis of experimentally
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obtained force-displacement and moment-rotation relationships, which changes
non-linearly under load. It should be noted, that in the previous attempts of design
of frames ignores the fact that the wind load may act alternately, from two
opposite directions. Then the effects of variable actions will be imposed
on the effects of existing permanent load and the effects of pre-existing variable
load cycles [9]. The behavior of a given joint in a frame structure will
be described by proper hysteresis loops, and its calculations will require
to develop appropriate procedures, including incremental load and deformation
analysis [10]. Then, the internal forces in the respective bars and displacements
in the joints may significantly differ from the case in which the horizontal wind
load acts only in one direction [11]. It was estimated that the differences between
internal forces in the frame with rigid and semi-rigid joints may then exceed
at least 20% [12]. If, however, additionally takes into account the impact
of alternating action of the wind, further changes in forces have to be expected,
reaching also 20% [11]. In such cases the use of linear relationships describing
the rigidity of the joints — proposed in EC3 [13] and [14] may be too simplistic
because, the calculation results may not reflect the actual behavior
of the structure. Therefore, to describe the behavior of the alternately loaded
structure, it is necessary to provide an experimentally verified method
of prediction of hysteresis loops for connections in a complex load state
and to create a procedure for calculating them, taking into account the relevant
criteria of bearing capacity and serviceability.

The paper presents a method of determining the nonlinear F-6 and M-¢
characteristics based on the selected physical parameters of the tested connections
loaded in only one direction: the actual diameter of the fastener d, equal after
installation to the diameter of the hole, thickness ¢ of the connected sheets
and their ultimate tensile strength f,. Proposed formulas are modified comparing
o [15], because additional unpublished results of tests have been taken into
account. The range of the study includes joints whose parameters are within
the ranges: dy = (9,0+14,3) mm, ¢ = (3,0=5,0) mm, f, = (350+550) MPa. Curves
of the relationships F-0 and M-¢ obtained from the proposed formulas were
compared on the graphs with the experimental curves obtained during the tests
of the elements in which connections were in the complex state of load acting
either in one direction or alternately.

2. Tests of relationship F-6

The physical relationship between the force F); shearing a single connector
and the mutual displacement 6 of the connected sheets were determined experi-
mentally by testing of axially loaded elements of type "I" (Fig. la), in which
the sheets of the cold-formed sections with a thickness of 3, 4 and 5 mm were
connected by blind fasteners of the type BOM.



Issues of alternating load in design of cold-formed steel frames with lap joints 413

a) L b)

= T T F, kN
U100x50x3(4)(5)

I 441 100 40 1 F,=359kN

)

2xBOM R16
=] d=13.6 mm 30 - =q.-[1—e%*°
el 9 dy=14.0 mm }5; — Y ( 1—¢ ) ( L)

& i (14.3, 14.5) mm

g| 921 T F
,;
|
|
e
ar = 40.06 [KN],
rS

g8 g |. i 20 - :
DS $ \ b= 0.753 [1/mm],
= B | [ u1000x3s) s = 2.12 Ny,
vl 1 450 i o
§ E | 1 A (S235JR, kG R 0.982
E 755 S355IR) py—
A A F o4 . : ‘ "
(=
A br 1.5 8= 3.0mm 6.0

Fig. 1. Testing of F-J relationship: a) test element ,,I”’, b) diagram of the relationship F}-J in test
elements group S4

Rys. 1. Zalezno$¢ F-6 : a) probka do badan ,,I”, b) wykres zaleznos$ci Fj-6 probki z grupy S4

Fig. 1b shows example of envelopes of paths of static equilibrium F—6
in the five identical test elements, in which the sheets made of steel with
., =343,0 MPa and thickness ¢ = 4,06 mm were connected by means of the two
fasteners BOM R16-4 installed in the holes with a diameter dy= 14,3 mm.
On the diagram the value of the limit displacement &, = 3,0 mm has been
marked, for which according to [16], corresponds the bearing resistance of a sin-
gle connector Fj = 35,9 kN. Relationship F1—d can be described by an exponen-
tial function (1) (see Fig. 1b), and its parameters can be associated with the physi-
cal parameters of the tested joint as shown in [15].

Table 1. Physical parameters of tested elements of the type “I”
Tabela 1. Fizyczne paramety probek badawczych typu “I”

1)) 1)) 1.2)
No Group I:)I?rtreﬂs)gcsr Fastener type [I\J;lI‘Pa] [iom] [inm] t/d,
1 2 3 4 5 6 7 8
1 S3.1 5 BOM R10-4 352,5 9,0 3,18 0,35
2 S3.2 3 BOM R16-4 368.,0 14,3 3,17 0,22
3 S4 5 BOM R16-4 3430 14,3 4,06 0,28
4 S40C 5 BOM R16-4 364.,6 14,0 4,03 0,29
5 S5 5 BOM R16-6 402,3 14,5 4,86 0,36
6 W4 6 BOM R16-4 4447 14,3 4,05 0,28
7 W5 5 BOM R16-6 423.5 14,0 4,97 0,36
8 K49 6 BOM R16-6 5372 14,0 4,01 0,29
9 KSW3 5 BOM R16-4 469,0 14,0 3,00 0,21
10 | KSw4 5 BOM R16-4 521,7 14,0 4,00 0,29
11 KSW5 5 BOM R16-6 520,3 14,0 5,00 0,36

D

average measured value for group of test elements, ~actual average core thickness of the material,
3)

acc. to [17]
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In this paper included new results obtained for joints of the sheets with
the steel grade S355JR, and results of the similar investigations conducted
by Stowinski [17] in the elements with a slightly different structure. Total of fifty
five tests results have been analyzed, in eleven different groups of the joints,
the parameters of which are summarized in the table 1.

Fig. 2 shows the graphs which illustrate the relationship between the physi-
cal parameters measured in the construction of the tested joints and the parame-
ters of the exponential function (1) obtained on the basis of the tests of elements
"I'". The inclusion of more test results obligate to modification of the proposals
put forward in [15]. In the formula determining there the value of ar currently
omitted coefficient z = (390/£,)*°, which according to [7] should be used
for f,> 390 MPa; consideration of this coefficient resulted, for some new ele-
ments, a substantial increase in scatter. In [15] the value of by determined accord-
ing to the initial translational stiffness of the connection, which would
be a characteristic value for the given joint. New research results did not confirm
this assumption; it turned out that this method requires experimental determina-
tion of the stiffness for each group with slightly different physical parameters.
Finally, it was decided to join the value of by with the ratio of the thickness ¢
of the thinner of the connected sheets to the diameter of the hole d, that expresses
the influence of tilt of the fastener observed in single-cut connections on the stiff-
ness of the joint. Due to the considerable dispersion of the value of by specified
for individual elements, and still insufficient number of the tests decided initially
to adopt two different values of this parameter equal to 1.4 [1/mm]
for ¢/ dy<0.25 and 0.7 [1/mm] for ¢/ dy > 0.25 (see. Fig. 2b).
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Fig. 2. Relationships between physical parameters of tested joints and values of the parameters
of exponential function describing the F-J relation: a) relation ar - f,"dy't, b) relation
by - t/dy; compare in [15]

Rys. 2. Zalezno$¢ miedzy fizycznymi parametrami badanego potaczenia i funkcji wyktadniczej
opisujacej zaleznos¢ Fj-o: a) zalezno$¢ ar - f, dy't, b) zaleznos¢ by - t/d, [15].
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Figures 3+6 show the graphs F1—9, on which the points lying on the enve-
lopes of the paths of static equilibrium obtained in the experimental tests of se-
lected groups of the joints can be compared with the exponential curves, deter-
mined on the basis of the proposed relations. In the graphs broken dashed lines
correspond to the translational stiffness Ss; calculated according to the formulas
proposed in [14], which were developed on the basis of the stiffness coefficients
of the components of the joint specified in [18]. Horizontal part of the dashed
line corresponds to the design resistance F}, z4, determined by [16].

a) b)
A
40 I PSS SV =
1 ®s
ety :
30 = 30 | a1
L ]
thcrl.,-(l—e : ﬁ) /l : ar=39.4 [kN],
20 ar=33.4 [kN], 20 / E br=1,4[1/mm]
br=1,4 [1/mm] no!
[ |
10 10 J Ss1 =12.4 kKN/mm
10,7 kN/mm £ :
5 [mm] S T 5 [mm]
0 T T > o4 + - . >
0.0 3,0 6.0 9.0 0,0 3,0 6,0 9,0

Fig. 3. Comparison of the actual and theoretical relations F-J in groups: a) of test elements S32,
b) of test elements KSW3

Rys. 3. Poréwnanie rzeczywistej i teoretycznej zaleznosci F -6 grup: a) probka badawcza S32,
b) probka badawcza KSW3
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Fig. 4. Comparison of the actual and theoretical relations F;-6 in groups of test elements “T”:
a) S4, b) W4,

Rys. 4. Poréwnanie rzeczywistej i teoretycznej zaleznosci F-6 dla grup elementow badanych ,,I”:
a) S4, b) W4
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Fig. 5. Comparison of the actual and theoretical relations F;-6 in groups of test elements “T”:
a) K4, b) KSW4

Rys. 5. Poréwnanie rzeczywistej i teoretycznej zaleznosci F-6 dla grup elementow badanych ,,I”:
a) K4, b) KSW4
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Fig. 6. Comparison of the actual and theoretical relations F;-6 in groups of test elements “T”:
a) S5, b) W5

Rys. 6. Poréwnanie rzeczywistej i teoretycznej zaleznosci F-6 dla grup elementow badanych ,,I”:
a) S5, b) W5

It should be noted that the stiffness calculated according to the method
proposed in the EC3 with a large safety margin describe the behavior of a joints
loaded in one direction, covering "from below" the characteristic dispersion
of the experimental results.
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Fig. 7 shows the graph illustrating the hysteresis loops of the relation F1—6
in two identical test elements "In" loaded alternately [12], with the same physi-
cal parameters as the group of the test elements W5 (cf. Table. 1).
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Fig. 7. Comparison of the actual and theoretical relation /-6 in two identical alternately loaded
elements “In”

Rys. 7. Poréwnanie rzeczywistej i teoretycznej zaleznosci F-6 w dwoch jednakowo naprzemien-
nie obcigzonych elementach ,,In”

Note that the stiffness observed immediately after the change of the sign
of the load is very low, as well as the increase of the permanent deformation
in his subsequent cycles. The main question is how to determine the carrying
capacity of the connection in this case. It should be noted that in ECCS Rec-
ommendations [16], where given the criterion related to the limit deformation
Oim = 3.0 mm, considered only the case of connections loaded in one direction.

Comparing the shape of the hysteresis loops with an exponential curve can
be stated, that on the given level of the load deformations in the actual alter-
nately loaded connection are visibly smaller than is apparent from the theoreti-
cal predictions for the loads carried in one direction. Here, in each subsequent
cycle the load increase in one direction to a certain value, then change the direc-
tion until it reaches the same value of opposite sign. Plastic deformations
of the sheets in the place of the contact with the connectors, occurring then al-
ternately and changes in the structure of the material of the connected sheets
related with this, may cause increase of the stiffness of the connection. Conse-
quently, the impact of load history on the behavior of the connection should be



418 S. Swierczyna, W. Wuwer

investigated. It would be expedient to make the program of the load of test ele-
ments corresponded to the history of the load occurring in a typical bar struc-
ture, where the forces reach firstly the values corresponding to the permanent
actions and then changing alternately in the specified range as a result of vari-
able actions.

3. Tests of relationship M-¢

The method of calculation of any arbitrary single-cut lap joint loaded si-
multaneously by bending moment M and shearing forces H and V is presented
in [12]. The system of equilibrium equations proposed there included also
the physical relationship between the shear force F; acting on the i-th connector
in the joint and the mutual displacement &; occurring in its axis between con-
nected sheets, which is described using exponential function (1) (see. Fig. 1b).
Dependencies presented in section 2 were used when formulating the systems
of equations that describe the behavior of several joints with different numbers
of the connectors. The eccentrically loaded elements "V" and alternately bent
element "X" were tested, whose parameters are summarized in Table 2.

Table 2. Physical parameters of tested elements of the type “V” and “X”

Tabela 2. Fizyczne paramety probek badawczych typu “V” i “X”

1)) 1)) I.2)
No | Group Iilflrtr;‘:;r Fastener type [Bj/illPa] [i(l)m] [inm] t/dy
1 2 3 4 5 6 7 8
1 V33 3 BOM R10-4 350,0 9,0 3,0 0,33
2 V34 5 BOM R16-4 368,0 14,3 4,0 0,29
3 V35 3 BOM R16-6 343,0 14,0 5,0 0,36
4 V4 3 BOM R16-4 364,6 14,3 4,0 0,29
5 X8 2 BOM R16-6 402,3 14,0 5,0 0,36

Daverage measured value for group of test elements, “actual average core thickness of the material

Figures 8+11 shows a view of the elements installed in the testing machine,
and the graphs, on which envelopes of the paths of static equilibrium M—¢ ob-
tained experimentally can be compared with the curves obtained on the basis
of solution of the appropriate systems of equations. These results can be com-
pared with the two-section dashed lines. First section of the broken line corre-
sponds to the initial rotational stiffness S;,,; of the joint, which was calculated
according to the formulas given in [14], developed on the basis of the compo-
nent method [18]. Horizontal section corresponds to the resistance of the con-
nection, which results from a bearing capacity F), zs reached by the most loaded
connector.
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Fig. 8. Tests of eccentrically loaded elements of group V33: a) view of the test element anchored
in the testing machine, b) comparison of the actual and theoretical relation M-¢

Rys. 8. Badanie mimo$rodowo obcigzonych elementow grupy V33: a) widok probki zamocowanej
W maszynie wytrzymalosciowej, b) porownanie rzeczywistej i teoretycznej zaleznosci M-¢

Fig. 9. Tests of eccentrically loaded elements of group V34: a) view of the test element anchored
in the testing machine, b) comparison of the actual and theoretical relation M-¢

Rys. 9. Badanie mimo$rodowo obcigzonych elementow grupy V33: a) widok probki zamocowanej
W maszynie wytrzymalosciowej, b) porownanie rzeczywistej i teoretycznej zaleznosci M-¢
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Fig. 10. Tests of eccentrically loaded elements of group V35: a) view of the test element anchored
in the testing machine, b) comparison of the actual and theoretical relation M-¢

Rys. 10. Badanie mimosrodowo obciazonych elementéw grupy V33: a) widok probki zamocowanej
W maszynie wytrzymalosciowej, b) porownanie rzeczywistej i teoretycznej zaleznosci M-¢
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Fig. 11. Tests of eccentrically loaded elements of group V4: a) view of the test element anchored
in the testing machine, b) comparison of the actual and theoretical relation M-¢

Rys. 11. Badanie mimos$rodowo obcigzonych elementow grupy V4: a) widok probki zamocowanej
W maszynie wytrzymalosciowej, b) porownanie rzeczywistej i teoretycznej zaleznosci M-¢

Similarly as observed in the tests of the elements "In", also here alternately
bended joint (Fig. 12) proved to be stiffer than is shown by the theoretical curve
M-¢. This difference is more distinct in the direction of the positive half-cycle
of the load, which was performed first. Can also be noted, that the compliance
of the course of the hysteresis loops in the two identical test elements "X"
is greater than the elements "In" (see. Fig. 7). This may be the result of a larger
number of the connectors and thereby lower sensitivity of the 8-fastener joint
to the imperfections associated with the technology of their installation
and drilling accuracy, ie. their lower deformability.
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Fig. 12. Tests of alternately bent elements of group X8: a) view of the test element anchored
in the testing machine, b) comparison of the actual and theoretical relation M-¢

Rys. 12. Badania naprzemiennie zginanych elementéw grupy X8: a) widok probki zamocowanej
W maszynie wytrzymalosciowej, b) porownanie rzeczywistej i teoretycznej zaleznosci M-¢

In [12] contains the results for the identical test elements "X" with the four
bolt connection. Fig. 13 shows the hysteresis loops obtained in the two elements
at the load M = + 10.86 kNm, lower than the resistance of the connection.
The shape of the curves indicates a large differences in stiffness of both joints,
however it should be emphasized that the both elements were tested at different
load cycles programs. Curve 1 describes the behavior of the connection that first
took over the load increases towards the positive half cycles, and then
in the opposite direction. While curve 2 - corresponds to the load increases real-
ized alternately, once in the positive half cycles direction and next the negative.
This may prove a significant influence of the history of the alternating load
on the behavior of the investigated joints.
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Fig. 13. Hysteresis loops in two identical test elements with 4-bolt joint with different load history [12]

Rys. 13. Petle histerezy dwoch identycznych badanych elementow z weztami 4-Srubowymi o rdznej
historii obcigzenia [12]

4. Summary

In the case of the joints loaded in one direction the proposed formulas al-
low for a relatively precise prediction of the characteristics F—6 and M—¢
of the investigated connections. The way of determining the br parameter
(see. Fig. 2b) requires more accurate method, which leads to the additional test-
ing of the axially loaded elements at different ratios #/d.

For the joints loaded alternately the determination of the impact of the load
history on their behavior in the bar structures with the considered joints need
to be taken. There is a need to adopt appropriate depending allowing for de-
scribe of the course of hysteresis loops in the joint loaded first by permanent
and next by the variable action. May prove useful models specified in [10]
or a method proposed in [19] for the single-cut bolted connections of the cold-
formed sections.

The further studies should be planned for a wider recognition of the impact
of alternating loads on the behavior of a bar structures with joints in a complex
load state, in which BOM fasteners are used. The aim of the research is to ob-
tain the method of determining the characteristics of such nodes in the form
of appropriate simplified hysteresis loops in order to obtain a basis for the adop-
tion of appropriate criteria for the carrying capacity and deformability of the
connections. It will be necessary to develop the design procedures, because
most of the available software for engineering calculations does not allow
for the incremental load and deformation analysis, which is required when de-
signing the alternately loaded structures.
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PROBLEMY OBCIAZEN ZMIENNOZNAKOWYCH )
W PROJEKTOWANIU RAM STALOWYCH Z KSZTALTOWNIKOW
ZIMNOGIETYCH Z POLACZENIAMI ZAKLADKOWYMI

Artykut przedstawia kwestie obcigzen zmiennych w projektowaniu ram z zimnogigtych ksztat-
townikow stalowych, taczonych na zakryte potaczenia zakladkowe $rubowe. Na podstawie badan
wtasnych i informacji literaturowej wskazano potrzebg udoskonalenia procedury dla obliczania
takich potaczen, biorac pod uwagg ich rzeczywiste zachowanie, t.j. zgodnie z wlasciwymi petlami
histerezy. Przedstawiono rowniez metod¢ okreslania nieliniowej charakterystyki sita - odksztat-
cenie (F- 9) i moment - obrot (M- ¢) opisujacych zachowanie si¢ jednocigtych ztaczy ksztattow-
nikéw zimnogietych na zakryte laczniki typu BOM [1], obcigzone jednokierunkowo. Zapropo-
nowane formuty oparto na wcze$niejszych niepublikowanych wynikach badan i pozwalaja na
okreslenie zaleznosci na podstawie wybranych parametréw fizycznych takich polaczen. Krzywe
zalezno$ci F- § 1 M- ¢ uzyskane z proponowanych wzoréw pordwnano z krzywymi otrzymanymi
z badan doswiadczalnych, w ktérych polaczenia byly obciazone zaréwno jednokierunkowo jak i
naprzemiennie. Na zakonczenie zaprezentowano kierunki dalszych badan

Stowa kluczowe: ramy stalowe z ksztalttownikow zimnogigtych, polaczenia zaktadkowe, taczniki
zakryte, obciazenie naprzemienne, wezly potsztywne, sztywnos¢ weztow
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