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Abstract. Cold-formed steel elements are being used more frequently on construction sites because of the good strength-to-cost
ratio. Researches on such structures show that, in most cases, the behaviour of the constitutive joints is semi-rigid. However,
insufficient studies are published examining the properties of these joints. This paper presents a study of cold-formed steel
bolted gusset plate connections based on the component method approach. The component method considers any joint as a set
of individual basic components. In this procedure, the joints are analysed using mechanical models that are able to simulate
moment — rotation M — @ relationship. In this paper the joint is analysed as made of three springs: beam bolt group, column bolt
group and gusset plate. A “three springs” mechanical model and a technique to calculate joint stiffness is presented. The results
predicted through the proposed mechanical model are validated through comparisons to experimental and finite element results.
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Introduction

Traditionally the joints in steel structures are characterised as rigid or pinned. In the last few decades, the concept of semi-rigid
joints became more popular. Modern standards for steel design like Eurocode 3 allow one to take into account the actual joint
behaviour, i. e. semi-rigid and / or partial strength joints. As a result economy may be reached in the design of the frame
members. The researches on steel frames with semi-rigid joints showed that the stiffness of the joints has a significant
influence on the behaviour of the frame response [1, 2, 3, 4, 5]. The account for the joints real behaviour allows designing
safer structures and reaching an economical benefit [6; 7; 8; 9; 10; 11].

In recent years, researches on thin-walled sections focused on the experimental investigation of beam-to-beam joints and
beam elements [12]. Previous publications present the result of a wide variety of experimental tests and numerical
simulations; however, most of them are not dealing with the evaluation of the joint stiffness. But investigators who performed
laboratory tests especially on purlin over-lapped [13, 14, 15; 16, 17; 18], sleeve [19; 20; 21, 22] and apex [23, 24; 25; 26; 27]
cold-formed joints and analysed data of joint strength and stiffness agreed that the behaviour of such joints is actually semi-
rigid.

Fig. 1. The exploded view of the joint under analysis

This statement, however, is only based on the results of experimental tests and numerical simulations performed on beam-to-
column gusset plate bolted joints [28; 29; 30, 31, 32; 33]. In addition, the researchers noted that bearing deformations around
bolts have a significant impact on the flexibility of the joints. For daily practise, there is a lack of accurate analytical methods



to predict the stiffness of these joints. And without such stiffness evaluation methods, the influence of the stiffness on the
frame response could not be determined (in terms of forces and deflections of the structure).

The goal of this paper is to present a ,three springs* mechanical model to calculate the stiffness of cold-formed steel gusset
plate bolted connections (Fig. 1). The mechanical model adapts Eurocode 3 formulations that originally are suitable for
elements of 3 mm and thicker. It is shown to provide a good agreement with experimental tests and numerical simulations.

1. Mechanical model with rotational springs for stiffness calculation of a bolted gusset-plate joint

1.1. Component method

The general assumption of the component method [34, 35, 36, 37, 38] for steel joints is to decompose the joint into a limited
number of basic components. The first step of the component method is to identify all components that are active in shear,
compression and tension zones amongst those listed in Eurocode 3 Part 1-8 [39]. The next step is to determine their local
design resistances F;rs and stiffness coefficients k; before, at the last step, deriving the global joint properties: the design
moment resistance M, g, and the initial stiffness S;;., respectively. All necessary formulae describing the design resistances
and the stiffness coefficients of the active components are provided in Eurocode 3 Part 1-8. The main disadvantage is that
Eurocode 3 describes only a limited number of components met in the most commonly used joints. In fact, even if cold
formed gusset plate joints are not explicitly addressed in Eurocode 3 Part 1-8, one realise quickly that all components active in
these specific joints are covered by Eurocode 3 Part 1-8 rules; this is clearly the biggest interest of the component method
proposed by Eurocode 3.

1.2. A , three springs* mechanical model

The mechanical model uses the component method and separates the joint into three separate rotational springs (Fig. 2): beam
bolt group, column bolt group and gusset plate.
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Fig. 2. A , three springs* mechanical model of the joint

A load F applied to the beam generates, in addition to a shear force, a bending moment M; in the beam bolt group and a
bending moment M, in the column bolt group. As a result, the bolt groups and the gusset plate should be investigated
separately because the bolt groups are affected by different bending moments (Fig.3): M; =F-/; for beam bolt group and
gusset plate; M> =F[> for column bolt group and gusset plate.

Fig. 3. Bending moments of three springs



1.3. A mechanical model for bolt group rotational spring stiffness calculation

According to Eurcode 3 Part 1-8, the stiffness calculation of both the column and beam bolt groups may be based on the
response of the following active components:

— section web in bearing (overall 2 sections in bolt group);

— gusset plate in bearing;

— bolts in shear (overall 2 shear planes in one bolt).

The stiffness of a single bolt can be expressed as sum of listed components, where values of kj24, k12, and k;; are presented in
Eurocode 3 Part 1-8:
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where: k, — the stiffness coefficient of a single bolt, k&; — the stiffness coefficient of the component i, k;2, — the stiffness

coefficient of section web in bearing component, k;2, — the stiffness coefficient of gusset plate in bearing component, k;; —
the stiffness coefficient of bolt in shear component.

Every single bolt in a bolt group is affected by force F that could be calculated from applied force F. The spring system for
one bolt is depicted in Fig. 4a and the relationship of force F, and deformation Ay, is:

Fb = kbEAb (2)

where: k— the stiffness coefficient of a bolt, E — the Young modulus,

The mechanical model that allows integrating every single bolt extensional stiffness into a bolt group rotational stiffness is
depicted in Fig. 4b. The stiffness of the bolt group can be expressed as:

M Ez}, Ez}
Sbg,ini = 5 ] + 1 . (3)
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where: M — bending moment, ¢ — rotation of joint, E — the Young modulus, z,; , z,, — distances between first and n pair
of bolts (Fig. 4b), k1 , ksn — the stiffness coefficient of a single bolt.
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Fig. 4. a) Extensional spring system for one bolt b) Rotational spring for a bolt group

1.4. A mechanical model for gusset plate rotational spring stiffness calculation

In Eurocode 3 Part 1-8, there is no suggestion for the stiffness calculation of a gusset plate. The rotation of the gusset plate ¢
has therefore been modelled as a sum of separate outstand element rotations @1, @2, 3 due to shear force V, bending moments
M; and M (Fig. 5). As aresult, in this paper, the stiffness of a gusset plate was calculated according to this formula:
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where: L, — distance from the rotation centre of the beam bolt group to the edge of gusset plate, L, — distance from the outer
bolt centre of the column bolt group to the edge of gusset plate, L. — distance between outer bolts of the column bolt group,



I; — the moment of inertia of the beam outstand element, /> — the moment of inertia of the column outstand element, V —
shear force due to the beam load, M; and M bending moments of beam bolt group and column bolt group, respectively.
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Fig. 5. The scheme for the rotation calculation of the gusset plate

1.5. The rotational stiffness of joint

The rotation of joint is equal to the sum of the rotations obtained for the three springs (Fig. 6a):
(p]' = (pgp + (pbbg + (pcbg (5)

where: ¢; — the rotation of joint, ¢, — the rotation of gusset plate, pp,e — the rotation of beam bolt group, ¢, — the
rotation of column bolt group.

As a result the overall initial stiffness of the joint was calculated assembling the initial rotational stiffnesses of each spring
using the formula below:

1
Sj,ini =71 1 1 (6)
+ +
Sgp,ini Sbbg,ini Scbg,ini

where: Sgn — the initial stiffness of gusset plate, Spygini — the initial stiffness of beam bolt group, Scygini — the initial
stiffness of column bolt group.

The M — ¢ curve of springs and joints are depicted according to Eurocode 3 part 1-8 formulae (Fig. 6b). First slope of the
graph corresponds to the linear behaviour which is valid provided that the bending moment M is less than 2/3 M;rs where
M; rq is the moment resistance of the joint. The second slope is arc and the third slope is taken with a stiffness equal to zero.
The third slope could be only be reached if failure mode is gusset plate due to bending moment or C-section web due to
bearing. And otherwise in case then the failure mode are bolts in shear or local buckling of cold-formed sections the third
slope could be neglected.
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Fig. 6. a) Initial rotational stiffness of springs and joint b) M — ¢ relationship of joint

2. Experimental tests

2.1. Test specimen

Three specimens were investigated experimentally (Fig. 7). Gusset plates and cold-formed C-sections were made of steel
grades S355 and S350GD+Z275 , respectively. The yield strength and the ultimate strength of both steel grades were



measured by way of the coupon tests. As a result, the following values have been obtained for the cold-formed sections,
=380 MPa and f,=484 MPa, and for the gusset plate, ;=442 MPa and f,=570 MPa, respectively. The specimens were
connected using 8.8 bolts. The diameter of bolt holes was 1 mm higher than the bolt diameter. The spacing between bolts
connecting the beam channel and the column channel to the gusset plate was 200 mm and 150 mm, respectively. The
specimens differed by bolt diameter and C-section thickness:
- the first specimen (M12 C15015 T12) was made of 12 mm diameter bolts, 1.5 mm thick C-section and a
12 mm thick gusset plate;
- the second specimen (M12 C15025 T12) was made of 12 mm diameter bolts, 2.5 mm thick C-section and a
12 mm thick gusset plate;
- the third specimen (M16 C15015 T12) was made of 16 mm diameter bolts, 1.5 mm thick C-section and a
12 mm thick gusset plate.
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Fig. 7. a) Geometrical properties of the specimens b) 1, 2 — lateral restraints of the beam and the column, 3 — roller support
with vertical moving direction, 4 — pinned support

The load was transferred by the jackscrew to the end of the beam. Pinned support was used at the top of the column and roller
support at the bottom of the column. All the specimens were equipped with beam and column lateral restraints (Fig. 8a) so as
to prevent lateral torsional buckling phenomena. A small part of the upper corner of beam was cut off so was no any contact
with the column flange during rotational deformations.

Fig. 8. Transducers for the measurement of rotations: 1,2 — beam bolt group; 3 — column bolt group; 4 — gusset plate

Transducers were added (Fig. 8b) to measure the rotation of the beam bolt group, column bolt group and gusset plate.
Rotation due to slipping (which appear randomly depending on the initial position of the bolts in the holes) was eliminated for
easier comparison with proposed mechanical models. The M — ¢ curves including rotation due to slipping and the technique
on how to convert transducers data measurements into rotation are described in Bu¢émys and Danitinas paper [40].

2.2 Load capacity and failure modes of the specimens



The experimental failure load of the first specimen (M12 C15015 T12) was 10.22 kN and the failure mode was the local
buckling in the beam (Fig. 9a). The experimental failure load of the second specimen (M12 C15025 T12) was 20.2 kN and the
failure mode was the bolt collapse due to shear (Fig. 9b). The investigation after the test showed that bearing deformations
around the holes of bolts and local buckling deformations in the beam had occurred. The failure load of the third test (M16
C15015 T12) was 10.7 kN with local buckling in the beam as failure mode (Fig. 9c).

©)

Fig. 9. Specimens at failure: a) M12 C15015 T12; b) M12 C15025 T12; c) M16 C15015 T12

3. Numerical simulations of the joints

3.1. Finite element type and material modelling

The numerical simulations were performed using Ansys Workbench software. The rotation and strength of the connection
were investigated. The model was meshed using SOLID186 finite elements. SOLID186 is a higher order 3-D solid element
that exhibits quadratic displacement behaviour. The element is defined by 20 nodes having three degrees of freedom per node:
translations in the nodal X, y, and z directions. The element integrates plasticity and large deflections. Two layers of finite
elements for cold formed sections and gusset plate were modelled.

Material non-linearity in the specimens was modelled with von Mises yield criterion and isotropic hardening (Fig. 10 a). The
stress-strain relationship of cold-formed steel profiles was described by a gradual yielding behaviour followed by a
considerable period of strain hardening, whereas an elastic-plastic behaviour with strain hardening modulus less than 0,5% of
elastic modulus E was assumed for the bolts and gusset plate. Stress — strain curves were taken from the coupon tests for cold
formed steel sections and gusset plate. Bolts were modelled using characteristic material properties. The initial slope of cold-
formed steel stress-strain curve was taken as the elastic modulus, E, of the material. Yielding of the steel was defined with
0,2% strain. Third slope was taken as less than 0,5% of elastic modulus E [41].

3.2. Loading, boundary, and contact conditions

The cross-sections, gusset plate and bolts, supports and loading were simulated according to laboratory tests using a three-
dimensional numerical model (Fig. 10 b). A concentrated force was applied at the end of the beam, as in the real tests. Pinned
connection was modelled on the top of the column and roller support was modelled at the bottom of the column. To save time
only half of the specimen was modelled using symmetry conditions. Finally, the translations in the perpendicular direction
were constrained in order to prevent their lateral deformations. The contact between cold-formed profiles and gusset plate was
modelled as frictional with a small friction coefficient. The contact between bolts and gusset plate was used rough and
between bolts and cold-formed sections as frictionless. As in the laboratory tests the bolt hole diameter was modelled 1 mm



higher than bolt one and to avoid rigid body motion a small bolt pretension of 100 N was applied. It is worth mentioning that
rotation due to slipping was eliminated as in laboratory test results.
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Fig. 10. a) Stress — strain relationships; b) Numerical model

4. Results of component method, experimental and numerical calculations of the stiffness of the joints

In this chapter, M — ¢ curves calculated using the component method, experimental tests and numerical simulations for the
three springs and the joints are compared. Based on data from laboratory tests, experimental M — ¢ curves were calculated
using the technique described in Bu€mys and Danitinas 2015 paper. Stiffness using component method was calculated
according Part 1 of the paper. Bending capacity was calculated according Eurocode 3 rules. The joint was divided into the
components: bolts in shear, section web in bearing, gusset plate in bearing, gusset plate in bending and shear, beam in bending
and shear, column in bending and shear [40]. Then, taking into account the weakest component joint bending capacity M;rq
was calculated. As mentioned in Part 2.1 of this paper, steel strength properties of the gusset plate and cold-formed sections
for calculations using component method and numerical modelling were taken from coupon tests, and characteristic strength
values (f,=640 MPa and £,=800 MPa, respectively) were used for the bolts.

M — ¢ curves for the beam bolt group are presented in Fig. 11a, b, ¢ and those for the column bolt group are presented in Fig.
12a, b, c. According to Eurocode 3 calculations, the failure load value of the specimen M12 C15015 T12 is 5% and 15%
lower than those obtained experimentally and numerically, respectively. All the three investigations showed the same failure
mode. Failure load value according to Eurocode 3 for the specimen M12 C15025 T12 is 3% and 11% lower compared with
experimental test and numerical simulation, respectively. The failure mode according to both Eurocode 3 and numerical
simulation was the same — local buckling in the beam that differed from experimental test. Failure load value according to
Eurocode 3 calculations of the specimen M16 C15015 T12 is 10% and 16% lower compared with experimental test and
numerical simulation, respectively, and the same failure mode. To sum up, the failure load value of the three specimens
calculated according Eurocode 3 was up to 10% and 16% lower comparing with experimental results and numerical
simulation, respectively. The stiffness calculated using component method showed a good agreement with experimental test
and numerical simulation results.
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Fig. 11. M — ¢ curves of the beam bolt group of the specimens: a) M12 C15015 T12; b) M12 C15015 T12; ¢) M16 C15015
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M — ¢ curves for the gusset plate are presented in Fig. 13a, b, c. Gusset plate stiffness calculated according to proposed
formulae (4) shows a good agreement with both experimental test and numerical simulation results.
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Fig. 13. M — ¢ curves of the gusset plate of the specimens: a) M12 C15015 T12; b) M12 C15015 T12; c) M16 C15015 T12

Fig. 14a, b, c gives the rotation of the joint resulting from calculations using the component method and numerical simulations
for each specimen. From the results, it is seen that the proposed mechanical model using component method shows good
agreement comparing with numerical simulation model, in terms of stiffness.
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Fig. 14. M — ¢ curves of joints: a) M12 C15015 T12; b) M12 C15015 T12; c) M16 C15015 T12

5. Conclusions

The analysis using the component method and experimental results on cold-formed steel beam-to-column bolted gusset-plate
joints allow making the following conclusions:

1. The new “three-springs” mechanical model that integrates formulation proposed in this article and
Eurocode3 rules for stiffness calculation of cold-formed steel beam-to-beam gusset plate joint was
presented.

2. Analytical formula for the evaluation of T-form gusset plate stiffness calculation was derived. The stiffness
calculated according to proposed method was compared with both laboratory test data and numerical
simulations and showed good agreement.

3. The investigations showed that the stiffness coefficients that are listed in Eurocode 3 part 1-8 (originally
suitable for standard joints with elements that are 3 mm and thicker) could be applied to such cold-formed
element joints.
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